ASYMMETRIC SYNTHESIS AND APPLICATIONS
OF OCTAHEDRAL METAL COMPLEXES

A DISSERTATION

Chemistry

Presented to the Faculties of Philipps-Universita Marburg in Partial Fulfillment
of the Requirements for the Degree of Doctor of Science

(Dr. rer. nat.)

Zhijie Lin

Beijing, P. R. China
Marburg/Lahn 2013



This thesisoriginated in the periodrom November 2009 to April 2013 underthe
directionof Prof. Dr. Eric Meggerghe Department of Chemistof the University of
Marburg

From the Department of Chemistry, Philipgaiversity Marburg

Accepted as a dissertation on

Defence committedProf. Dr.Gerhard Hilt
Prof. Dr. $rg Sundermeyer
Prof. Dr. Bernhard Roling
Date of examinatiompril 30" 2013



Acknowledgement

I&d like to express my deBpappreciation tany supervisoProf. Meggersl came
to his lab at the end of 2009. And duritigesethree years, he gave me so many
valuablesuggestions on my PHD thesWith his helping, | published two papers on
the goodournals And more importantly, he taught me how to do research in the right
way. This will be the valuable wealth for me in the future.

Additionally, | would like toexpressmy gratitudeto my master resear@uvisos,
Peigiang Huang and Hongkui Zhanll of my basic skills for doing the chemical
experimentveretrained in theitab.

Besides, | would like to thank theéhinesegovernment foproviding scholarship
to me.

While | worked in the lab, so many people have given me kindly hefyecially
our secretaryina Pinnschmidt, lab technicidfatja Krding and my lab mate Pijus
Sasmall also would liketo express my appreciation to Dr. Xiulan Xie of the NMR
facility and Dr. Klaus Harms ithe X-ray crystallographylepartment

Finally, | want to thank my parents and my wife foeir long timesupporting |
want to say: | am very happy and feel very lucky to do chemical research in Meggers

group in Germany, and wish nfiyendshere all the best.



Part of this work has been already published:

1) fAlsomerizationlnduced AsymmetricCoordination Chemistry: From Auxiliary
Control to Asymmetric Catalysis

L. Gong, Z. Lin, K. Harms, E. Meggerangew. Chem. InEd. 201Q 49, 79557957

2) AAsymmetric Coordination Chemistry by ChuAlxiliary-Mediated Dynamic
Resolution undefhermodynamic Control

Z. Lin, L. Gong, M. A. Celik, K. Harms, G. Frenking, E. Meggetfiem. Asian J.
2011 6, 474481.

3) fN-Sulfinylcarboximidates as a Novel Class of Chiral Bidentate Ligands:
Application to Asymmetric Coordination Chemigiry

Z. Lin, M. A. Celik, C. Fu, K. Harms, G. Frenking, E. Meggethem. Eur. J201],

17, 1260212605

4) iCatalytic Azide Reduction in Biological Environmeits
P. SasmalS. CarregalRomero,A. Han,C. Streu,Z. Lin, E. MeggersChemBioChem
2012 13, 11161120.



Abstract

In this thesis some methods fothe asymmetricsynthess of octahedral metal
complexeswere developed by using chiral auxiliarieShese chiral auxiliariesare
coordinaing bidentate liganslwhich control the metalcentered configuration in the
course ofligand exchange reactions dynamic equilibria Afterwards, the chiral
auxiliariescan be remowtin an acidinducedfashion under complete retention of

configurdion (Schemd).
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-5-methoxyphenol
high enantiomeric excess (R)-SO' (R=OCHj)

Scheme |. Auxiliary directed asymmetric synthesis of octahedrathenium

complexes with high enantiomeric excess.

Additionally, we initially explored theapplications ofenantiomericallypure
octahedraliridium complexesas catalysts for asymmetric transformatiohms this
direction, we focused on theasymmetric acyl transfer catalyseéd synthesized

different types of the catalystfor resolnng racemicalcohok (Schemdl).
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O DCM / -
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Scheméll . Kinetic resolution of racemic alcohols catalyzed by chiral Ir(lll) catalysts.



