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for a dynamic resolu

auxiliary bearing a hydroxy
alkoxyphospblenium salts in unequal amounts. The diastere@nspecies then rearranged

the corresponding optically active 3-phospholenéles upon heating. After a screening
chiral auxiliaries and the optimization of the réac conditions, several scalemic 1-aryl- or 1-
alkyl-3-methyl-3-phospholene oxides were preparegicellent yields and with eeup to 35%
The key steps of this resolution were investigdteduantum chemical calculations to get s
insights into the factors responsible for the stsegection.
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A dynamic kinetic resolution method based on themftdion of covalent diastereome
intermediates was elaborated for the preparatioanahtiomerically enriched 1-substituted-3-
methyl-3-phospholene oxides. The pBespholene oxides were first converted to

-3-phospholeniuchlorides. The dynamic interconversion betweer

enantiomers of thehtorophospholenium salts was verified experimentals it is the key st

tion. The cyclic chlorophosgmilim salts were reacted with a ct
function to form the r@sponding diastereome

2018 Elsevier Ltd. All rights reserved

1. Introduction

Among organophosphorus compounds, everPtegereogenic
and theP-heterocyclic derivatives form important groupsP-
chirogenic heterocycles are of special interest ihanderlined
by the application ofP-stereogenic heterocyclic ligands in
transition metal complexes used in catalytic remst ®
Moreover, a few biologically active derivatives haling to this
group are also knowh® Hence, the need for cyclR-chirogenic
compounds and procedures leading to them is jedtifi

In the past decade, there has been an increasieigsh for
developing novel procedures for optically activestereogenic
compoundsS. The most desired approaches are stereospecif
syntheses, in which only one enantiomer is formed viigh
stereoselectivity and in good yield. Generally, ¢hesocedures
are based on the application of heterobifunctiauiliaries (e.g.
chiral aminoalcohols) to give cyclic organophospisor
intermediates with high diastereoselectivity. TRe€ and the

Other strategies utilize monofunctional auxiliarigsg. chiral

alcohols or amines) to form the corresponding di@stmeric

esters or amides as key intermediates, which stigflasved by a

nucleophilic displacement (Scheme 17bY In many instances,
the two diastereomers are formed in equal amouantghlere are
also a few examples for diastereoselective procediifé

For P-stereogenic phosphine oxides, classical
procedures based on
diastereomeric species still represent a simplalabte and
robust approach (Scheme 17tHowever, the theoretical yield of
a classical resolution procedure is limited to 508ifice the
racemic starting material is a 1:1 mixture of thwe &antipodes. In
iGrder to overcome this key difficulty of classigakolutions, a
few dynamic resolution procedures were developed, whliow
an interconversion between the enantiomers underehetion
conditions. As the configurational stability of ppb&e oxides is
high, the formation of stereolabile-stereogenic species is the
key step for a dynamic resolution proc&ssGilheany and

P-N bonds of these diastereomeric intermediates can b@o-workers found that chlorophosphonium salts megs t

stereoselectively substituted by organometalligeets to give
enantiopure  phosphine  oxides  (Scheme  “7d).

OCorresponding author. Tel.: +36 1 4631111/5886; 86 1 4633648;

criterion, and these species were utilized in dycakinetic
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resolutions to prepare optically active diaryl-dfityosphine
oxides via the Appel proce§5?®

Most of the above mentioned strategies, especitily
stereoselective ones, are mainly applicable foclacphosphine
oxides. In contrast, the number of methods forpireparation of
optically activeP-stereogenic cyclic phosphine oxides is limited.
Stereoselective methodologies based on subseguénor P-N
bond cleavage could not be used for cyclic denestidue to
synthetic reasons (Scheme 1/d). Although, the agiplity of

Tetrahedron

(1) and oxalyl chloride was the subject of our earbardy>
According to this, theS)-phenyl-3-methyl-3-phospholene oxide
[(Sp)-1a] was reacted with oxalyl chloride at 0°C for 15 niline
solvent and the excess of the reagent were thenvezimender
reduced pressure to afford the corresponding cf8ero
phospholenium salt2f) in quantitative yield. The specific
rotation of the cyclic chlorophosphonium saka) was zero,
which referred to a rapid dynamic interconversiotween the
enantiomeric chlorophospholenium specieS)f(and &p)-24]
resulting in eventually racemia (Scheme 2).

monofunctional chiral auxiliaries, such as)-(nenthol or

(-)-1-phenylethylamine have already been tested fer 3 Me . _ Me Me
phospholene oxides, but these syntheses were not FS 12;'(1050"8'{;'2 Fﬁ Fﬁ
diastereoselective, and the corresponding diasteresocould not P T Cchgh, 3 = N}

be separated under achiral conditions (Schemé®l/e). o C'};r"’@ Cl/CI@

The resolution of the racemic compounds is the most

frequently used method for the preparation of cyplhosphine
oxides. In the past few years, our research grospdeaeloped
classical resolution procedures for the preparatbra wide
variety of optically active cyclic phosphine oxidewith

TADDOL and tartaric acid derivatives as the resohamgnts’

Furthermore, it should be noted, that the applldgbof these
methods are not limited to cyclic phosphine oxid€sheme

(Sp)-1a
ee =99 % 50%
[0)% = - 37.0 (c=1, CHCly) [a]2 = 0.0 (c=1.6, CHCl3)

Scheme 2. Racemization of 1-chloro-3-methyl-1-phenyl-3-phosienium
chloride @a).

(Sp)-2a
50%

(Rp)-2a

2.2.0ptimization of the reaction conditions for the dynami

1/).3" Although those procedures afforded the correspgndinkinetic resolution of 1-phenyl-3-methyl-3-phosphelenide {a)

enantiomers in high purity, several recrystalli@at were
necessary, which led to moderate or low yields.

These disadvantages prompted us to elaborate amityna
kinetic resolution method for 3-phospholene oxidbat are
representative members within heterocyclic organephorus
compounds. As the dynamic resolution of the heterary
dihydrobenzophosphole oxide was accomplished
asymmetric Appel conditiori§, we thought that this process
might be applicable for other heterocyclic derivas, as well.
Herein, we report the dynamic kinetic resolution of 3
phospholene oxides via the formation of alkoxyplhadgnium
salts as covalent diastereomeric intermediates.

Acyclic derivatives Cyclic derivatives

X
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Scheme 1. General strategies for the preparation of acyclid &yclic
P-stereogenic organophosphorus compounds.

2. Results and Discussion
2.1.Racemization of chloro-3-phospholenium chlorid®s (

At first, the racemization of the enantiomericallyre 1-
phenyl-3-methyl-3-phospholene oxidela) via its chloro-3-

undearesolution

using ()-menthol 8A) as the chiral auxiliary

In the next step, we utilized the chlorophospholeniu
chlorides @) in a dynamic resolution procedure based on the
formation of alkoxyphospholenium salts4) ( as covalent
diastereomeric intermediates to prepare enanticalbri
enriched 1-substituted-3-methyl-3-phospholene axi@d@. The
procedure comprises two steps. First,
corresponding chlorophospholenium s&l feacts with a chiral
alcohol @) to form the corresponding alkoxyphospholeniuntssal
(4). Then, these diastereomeric specifsafe rearranged into the
enantiomerically enriched 3-phospholene oxidle iy Arbuzov
fission. The  1-chloro-3-methyl-1-phenyl-3-phospmalen
chloride @a) and the inexpensive and commercially available
(-)-menthol BA) were applied as model compounds in our initial
investigations (Scheme 3).

the

1-2eq® QOHS

Me” Me '
3A |
Reaction temp.?
Addition time ®
Reaction time °
CH,Cl,
-HCl

CoMe Me Me ve |
| (:§ | Reaction temp. d
: 5 | Reaction time ®_  p~ N :
NN © T CHCl, o © <o
PR cr | Co-solvent = ;
iMe™ “Me | addtive ® Me” Me
(Sp)-1a 5
yield up to 91%
eeupto21%

(Sr)4aA
conversion =100% |
: deupto21% |
| Formation of the diastereomeric :
! alkoxyphosphonium salt

2 See Table 1 for : |
reaction conditons | Arbuzov-collapse |

Scheme 3. Optimization of the dynamic kinetic resolution dfphenyl-3-
methyl-3-phospholene oxideld) using ¢)-menthol BA) as the chiral
auxiliary.

As the chloro-3-phospholenium sal® are moisture sensitive
species, they were always prepared freshly accortbnghe
method described by d5. The solution of 1.5 eq. of
(-)-menthol BA) was added to the dichloromethane solution of
the chlorophospholenium sala). In our first attempt, the
reaction temperature was 0 °C, to avoid the reaemegt of the

phospholenium sal®} was studied, as it is the crucial step of the@lkoxyphosphonium salf$® After 2 h, an aliquot part of the

dynamic resolution. The enantiomerically pu-ghospholene

reaction mixture was analyzed B NMR that confirmed the

oxide [(S)-1a, (ee > 99%] was prepared by one of our earlieformation of the diastereomeric alkoxyphosphonitaitssédaA).

methods* The synthesis of cyclic chlorophosphonium s&ls (
by reaction of the 1-substituted-3-methyl-3-phodehe oxides

The P atom of the 1-chloro-3-methyl-1-phenyl-3-phosphalen



Table 1. Optimization of the dynamic kinetic resolutionlophenyl-3-methyl-3-phospholene oxid&) using ()-menthol BA)

as the chiral auxiliary.