Abstract auf Deutsch

In der vorliegenden Doktorarbeit wurden Methodendié& asymmetrische Synthese
oktaedrischer Metallkmplexe entwickelt, welcheauf der Anwendung chiraler
Auxiliare basieren. Solche chiraleAuxiliare sind zweiz&nige Liganden, die bei
Koordination die Konfiguration des Metallzentrums durch Ligandenaustausch
Reaktion oder dynamisches Gleichgewicht kontrollieren. Die chirdaxiliare
kinnen anschlief®nd noter sauren Bedingungen abgalten werden wobei die

Konfiguration des Metallzentrums erhalten bléfBthemd) .
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mit hohem ee-Wert (R)-SO' (R=OCHj3)
Schema 1. Auxiliare-vermittelte asymmetrische Synthese oktaedrischer

RutheniumKomplexe mit hohem Enantiomereniberschuss.

Desweiterenwurden Anwendungn enantiomerenreiner Iridiukomplexe fir die
asymmetischeKatalyse erforscht. Es wurde sich auf d&/mmetrische Acyltranster
Katalysekonzentriert. Verschiedene Katalysatoren wurden synthetisiert undidir

kinetische Racematspaltung sekundéer Alkohole unters{8dttemadl).



2 9 O Katalysat
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Schemall. Kinetische Racematspaltuegnessekundden Alkohols mittels chiraler

Ir(11l) -Katalysatoren.
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Theoretical part

Chapter 1Theoreticalpart

1.1 Introduction

Mirror image objectssuch as our handwidely exist in natureScientiss refer to

theseobjectsashaving chirality which was firsdefined by Lord Kelvin (1824.907):

| call any geometrical figure, or group of points, chiral, and say that it has chirality, if its
image in a plane mirror, ideally realized, cannot be brought to coincide with itself.

The wordfchiralityd comes from the @ek wordfi K h i reeaninghand.Today,
chirality is defined byhe International Union of Pure and Applied ChemigitPAC)

as:

The geometricproperty of a rigid objecfor spatial arrangement of points or atoms) of
being nonsuperimposable on its mirforage; such an object has no symmetry elements
of the second kinda mirror plane,il = S, a centre of inversion,  S,, a rotation
reflection axis, &). If the object is superimposable on its mirror image the object is
described as being achiral.

With the advances irscience, chiral objects became an important issue in human
life. For example,increasinglymore enantiopure molecules deing used in the
fields of pharmaceutics aragjriculture Thus, the US Food and Drdgd mi ni st r at i o n ¢
(FDA®) pdicy statementfor the development of new diastereomeric drugs
recommends thain the case of chiral molecules, the propertigarticulaty toxicity
T of both enantiomers should be studied.

Organicstereochemistrin the twentieth centurgevelopedquickly, especially in
the synthesis of natural compounds with large number of stereogenic centers.
Additionally, for approximately the pagtO years, enantioselective catalysis has been
researched to enrich the methods for obtaining enantiopure compodhds.
Knowles, R. Noyori and K. B. Sharpless won the Nobel Rnzthis area in 2001.
Similarly, inorganicstereochemistry also earndd own statusAlfred Wernerfirst

applied vad Hoff and Le Befs stereochemicdheories of the tetrahedral natucd
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the carbon atom to the structureostahedral metatomplexes in 1893. He predicted
that the octahedral coordinaicompounds could exist in an enantiomeric form with
the power of optical rotatioT.his hypothesis was demonstrated in 1911 by resalutio
of the two enantiomers of the complexes [Cof@hi3)X]X, (X = CI, Br; en =
ethylene diamine)L(-1/D-1) (Figure 1}*, andwon the Nobel Prize for these works in

1913.

HoN ’ “NH; HoN,, ] NH,
Co_ "“Co
HzN/\ ~y x/\ “NH,
L_NH, H,N

A1 A1

racemate

Figure 1. The two enantiomers of the cationic complexefCaf(eny(NHz)X] .