Formation of the diastereomeric alkoxyphosphoniafts 4aA) Arbuzovcollapse of 4aA)
Reaction Addition Reaction de Reaction Reaction Co- vield ce
Entry  Eq. of3A temp time ime (h %7’ temp time solvent o) 06)¢
°C) miny  me ) (%) °C) () Addiive () (%)
1 15 0 10 2 5 26 24 - 87 3
2 15 -78 10 2 21 26 24 - 90 16
3 15 -78 270 2 20 - - - - -
4 15 -78 10 0.25 20 - - - - -
5 1.5 -78 10 0.5 20 - - - - -
6 15 -78 10 1 21 - - - - -
7 15 -78 10 3 20 - - - - -
8 1 -78 10 2 21 - - - - -
9 2 -78 10 2 21 - - - - -
10 15 -78 10 2 21 60 2 toluene 90 9
11 15 78 10 2 21 60 toluene 4, 21
pyridine

2 Thedeof (S)-(4aA) was determined byP NMR. The conversion

&fa was 100%.

® The yield of the scalemic phospholene oxidavas calculated based on the full amount of themate (a).
° Theeeof (S)-1a was determined by HPLC using chiral stationary phase
¢ The &)-1-phenyl-3-methyl-3-phospholene oxid&{¢1a] was prepared.

chloride Qa) appeared atdp 92.7. After the addition of
(-)-menthol BA), the starting materialé) was fully consumed,
and the®P NMR spectrum showed full conversion to the
corresponding diastereomeric specieS)-( and Rp)-(4aA)
havingdp 98.8 and 98.9, respectively. The covalent diastesgs
(4aA) were present in unequal amounts witdesof 5%. Then,
the solution of the diastereomeric mixture of alfguixosphonium
salts @aA) was stirred at ambient temperature. Thduzov
collapse was rather slow, and after 24 h, the scaldB)-
phenyl-3-methyl-3-phosphole oxideSj-1a] was prepared in a
yield of 87% and with aree of 3% (Table 1, Entry 1). The
neomenthyl chloride5) formed as the byproduct was removed
by column chromatography.

In our initial attempt, the diastereoselectivity dhe
alkoxyphosphonium salt 46A) formation step was low.
Literature data confirmed that the diastereoseliggtof this step
has a decisive role on the overall success of thaction
sequencé® Thus, we attempted the optimization of the key-ste
of the reaction sequence shown in Scheme 3. Thédtyeste
shown in Table 1. First, the temperature was lowéved8 °C.
After 2 h of reaction time, th&'P NMR analysis showed full
conversion to the corresponding diastereomeric ispedaA),
and the diastereomeric excess of the covalent edewneric
species [&)- and Rp)-(4aA)] increased to 21% (Table 1, Entry
2). The fact that the alkoxyphosphonium sate() were formed
in full conversion in a ratio ofa. 6:4 was the proof of concept
that this dynamic resolution process may be feadibi cyclic
phosphine oxides2. As the next step, it was investigated,
whether the addition time of the chiral auxiliar§Aj, or the
reaction time influences the diastereoselectiityour first few
attempts, the solution of (-)-menth@A) was added dropwise
over 10 min at -78°C (Table 1, Entry 2). The exiensof the
addition time to 270 min by using a syringe pumg kbt have a
significant impact on the diastereoselectivity,tls de value of
(4aA) showed parity with the previous attempte(21% vs.
20%; Table 1, Entry 2 vs. Entry 3). The effect bé treaction
time was also investigated. After adding the solutioh
(-)-menthol 8A) to the chlorophospholenium salkaj over

10 min, the reaction mixture was allowed to react7&t °C for

3 h.*P NMR analysis of the samples taken after 15 mimBQ

1 h and 3 h revealed that the diastereomeric pwdty practically
constant over timedg 20-21%; Table 1, Entries 4-7). These
experiments may indicate, that the ratio of thestdieomeric
species [§)- and Rp)-(4aA)] is set at the beginning of the
reaction, and there is no interconversion betweem th
diastereomers §)- and Rp)-(4aA)]. In the last part of the
investigation of the reaction parameters, the arhooh
(-)-menthol 8A) was changed in the range of 1-2 equivalents.
The results showed parity in this set of experimesiigigesting
that there was no point in using more chiral auslig) than the
stoichiometric amount (compare Table 1, Entrie8 2nd 9). In
the first reaction step, dichloromethane was theesul of our
choice. Due to the reactivity of the chloro-3-phagphium salts
(2), solvents with nucleophilic heteroatoms could bet used.
Aprotic, aliphatic or aromatic solvents and ethessld not be
considered either due to the low solubility of thieloco-3-

pphospholenium saltL).

In the next step, the reaction conditions of thegbuzov
collapse were optimized. In our initial attemptse #olution of
diastereomeric mixture of the alkoxyphosphoniumtss@aA)
was stirred at 26°C. However, at this attempt, #rbuzov
collapse of the alkoxyphosphonium saaX) was rather slow,
as a reaction time of 24 h was necessary for folversion.
Moreover, the ee of the @-1-phenyl-3-phospholene oxide
[(Sp)-1a] was lower than thele of the diastereomeric species
[(Sp)-(4aA)] indicating the loss of chiral information duririge
Arbuzovcollapse (Table 1, Entries 1 and 2). By adding alkm
amount of toluene as a co-solvent to the dichlothare
solution, the second reaction step could be peddrat 60°C, at
which temperature the alkoxyphosphonium saltaAj were
fully converted to a scalemic 1-phenyl-3-methyl{8ppholene
oxide [(S)-1a] in 2 h. However, the “erosion” of stereoselectivity
was more pronounced at this temperature as3ye {phenyl-3-
phospholene oxide $)-1a] was isolated with areof 9% (Table
1, Entry 10). During the formation of alkoxyphosphon salts
(4aA), one equivalent of hydrogen chloride is the byjowd.
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It was assumed, that HCl is the reason for the deerngathece
of the &)-phenyl-3-phospholene oxide Fj-1a].2*>%* By
adding an acid scavenger, such as pyridine to #etion
mixture, the ee of the phenyl-3-phospholene oxideSj(1a]
showed parity with thede of the diastereomeric intermediate
[(S)-(4aA)] meaning that the diastereoselectivity of thestfir
reaction step can be preserved (Table 1, Entry 11).

In this series of experiments, we could not deteemihe
absolute configuration of the diastereomeric intgtiate §aA)
by crystallographic or spectroscopic methods. TAwbduzov
collapse of alkoxyphosphonium salts proceeds witbnten of

Tetrahedron

equal to the final enantiomeric purity of the saaile mixture of
the phospholene oxide{)- or (Ry)-1].

Besides «)-menthol BA), (+)-1-phenylethanol 3F) and
(-)-benzyl mandelate3() were also suitable auxiliaries for the
dynamic resolution of the phenyl-3-phospholene exid), but
these results showed parity, as teeof phospholene oxidéa
was in the range of 21-23%, and the yields were algffé
(Table 2, Entries 1, 4 and 7). Applying other chiraxiliaries,ee
values up to 13% could be obtained, and the vyieldse
moderate. Diols were not suitable agents, as the yphen
phospholene oxideld) was prepared as a racemate. Moreover,

configuration’® which may suggest that the diastereomericwhen amino alcohols were tested, a complex diastegom

intermediate $)-4aA was formed in excess, as tt&-phenyl-3-
phospholene oxide $6)-1a] was prepared in a maximalke of
21%.

2.3.Optimization of the chiral auxiliaries3] for the dynamic
kinetic resolution of 1-substituted-3-methyl-3-pHaspne oxides

Q).

One major conclusion of the parameter optimizatitudys
was that thele of the alkoxyphosphonium salt§) (could not be
increased above a certain extent (21%) by chandi@geaction
conditions. These results suggested that the déastelectivity
of this reaction step might only be increased bpgia different
chiral auxiliary?® Thus, other commercially available chiral
auxiliaries bearing a hydroxyl group were also edteevaluate
their suitability for this dynamic resolution. THist of chiral
auxiliaries included various alcohols, diols, estef hydroxy
acids, as well as a few amino alcohols (See Supportin
Information for the complete list of chiral auxiiies). For these
experiments, the 1-phenyl-3-methyl-3-phospholenéexla)
and the 1-isopentyl-3-methyl-3-phospholene oxidg (ith a
sterically demandingP-substituent were considered as model
compounds, and the reaction conditions were setdiogpto the
parameter optimization study. The chloro-3-phosphioim salts
(2a and 2i) were always prepared before the experiniéie
chiral auxiliary @) was used in a slight excess (1.15 eq.), and i
was reacted with the chlorophospholenium sa#t ¢r 2i) at
-78°C for 2 h to ensure the full conversion to toeresponding
alkoxy-phosphonium salts4), The de of the diastereomeric
intermediate 4) was determined by'P NMR, followed by the
Arbuzovcollapse of the alkoxyphospholenium gakt 60°C in a
mixture of dichloromethane and toluene using pyedas the
acid scavenger (Scheme 4). Table 2 contains thedmdts (See
Supporting Information for the complete list of ichiauxiliaries,
as well as for the results).

o

Me

7;Me 60°C-2h

e
1.15 eq. R*OH (3)
2 eq. pyridine

e,

ref. 34 -78°C-2h

—_—

DI ¢ P CH,Cl, P, CH.Cl,/ toluene 2P,
g cIr Y 1 272 o

oy o -Hl ROer Y _ReC oY
1 2 (Sp)-4 (Sp)-1

Y = Ph (a), Pent (i) conversion = 100%

de up to 35%
Scheme 4. Optimization of the chiral auxiliaries3) the dynamic kinetic
resolution of 1-phenyl- and 1-isopentyl-3-methyp8espholene oxidesld
andli).

yield up to 98%
ee up to 35%

In all experiments,®P NMR analysis revealed that the
chlorophospholenium salt&4 or 2i) were fully converted to the
corresponding alkoxyphospholenium specief. (In a few
instances, the®P NMR signals of the diastereomeric

mixture was obtained, which indicated a competitietween the
hydroxy and the amino functional groups (See Supmpr
Information for the details).