However, towards chiralityare there any specific propertiet the coordination
compoung? In inorganic stereochemistry, coordinatiomompounds aremore
complicated than organic compounds, due to the high number of possible
arrangements of atoms in molecules containing one or several centers of higher
coordination numbers. For exampllee octahedrametal complexhas a maximum of
15 pairs of enantimers (30 stereoisomerdased orthis rangeof possibilities, the
coordination compoundglisplay significant behavior in the life science and
asymmetriccatalysis reactiond-or example, Bartoret al. designed the enantiopure
octahedral ruthenium compleg D-2 and D-3, which are capable of intercalating
between stacked base pairs ofDBIA. In aqueous soluti@®) the complexes are
nonluminescentwhile in the presence of doubdtranded nucleic acids, these
compounds are strongly emissive atiais function as molecular light switches for

DNA (Figure 25.
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A-[Ru(bpy),(dppz)** (2) A-[Ru(phen),(dppz)]?* (3)

Figure 2. Molecular light switches for DNA.

Similarly, Meggerset al.inventedinhibitors such ad.-FL-172andD-FL-172, for
protein kinaseswhich arebased on thectahedralmetal complexed-dowever,some
results demonstrate that complexes with the sgawmnetry,but different chirality

showed differenbiological activity (Figure 3).

A-FL-172 A-FL-172
strong PAK-1 inhibitor weak PAK-1 inhibitor
IC50 =130 nM ICsp = 3480 nM

Figure 3. The ruthenium complex -FL172 is a selectivanhibitor of the protein
kinase PAKL in contrast to the almost inactiveirror-imaged compleXD-FL172 (1

eM ATP).

A coordinationcompoundin which the chiral elemenivas ametallic center was
also used iran organocatalytic reactiorror example, érrocenehasa rigid sandwich
structure which is highly stable and easily available. SoeFal.exploitedthis planar

chirality in theresolution of anylic alcohols(Scheme 1)
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O (@] O
Ho PN T .
DONRNO®
/
— N 37%

Fe

Ph Ph 99.7% ee
Ph Ph

Ph
4

Schemel. Kinetic resolution of racemic alcohols catalyzgdhe Fu-catalyst(4).

In summary, the chiral coordination compounds sho@sallentbehavior in the
life science and metal based catalytic reacBofonsidering the highgrossibilities
of stereoisomex, as opposed tohiral carbon and the little attentionthese have
received in the context oforganic stereochemistry, this areaerits further

investigaion.

1.2 Preparation of non-racemic octahedral metal complees

For investigahg in the inorganic stereochemistry, we need to find the methods to
obtain thenon-racemicmetal complexes. Considering our lab mairdgearchesn
octahedral metal complexes, | wititroducethe methods foasymmetricsynthesis of
octahedral metal complexe8ased on the differenstrateges for obtaining the

enantiopureomplexes| will introduce thenfollowing in threedirections.
1.2.1Resolution with chiral chromatography

Strekas and cworkers invented DNAwydroxylapatite column, since the various
six-coordinate metal complexes in which the ligands are bidentate diimines with fused
aromatic ring systems are capable of enantiomerically selective dtitamawith
doublestranded DNA% The methodis successfullyresolvedRu(phen)** (phen =
1,10phenanthroling (5) and Ru(bpyyppZ* (bpy = 2,2 bipyridine ppz =
pyrazino[2,3f][4,7]phenanthroling (6) with 90% ee (Schem&). Similarly, Villani
and coeworkers resolved thgFe(L)s](ClOy4), (ligands L = 1,10phenanthrbine,
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4,7-dimethyl1,10-phenanthroline, 5,6-dimethyl1,10-phenanthroline,
3,4,7,8tetramethyll,10phenanthroline,and 47-dichloro-1,10phenanthroling by
usinga Chiralcel OD RHcolumr?.

column
Ru(phen)32*

Ru(bpy),ppz?*

A-5/6 A-5/6
first eluting second eluting
fractions fractions

Scheme 2. Resolution of Ru(phed§” (5) and Ru(bpyppZ* (6) by chiral
chromatography¥NA-hydroxylapatitecolumn).

1.2.2 Formation of diastereomeric salts

Lots of metal complexesavethe charge around it; therefore they can form the
ion pair using chiral cation or anion. These ion pair can be resolved by different
techniques. Werner and-gmrkers first developed a method for resolviag pair.In
1942, Werness studentKing chose (+)-3-bromocamphof9-sulphonate anio to
resdve the complexegCo(enkh(NH3)X]X, (X = CI, Br; en = ethylene diamind)y
crydallization successfulllf. Followed this work, other chiral cations and anions

weredevelopedy scientists For example Chiral trisphats™®, tartraté**®

are widely
usedas chiral anions in theesoltion of metal cmplexes.[Ni"(phen)]?*, or the
derivatives from chiral aminesre widely used as a chiral cations in the resolution of
metal complexég?.

Among the above chiraksolution reagentghe chiral trisphais commercially
availableand is used more frequentlior example:Lacourand coworkers found it
can selectigly control the equilibrium between the cdigurationally Ilabile
iron(ll)-tris(diimine) enantiomerg& -7 a n d7). By usinggtrisphat thecomplexg7

reacteda diasstereomeric ratio greater than 50Scheme 3Y.



Theoretical part

2+

A-trisphat
N (2 equiv)
dr >50:1

AT

Scheme 3Shi fting the equtiadndgkconfigurations efalalle n t he

iron complex7 with ggtrisphat

Towardsthe resolution of diastereoerically ion pais, Fontecaveand ceworkers
selectivdy precipitated the cis[geRu(dmp}(CH3CN),][s -trisphatp (p8) or
cis[s -Ru(dmp}(CHsCN),][ optrisphath (s-8) by the [n-BusNH][s -trisphat] or
[n-BusNH][ gptrisphat] owing to the different speed of thgrecipitation of two

diastereomerically ion pair (Schemé*4)

P

Ry \NCCHj3 A—trisphat

u- +

N T~NCCH; H3CCN/ ’ AN ——  [A-8] [A-trisphat],
precipitate
Cl

Cl 0., o
PR
tri ~
A—trisphat al O/l (0]
O Cl

[A-8] [A-trisphat], cl

precipitate A—trisphat

Schemed4. Chiraltrisphatresolved thé. -8 andD-8.
1.2.3Diastereoselectiveeoordination with chiral ligand s

In the asymmetric synthesis, people use the metal without chirality and try to

transferthe chiral information from chiral carbon to mefahis was first discoved by

6
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Smirnoff and heused enantiopure propate?-diamine (pn) to react with #PtCk,
yielding octahedral complex which showed the optical rotafionon Zelewsky
reinvestigated this workin detail 85 years later and found that the
merL-[Pt{(9-pn}s** (9) was the favorable product in the reaction between the

(9-pn and HPtCk (Scheme 57

3Cﬁ/\NH2
CHj;

HoN - +  HyPtCl —
B+ e — Y

HaC" \/NHzHZ

mer-A-[PY(S)-pn}s]** (9)
preferred diastereomer

Schemeb. First example of symmetric synthesisf chiral metal complex

Above strategy is utilized byon Zelewskyand heusedterpenederived chiral
t etr adent-bigyraine)d i sd 2alledl 6)CHIRAG&Ns (from CHIRAIity
GENerator)to direct asymmetric coordination chemistry and obtained only one
diastereoméP. In this reaction, [Ru(DMSQEI,] converted to the [Ru(MeCMJI]
and thenthe precursorwas refluxed with the CHIRAGENSs in ethanol, followed by
heating with4 , -dirbethyt2 , -Bigyridine in ethyleneglycalyielding complexD-10
with a 25% yield. According to the authors, this is the first examplagfymmetric
synthesis of an enantiomerically pure octahedral metal complex without thegeed

of chiral resolution(Schemes).

1)Ru(DMSO),Cl,
2)

—N  N=
N\ 7/ \ /

25%

(+)-Chiragen[6]

Scheme6. Highly diastereoselectiveontrol of Ru'-centered chirality by using the

tetradentate CHIRAGENS ligand.
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Similarly, Yamamoto and eworkersusedthe ligand(S)-11 which contentsaxial
chirality to asymmetrially synthesize theis-b-L -[Cr{( S)-11(EtOH)]CI (cis-b-L-12)
in almost quantitativeyield as a single steoisomer withcis-b configuration of the

tetradentate ligand and-configuration at the ¢t center(Schemer)?’.

1) CrCl,, THF
2) air oxidation

B ——

99%

tBu
(S)-1 cis-p-A-12

Scheme7?. Highly diastereoselectiveontrol of Cr'-centered chirality by using the

binaplthyl-tethered bis(@ydroxyquinoline)igand.