Considering the dynamic resolution of 1-isopentyh8thyl-
3-phospholene oxidedli§, the application of chiral auxiliaries
incorporating a benzyl alcoholic moiet3H, 3G and3L) was the
most beneficial (Table 2, Entries 12, 13 and 1B)nithis class
of compounds, the best enantiomeric excess vatae 36%)
could be obtained with (+)-1-phenylethan8F). Contrary to the
aryl model compoundlf), (-)-menthol BA) was not suitable as
an auxiliary for the isopentyl derivativeli], as the 9
enantiomer [§)-1i] could be prepared with only an ee of 7%
(Table 2, Entry 9).

2.4.Dynamic kinetic resolution of 1-substituted-3-methyl-3
phospholene oxidesl)( via the formation of diastereomeric
alkoxyphosphonium saltg)(

After setting the optimal reaction parameters andifig the
most suitable chiral auxiliary, this dynamic redwo procedure
was extended to other aryl- and alkyl-3-methyl-3ggtmlene
oxides (b-h). Considering the optimization study;){menthol
(3A), (+)-1-phenylethanol3f) showed comparable results, but
the opposite enantiomers of phenyl-phospholeneeoia) could

e prepared with the two auxiliaries. Thus, the defivatives
Elb-d) were resolved with both auxiliarie84 and3F), whereas
the alkyl derivatives 1e-i) were reacted only with (+)-1-
phenylethanol 3F) (Scheme 5). The results are summarized in
Table 3.

1.15 eq. R*OH
Me Me ™ 3A or 3F) 60°C-2h Me
{*E ref. 34 Z:g _78°C-2h N 2 eq. pyridine -
_PC B CHyCly P’ CHCl,/toluene _P.
” c >y * . 2Cly P,
o0 >y or “Hel ROY o o7y
1 2 (Sp)-4 (Sp)-1

Y = Ph (@), 2-Me-CgH, (b), 4-Me-CgH, (c), conversion = 100%
1-Napht (d), Et (e), Pr (f),

Bu (@), 'Bu (h), 'Pent (i)

yield = 52-93.%
ee =16-35 %

Me
OH

©/\Me

3A 3F
Scheme 5. Dynamic kinetic
phospholene oxides 1) via
alkoxyphosphonium saltg),

R*OH =

Me™ “Me

resolution of 1-substituted-3-méiBy
the formation of diastereomeric

The dynamic resolution procedure based on the fioomaf
diastereomeric  alkoxyphosphonium salts4) ( could be
successfully extended to a variety of aryl- and/lalkmethyl-3-
phospholene oxides 14-i), and the scalemic mixtures of

intermediates4) coalesced into a single unresolved peak maki”%hosphine oxideL could be prepared in ae of 16-35%. Both

the determination of thele impossible. However, the other
experimental results suggested that in these iostanthe
diasteromeric purity of the alkoxyphospholeniunt dalvas also

enantiomers of the aryl-3-methyl-3-phospholene esidla-d)
could be obtained with-f-menthol 8A) or (+)-1-phenylethanol
(3F), and the ee values were in the range of 16-24%.
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Table 2. Evaluation of chiral auxiliaries3] for the dynamic kinetic resolution of 1-phenyhdal-isopentyl-3-methyl-3-phospholene
oxides (a and1i).

Me 4—ﬁMe
o ph o Vpent
1a 1i
Chiral ee(%)’ . ee(%)° .
auxiliary Entry ((%a (Abs. \(((',/eo ;9 Entry (;joe)a (Abs. \(((')Z ')9
(R*OH) config.) config.)
Me
o N 7
[ o 1° 21 91 9 7 90
Me/\Me (S) (S)
3A
Me
Mo~ on 2 n. d. (15(; 40 10 n. d. rac. 34
3B
Me Me
& 10 13
3 10 71 11 14 55
Me OH (S) (S)
3D
OH
o™ 21 35
4 n.d 92 12 n.d. 74
ar ® R
9H
Cl
Ej/\A 5 n. d. rac. 89 13 n.d. (2R7) 58
3G
[ o
N
9 5
6 n. d. 42 14 7 85
O @ @
3J
s
° 21 23
o 7 n. d. 98 15 24 97
R (R
3L
OH O
EtO
ﬁoa 8 12 13 96 16 9 8 85
3N C) )

2 Thede of the diastereomerdd or 4i) was determined byP NMR. The conversion &a or 2i was 100%.

® Theeeof 1a or 1i was determined by HPLC using chiral stationary phase

° The yield of the scalemic phospholene oxideor 1i was calculated based on the full amount of themaste.
4 Table 1, Entry 11.

The alkyl-3-phospholene oxideslefli) were obtained in The practical importance of our method lies inftet that it may
slightly higher ee values (27-35%). For most 3-phospholenebe coupled with the synthesis of 3-phospholene dévies ().
oxides (a, 1c, 1d and1f-h), the yields were in the range of 83- The McCormackcycloaddition, a widely used method for the
93%. It is noteworthy that in this dynamic proceduiee full  synthesis of the five-membered organophosphories pooduces
amount of the racematé)(can be converted to enantiomerically halophospholenium salt®)( which are the key intermediates of
enriched 3-phospholene oxidd),( contrary to the case of this dynamic resolution method. In this mannernéioanerically
classical resolutions, when the theoretical yieltinsted to the  enriched 3-phospholene oxidel) can be prepared, and these
half amount of the racemic compoufid. enantiomeric mixtures can be purified further eueder achiral

conditions to give enantiopure 3-phospholene ox{tp¥
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Table 3. Dynamic kinetic resolution of 1-substituted-3-
methyl-3-phospholene oxides I)( with

Tetrahedron

Table 4. Calculated bond angles (°) for cyclic and acyclic
halophosphonium cation24 andb).

(-)-menthol BA) or (+)-1-phenylethanol3f) via the formation
of diastereomeric alkoxyphosphonium sas (

Me

G

MeF‘

Me@@

Chiral ee (%] . o >
Entry Y auxiliary  (Abs. Yield \@ f ;‘ j‘ &
X S (%) 2 &,
(R*OH) config.) "
1° Ph (a) 3A 2109 91 & Lo i 1‘3*}3 2 J“"J
2 Ph (La) 3F 21 R 92
3 2-Me-GH, (1b) 3A 199 57
4 2-Me-GH, (1b) 3F 24 R 52 Ci-P-Cl 107.9 109.5
5 4-Me-GH, (1c) 3A 18 9 83 C,-P-Cl 108.0 106.3
6 4-Me-GH, (1¢) 3F 16 ®) 85 C,P-G 116.1 110.1
7 1-Napht {d) 3A 209 92 Ci-P-G 116.2 112.7
8 1-Napht {d) 3F 22 R 83 CI-P-G; 109.8 106.3
9 Et (€) 3F 3B3M 65 C-P-G 98.1 111.6
10 Pr (f) 3F 33R 92
11 Bu (g) 3F 33R® 83
12 'Bu (Lh) 3F 28R 93 The geometry analysis of the cations was followed by
13 'Pent (i) 3F 35R) 74 investigating the kinetics of the spontaneous razation of

% The ee of 1 was determined by HPLC using chiral stationarycyclic and acyclic chlorophosphonium salt®a( and 5).

hase.
EThe yield of the scalemic phospholene oxideras calculated
based on the full amount of the racemate.
“Table 1, Entry 11.
Table 2, Entry 4.
®Table 2, Entry 12.

2.5.Theoretical calculations

The fact that the enantiomeric excess of the dptieative 3-

phospholene oxided) did not exceed an ee of 35% encouraged o ©

us to investigate this dynamic resolution procesaputationally
to get some insights into the factors responsibde the
stereoselection. In our calculations, the chlorond a
menthyloxyphospholenium salt8a(and 4aA; de 21%) derived
from 1-phenyl-3-methyl-3-phospholene oxid) were studied.
For  comparison, the  corresponding  chloro-
menthyloxyphosphonium species §nd6) derived from methyl-
(2-methylphenyl)-phenylphosphine oxide were alsduithed in
our calculations, as the diastereomers of this lacgerivative
could be prepared in high diastereoselctividg (87%) with a
dynamic resolution methdd. One of our goals was the
investigation of the racemization process of theclicy
chlorophosphonium specie®)( and the comparison of these
results with those obtained for acyclic derivati{gs Moreover,
we wished to analyze computationally the formation tloé
diastereomers of the acylic or cyclic alkoxyphosgibm salts
(4a and6) in order to explain the difference in the expestal
diastereoselectivity values.

First, geometry optimization was performed on thelicyand
acyclic halophosphonium catiorza(and5), and the bond angles
around the phosphorus atom were analyzed (Tabldt 4yas
found that in the case of acyclic chlorophosphonuation §),
the geometry of the molecule is rather tetrahedsddile this
geometry is more distorted, resembling to a pyramsdructure
for the cyclic derivative Z2a). One might see that
chlorophospholenium salt2d) has a side more open for
nucleophilic attack than the acyclic derivativg), (which is
sterically more closed from all sides due to théesgal
geometry. Therefore, even the geometric data itelideat cyclic
chlorophospholenium salt2 might be more reactive in
substitution reactions that is disadvantageoush& dase of a
diastereoselective transformation.

and

According to the literature, the proposed and coempueaction
was the attack of the chloride anion on the cornedimy chiral
cation, in order to form the other enantiomer oé thiven
chlorophosphonium salt2é¢ and 5).*"* In both cases, the
reference point was the anions and cations separtitekfore
energetic data faza and5 represents the formation energy of the
ion pairs (Scheme 6).

Me ¥

Me _ Me AH AG AS
j, et (kdmol™) (kJmol™) (Jmol K™)
<-Cl
s — |oF - C‘EE/ (Sp)-2a*+ CI 0.0 00 0.0
@ cr : (Sp)2a  -31.7 5.4 -88.2
TS2a -263 78 -114.3
(Sp)-2a TS-2a (Rp)-2a
or ¢l wm ¢ m AH AG AS
I cr i (kI mol) (kdmal™) (J mol K™
Me” — Me" \/\
/\ PRSI 0.0 0.0
N/ (Sp)5 379 -13.0 835
TS5 (Rp)-5 TS5 -154 219 -125.1

Scheme 6. Computational study on the spontaneous racemizafitime
cyclic and acyclic chlorophosphonium saRa and5).