2,26Biprrolidine is another useful chiral linker for designing tetradentate ligand
which can direct asymmetricoordination nicely. For example, Que Jrand
co-workers recently reported that theaction of bipyrrolidine ligand R,R-13 with
Fe(OTfy-2MeCN povided exclusively the iron complex
cisUp[Fe{(R,R-13}(OTf) 5] (cis-Uop( R,R-14), whichitself serves as a catalyst for

asymmetric olefircis-dihydroxylation (Schemé)®.

Fe(OTf), * 2MeCN
= V)
CH,Cl,
\_4 — 75%

(RR)-13 cis-a-A-14

Scheme8. Highly diastereoselectiveontrol of Fe'-centered chirality bgxplored the

r g i dbip2riol@iide backbone

Besidesrelying on thesteric hindrancefrom the multidentate ligands, aromatic
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faceto-face “-stacking also can be exploited for the control of éfsolutemetal
centered configuration. For instance, the Scott group used chiral iminopyrddites
react with Fe(Cl@,-6H,O in MeCN and obtaired the single diastereomer
fac-gp[Fe{(R)-15} 5)(ClO,), (fac-gp16) (Scheme9)?°.

2+

CH,OH |
CH,OH S NI
XN /N, ) { \\\\N\;
| ! Fe (CIO4) 6H,0 i
~
15 Me7Cg/N HOHZC; / L)) CH,OH
0
fac-A-16

Scheme9. Diastereoselective coordination chemistry witH' E&rected by aromatic

faceto-face” -stacking.

Besides using the chiral ligarsdibstitution reaction, the oxidative addition
reaction also can be ustat synthesizing disteeoselective octahedral metal complex.
An example of thisapproachwas reported byon Zelewsky and cavorkers In this
method,the PY starting corplex cisqp18 was obtained by cyclometalation of the
chiral thienylpyridine ligand R,R-17 which was synthesizedrom (-)-U-pinene.
Because of theteic constraints, this tetracatinate Pt complexi s-configuration
T h i <onfigurdion is retained after oxidative additionwith CgFsCH,Br, yielding

complexcis-fac-gqp19 asa single stereoisoméBchemel0)*°.

1) tert-BulLi
2) Pt(SEt),Cl,
CgF5CH,B
THF ‘ G 5L HBr

42%

z“

17

cis-fac-A-19

Scheme 10. Asymmetrc synthesis of an octahedralPtomplex by oxidative

addition.
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1.24 Chiral auxiliar y directed asymmetric synthesis

Chiral auxiliaries are optically active compounds and introduce chirality in
racemic compoundsvhich arewidespreadised in the organic chemistijhey also
play important rolesor resolution of enantiomerd metal complexedn this strategy,
people use the chiral auxiliary which leads to dizstmers with different
physicachemical properties teeparatéhem by variety ways.

In 1948 Bailar and ceworkers first reported this strategy in the synthesis
octahedral metal complex They used the R,R-(+)-tartrate to react with
[Co(enkCOs]*, vielding two diastereomer$+)-20/(-)-20), and one of them was less
stable than the other diastemer. So, when the entfiglene diamineyubstitute the
(R,R-(+)-tartrate, the less stable diast@mer reacted faster than the stable one, which

affordedenantiomerically enriche@)-[Co(en)]*" (Scheme 6Y.

(+)-tartrate

[Co(en),CO4]* (+)-[Co(en),{(+)-tartrate}]* (20) + (-)-[Co(en),{(+)-tartrate}]* (20)
less stable more stable
fast | en slowly [ en
(+)-[Co(en)s]* (-)-[Co(en)s]*

Schemell (R,R-(+)-tartrate as a chirauxiliary for the asymmetric synthesis of

cobalt complexes

In 1964 Bailar and cworkers used the same strategy synthesis the
erartiomerically enriched [Ru(bpy)** (bpy = 2 , -Bipyridinef>. In the synthesis,
K>RuCk hydratewas used as the starting material to react with(fhB-(+)-tartrate,
followed by the additionof an excess of bpy to yield the ruthenium wiin

enantiomeric ratio of 6387 (Schemel?2).