The kinetic profile of the racemization was mappadour
computations by scanning the chloride anion topghesphorus
atom of the § enantiomer [§)-2a or (S)-5] leading to the leave
of the opposite Cl resulting in the formation ofethR)
stereoisomer Rp)-2a or (Rp)-5]. It can be concluded that the
formation of the reaction complex ion pair is ericplly more
favorable in case of the model acyclic chlorophosggtm salt
(5), leading to the assumption that this acyclic §altis more
stable than the corresponding cyclic derivati2e).( Moreover,
the transition state enthalpy aibbs free energy were much
larger for the acyclic model compouns),(AH = 22.5 kJ mdt,
AG = 34.9 kJ mal) than for that of2a (AH = 5.4 kJ mdf,
AG = 13.2 kJ meal), which allows us to conclude that the
racemization of cyclic derivative®)(is much faster than that of
the corresponding acyclic specid€s). (As it was expected, the
calculated energies for the formation of the otripode of the
chlorophosphonium salts24 or 5) were the same (See
Supporting information). It is noteworthy, that tlalculated
Gibbs free energy for the racemization of the acyclic
chlorophosphonium salt5) showed good agreement with the
experimental valu&
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TS-(Sp)-4aA

Me
Me-__Me [:;
P, i
&oF 0
HC

Rp)-2a = Y
( "11 5_\\OH AG'= 42.3 kJ mot! Me (Sp)-4aA
+

Me [
— e Me | + Me H
CI/;"/ 3A Me.-Me Z I; g Me.__Me (T ;
- o Pa P i
o B ~~‘O/cr\© :
(Sp)-2a H H
A Hel i
e CI - I
Me (rc)-daA i

TS-(Rp)-4aA
AG'=39.5 kJ mol!

-

Me Me
e ()~ e { )<
— L, Me
cr ¢ me C 0 Me o M
: N L+ HCL 9 me
ve Me—R cr F"+
O idI\e
: Me Me @
" (Rp)-5 TS-(Sp)-6
u WOH AG=786 kJ mol! (Sp)-6
.
o " t Me
H e e
or L¥ Me Me Me”“<:>—-< e C Me
- -
Me' \© 3A o Me HCl 0 e
Me—ﬁ(@ Me® \©
(Se)-5 ¢
Me
TS-(Rp)-6 (Re)6
AG™=53.7 kJ mol”!

Scheme 7. Computed reaction mechanism for the formation aficyand acyclic alkoxyphosphonium diastereoméeg\(and6).

As the last part of the computations, the reactidn ochemical calculations. The experimental observatioould be

(-)-menthol BA) with 1-chloro-3-methyl-1-phenyl-3-
phospholenium chloride 24), or with the chloro-methyl-
(2-methylphenyl)-phenyl-phosphonium chloridg) (vas studied,
as it is the crucial diastereoselective step of thmamic
resolution procedure. These computations let ussiigate the
energetic difference between the reaction of thdéicyec acyclic

explained on the basis of the geometries of theeaubdés and
reaction energetics.

4, Experimental section

4.1.General (instruments)

derivatives 2a or 5). Scheme 7 shows the computed mechanism, The*'P,**C,'H NMR spectra were taken on a Bruker AV-300

with the transition state Fre®ibbs energies. According to the
calculated mechanism, the reaction starts with thaeophilic
attack of the oxygen atom of the (=)-mentt@A) from the most
open side of the phosphonium catida ©r 5), which was the
opposite side of the chloride atom. This step lbo¥eed by the
leave of a chloride anion resulting in the formatiof the
corresponding diastereomeda or 6). In all cases, the chloride
counter anion served as the base for taking théoprof OH
group of the (=)-menthoBA) (Scheme 7).

Our computations showed that the formation of theicyc
alkoxyphosphonium salt diastereomeiS;{ and Rp)-4aA] goes
through an identically low transition state arour@ kg mol*
with a slight difference (2.8 kJ miblin terms ofAG). On the
contrary, in the case of the acyclic derivative:}{ and Rp)-6],
the transition state is higher, and the differebesveen the two

the diastereoselectivity is lower for the
alkoxyphosphonium species4)( (de 21%) than for
corresponding acyclic derivative8) (de 87%).

cyclic
the

3. Conclusion

In summary, a dynamic resolution method was elabdrédr
1-substituted-3-methyl-3-phospholene oxidEs One of the key
steps of this process was the conversion of theo3gitolene
oxides () to chlorophospholenium salt)(which enantiomers
interconvert into each other in solution. The aycli
chlorophosphonium salt2)( were reacted with a given chiral

is 24.9 kJ mot. These data also support the observed trend th%;0

or DRX-500 spectrometer operating at 121.5, 75.5 30@ or
202.4, 125.7 and 500 MHz, respectively. All moistsessitive
NMR samples were prepared under nitrogen with dry GDCI
purchased from Merck.

ESI-MS mass measurements were performed using aamgil
1100 and Agilent 6130 LCMS system in positive elegpray
mode.

All reactions were carried out using dry reagents and
solvents®® under N atmosphere in dry glassware using Schlenk-
techniques.

Flash column chromatography was performed using a
CombiFlash® (Teledyne ISCO).

The enantiomer excess values of 1-substituted-Byhat
phospholene 1-oxidedl) were determined by chiral HPLC or
GC (See Supporting Information for details).

The optical rotation was measured by Perkin Elmet 24
larimeter.

4.2.Racemization of
phospholenium chloride24)

1-chloro-3-methyl-1-phenyl-3-

To the solution of 0.025 g (0.13 mmol) of ti®-L-phenyl-3-
methyl-3-phospholene 1-oxideSH-1a] [[a]p,> = -37.0 (c=1;
CHCl,), ee= 99 %] in 0.5 mL dichloromethane, 0.012 mL (0.14
mmol) oxalyl chloride was added dropwise at 0 °C. fésetion
mixture was stirred for 15 min, then the volatilesreveemoved
at 0 °C to furnish the 1-chloro-3-methyl-1-phenyl-3
phospholenium chloride2é) in a quantitative yield. The chloro-

auxiliary 3) bearing an OH-group to form diastereomerically3_phospho|enium salt2¢) was dissolved in 2 mL of dry

enriched alkoxyphosphonium specied). ( These covalent

chloroform, and the optical rotation was measurechéaliately.

diastereomers4j can be converted to enantiomerically enrichedaDzs = 0.0 (c=1.6; CHG). *'P NMR (CDCL) 5 92.7 §;; 92.5)*

3-phospholene oxides §)- or (Rp)-1] upon heating. In this
study, the reaction conditions were optimized, aevegal chiral
auxiliaries B) were tested, among which the-fnenthol BA) or
(+)-1-phenylethanol 3F) were the best ones. Applying the
optimal reaction conditions, the aryl- and alkyir&thyl-3-

phospholene oxided) could be prepared with an ee up to 35%

in good or excellent yields. The theoretical backgd of the
lack of high diastereoselectivity was investigated duantum

4.3.General procedure for the optimization of dynamic ke
resolution of 1-substituted-3-methyl-3-phospholemxities {)

The 1-chloro-3-methyl-1-phenyl-3-phospholenium cide
(2a) was freshly prepared in the reaction of 0.19 g (dmol) of
1-phenyl-3-methyl-3-phospholene oxidda) and 0.086 mL
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(1.2 mmol) of oxalyl chloride at 0 °C accordingttee method = and energetics were calculated by scanning andatbalated TS
described by u¥. The chlorophospholenium saffa was indeed connected the two corresponding minima. Tawesition
dissolved in 2.0 mL of dichloromethane, and theuoh was states were optimized with the QST3 method. Transisiates
cooled to -78°C followed by the addition of 0.231g5(mmol) of  were identified by having one imaginary frequency the
(-)-menthol BA) in 2.0 mL of dichloromethane over the period Hessian matrix. All the geometries and transitiortestavere
of 10 min. The reaction mixture was stirred for 8th78 °C, and optimized and frequency calculations were made swurasthat
it was allowed to warm to 0°C. A small sample was takem the structures are in a local minimum. The repoikld AG, AS
the reaction mixture, the solvent was removed at.OFffe  values are the differences of the calculated suelasftronic and
residue was dissolved in dry CQAb determine diastereomeric thermal enthalpy, Gibbs free energy and total entropy,
excess by'P NMR. 2.0 mL of Toluene and 0.16 mL (2.0 mmol) respectively, between the corresponding structures.
of pyridine were added to the reaction mixture. Tlask was
placed into an oil bath, and the reaction mixtuasweated for Acknowledgements
2 h at 60 °C. The volatiles were evaporated, thaueswas
dissolved in 2.0 mL of dichloromethane. The solutioas This work was supported by the National Research,
extracted with 1.0 mL of water, the organic phase wi@&sd Development and Innovation Office - NKFIH (Grant No. OTKA
(N&,SQ,), and the solvent was removed in vacuo. The crud®D 116096), and by the UNKP-17-4-1 new national exoele
product was purified by column chromatography cailgel, 3%  program of the ministry of human capacities (Grant NBKP-
methanol in dichloromethane) to give 0.17 g (91%)%)-1- 17-4--BME-102).
phenyl-3-methyl-3-phospholene 1-oxideS{fla] in an ee of
21%. (Table 1, Entry 11). Appendix A. Supplementary data

In the optimization study, the amount ej-nenthol BA), the
addition time, the reaction time and the tempegatof each
reaction steps were changed. All reactions were adisived

Supplementary data related to this article carobed at
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