(+)-tartrate bpy

2
KoRUuCls ———— tartratoruthenium complex [Ru(bpy)s]**

enantiomerically enriched

Schemel2 (R,R-(+)-tartrate as a chiral auxiliary for the asymmetric synthesis of

rutheniumcomplexes

10
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Similarly, based on théhermodynamically difference of the two diast@ners.
Inoue and caworkers used th€R)-(+)-methyl p-tolyl sulfoxide as arauxiliary to
obtain the rutheniumpolypyridyl complexes(21) with enantiomerically enriat’,
The result wasoptimized by using the microwave bBalavoine and cavorkers”.
Considering 11 ratio ofL andD of the ruthenium as the startingateriak to create
74% de, 97%yield of the product there should beonversionbetweenL and D
(Schemel3). The reasorior higher stability of the major diastereonveaspresumed
by Inoue and cavorkers.They concluded two reasons! i) interactionsbetween the
tolyl group of the sulfoxide and one ofetlbpyligands ii) a hydrogen bond between

the sulfoxide oxygen ara pyridyl ortheproton in combination

II N 2+
cis- or trans- (R) /‘RL“‘\\\\\ P
[Ru(bpy)2Cl2]

A—conflguratlon preferred
Scheme 13. Monodentate methyp-tolyl sulfoxide as a chiral auxiliary for the

Z\_

74% de
97%

asymmetric synthesis ofitheniumpolypyridyl complexes

Even these methods areattractive to asymmetric synthesize different metal
complexes But for low eevalueof the final compoung therestill lack of convenient
and general methotb enantioselectidg synthesze metal complex atil 2009. In
2009, Meggers group developed a general method to enantiosiestmnthesze
octahedrakutheniumpolypyridyl complexesby using the bidentate ligaricheme
14). Compared to monodentate ligands, chiral bidentate chelatesly direct the
asymmetric coordination chemistbgtterdue to a restricted rotation around thelLM
coordinativebonds that fixeshe direction of thénindrancefrom the directing ligand

But the bidentate ligand coordinates much tightly with metal cefter.main ssue

11
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was how toremove the directing ligand withotgomerization of the metalentered
configurationin this area. Meggers and-emrkersused salicyloxazolinéor inducing
the chiral information.Afterwards, the chair bidentate ligand wasnovedfrom the
auxiliary-mediatedmetal complexby acid. Importantly, theconfiguration of metal
center was retained in this procession In detaill by using
(9-2-(4-isopropyt4,5-dihydrooxazol2-yl)phenol as the auxiliary, the precursor
(9-22 which has four labildigandswas obtainedafter two stepsAnd (S-22 can
reactwithf i r st one e gidartbudyl2e Aigyridiné (4,4tBuybpy) in
chlorobenzene at 76C ands ubsequent wi t h edmethyl2q 2ibv al en
-bi pyr i d-Mepbpy) #g&in @ éhlorobenzene at 76C, yielding only one
diasteeomer L-(S-23 under thermodynamicallycontrol. For the final step, the
chiralauxiliary-mediatedcomplex reaad with the third ligand inthe presence of

acid yielding the polypyridyl complex -[Ru(pp)(pd(ppd)F** (pp. pr ppd @ achiral
2,26bipyridines (L -24) with enantiopuity>°.

—‘+

15 eq bpy
5eqTFA
MeCN

110°C
tBu

o 1) 4,4'-tBuybpy

5'/ 2) 5,5'-Me,bpy

N T oo
HsCl, 70 ©

AN /S CeHsCl, 70°C

Ru(MeCN);Cl ~ 64% 91%

(S)-22 (S)-A-23 tBu

A-24

Scheme 14. Salicyloxazoline as a chiral auxiliary for the asymmetric synthesis of

rutheniumpolypyridyl complex.

After this work, Meggers group Iinvented anew auxiliary
(R)-2-(diphenylphosphinge},1-binaphthyt2-ol ((R)-HO-MOP) andusedin the same
strategy For example, (R-HO-MOP reaced with commercial available
half-sandwich complex [RP-CsHe)Clo)o and bpy; yielding
L -[Ru(bpy)}{ (R)-HO-MOP}ICI (L-(R)-25) with diastereomerically enriched (34:
dr) (Scheme 15%*. Then the directing auxiliary carbe removed, vyielding
L-[Ru(bpy)]** with enantiomerically enriched.

12



Theoretical part

PPh2 o4
CO SN
Q -
O TN S
bpy, TFA ‘
R)-HO-MOP =N, WNo~
[(nCeHe)RUCIl, ¢ MeCN “Ru’
bpy (2 eq) ph 7 ’ N
Et;N =~ N [
95°C X _N X
\ |
A-(R)-25 A-[Ru(bpy)s]**

Schemelb. Transfer of axial chirality of)-HO-MOP to metalcentered chirality in

a chiratauxiliary-mediated asymmetric synthesis.

In the different approach, the chiral auxiliaries didcoordinateto the metal
directly. Instead, they are used as linkers between two ligands. In this direction, Wild
and coeworkers usedchiral (RR)-tartrate as linker to connect two tridentate
pyridine-2-aldehyde26pyridyl-hydrazones.Then the hexadentate ligan26 was
applied to react with the [Fe¢B)s](PhSQ)., yielding octahedral metal compleX7

with diastereomericgurity (Schemel6)37

AT ” O
O oy

Fe(H,0)s(PhSOs),
MeOH or

-

\¢ ﬁ \)@
e

diastereomerically pure
2+

racemization

H

28
85:15 er

partial ‘ ag. NaOH (4 eq) —

Scheme 6. Asymmetricsynthess of iron octahedral complef8 by usinga chiral

linker as auxiliary.
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Theoretical part

Unfortunately, in the course of removing the auxiliary by hydrolysis of the ester
linkages and deprotonation of the hydrazone NH groups, the configuration of the iron
metal centeR8lost some chiral informationyieldingonly 85:15 er.

In the same strategy, Fletcher anewawrkers used chair tripodal linker system to
direct the asymmetric syntheisThis time, hexadentate ligarmbntrollednot only
the metal centered configuration butcathe geometrybetween theneridional(mer)
and facial fac). For example, the enantiopure tripodal hexadentate ligamds used
to react with [Ru(DMSQI;] in the presence of AgNfunder refluxing in EtOH and
high dilution, affordng the ruthenium complexD-(R,R,R-30 as mainly one
diastereomer (>95:5 dr). After cleavage of the ester bonds with aqueous KOH, the

reaction provided theompoundac-D-31 (Scheme T).

“ N Ru(DMSO),Cl, \
X o} 0.__0
AgNO; =N
0 Ph EtOH, reflux

high dilution
10% (0]
P

B o
W=y

A-(R,R,R)-30

fac-A-31

Schemel7. Asymmetricsynthesis of &ac-D-ruthenium polypyridyl complex with the

cleavable linker approach.

Unfortunately, the yield of the coordination step was too low due to the hydrolytic
instability of the ester bond#\dditionally, after purificationof fac-D-31, the product
still containeda high degree of wateand salt preventing detailed analysigvhich
makes this method unattractive.

Besides the methods of using auxiliaries directly to coordinate with the metal
center and the chiral linkerrategy, Shinkai and eworkers included the chiral
auxiliary on the coordinated ligandsFor instance, the,2 2bipyridine-4,4ddiboronic

14



Theoretical part

acid was used as theoordinatedligand to react with monosaccharigegelding
boronic ester82 with 1: 1 complex formationThen the complexe32 reacted with
Co(OAc) to provide octahedral metal compl83. At last, the coba(tl) was oxidized
to the moreinert cobalt(lll), followed by a removal of the chiral auxiliary through
reductive cleavage of the-B bonds in thepresenceAgNO; to yield [Co(bpy)]*

with enantiomerically enrich (Scherii8).

saccharide
// - .

1) Oxidation to Co'"
2) AgNO;

er up to 9:1 O—

Scheme 18. Saccharides as chiral auxiliaries for the asymmetric synthesis of

[Co(bpy)]*".
In this method, the enantiomeric excess was dependent on the type of the

saccharide and the reactitemperatureThe best result wasbtainedwith 79% ee

when the reaction was carriedtat-25 °C usingD-glucose.
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Theoretical part

1.3 Applications of enantiopure octahedral metal complees in

catalytic reactions

Metal based catalysis reaction was developed so many ggarsThe chair
informationalwayscomesfrom both thechiral ligand andhe metal centelowever
only chiralatmetal complexes especially ocemiial metal complexes are rarely used
as the catalyst in the asymmetric synthesis.j\gt foundfew examplea of using the
enantiopure chirahtmetal octahedral complexesdatalyzethe organic reaction. For
instance,Gladysz and ceworkers used theomgex D-(-)-[Co(en)](BArs)3-14H,0
(L-34) as thecatalystfor the Michael additionThey successfullyransfered the
chiral information from the metal center to carbon. Buofortunately the ee value of

the product waserylow (Schemel9)*.

FiC CFs
(\NHZ H, FsC CF3
HoN,, ‘ wN Q Q
’ H FsC CF
o \/NHZ 2 s /@\ s
A-(-)-{Co(en);](BArf)3 F3C CF3

14H,0 (9 mol%)

COOMe A
ﬁ . L J L |
COOMe  NEt, CH,Cl, COOMe A (e BAr)3.14H,0 (A-34
Mo 5 . (-HCo(en)el(BA,.14H;0 (1-34)
78% 33% ee

Scheme 19. Enantioselective catalysis of a Michael addition by

L-(-)-[Co(en}](BAry)s-14H,0 (L -34).
Similarly, Fontecaveand ceworkers useadomplex[D-8][ L -trisphat} to catalyze

the oidation reaction but didnot obtain high ee valug of the final sulfoxides

(Scheme0)?.
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Theoretical part

0~18 ee%

Scheme 20. Enantioselectiveoxidation of sulfides by HO, catalyang by a

chiral-atmetalrutheniumcomplex

In 2007, the same group invented a new catdly3% which have enantiopure
octahedral metal cenférThey applied it in therantioselectiveeductionof ketones,
and the best result of the enantioselectivity just reacteed6% ee In detail the
reaction was carried out at 80T usin®&acetonaphtoné.43 mmol)in H,O (6 mL)
with L-35ketone/HCOONa= 1: 200: 600Q which affordedmethyl2-naphthtalene
methanolwith 26% ee (Schem&l)

A-35/ketone/HCOONa

o)
= 1:200:6000 b cl
\\\\\ ‘N /N””"‘R/
OO 241 \NIN/
85% p
|
N

26% ee

Scheme 21. Enantioselectivetransfer hydrogeration of ketones with complex

[L-35[NOg]3 as acatalyst

In 2001, Soaiand ceworkerssuccessfullyinduced the chair information to the
substrates form the chaictahedratobalt comple¥. By the reaction o&ldehyde36
with i-Pr.Zn in the presence of-)sseK[Co(edta)2H O ((-)-37), the enantiomer
excess of the produplyrimidyl alkanol38 can reached 94%lowever,50% of metal

complex €)-37 was needetbr the reactio(Scheme2?2).
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Theoretical part

o 1
o. 0
S -
o -CHO o, l SN
|j/ 50% (-)sse-[Coledta)] NN OH "o ]
£-Bu i-ProZn & N >\|/
99% t-Bu o)
36 38 I

94% ee
(-)s46-[Co(edta)] (37)

Scheme 22. Enantioselective addition of diisopropylzinc to aldehy@@ in the

presence of chiral octahedral cobalt complgxe87.

It can be concluded thathe use of chirality of the octahedral complex ie th
asymmetric organic catalysis reaction istill a highly undeveloped areaThe
challengelies in transferringthe chiral informationeffectively from the catalytic

metal to carboior other stereocenter
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Aim of this work

Chapter 2 Aim of this work

Becauseof the high coordination number, octahedral metal complexes can form
up to 15 diastereomers as pairs of enantiomers (30 stereoisomers). However, for
applications in the life sciences and for asymmetric catalysis reactions, single
stereoisomers are desirdthus, developing methods for the stereoselective synthesis
of octahedrametalcomplexes is an important and challenging objective. Considering
existing strategies for thesymmetricsynthesis of the enantiopure octahedral metal
complexes, the methods esttly developed by Meggeet al. showed advantages for
the asymmetric synthesis of highly enantiopure complexes of the type
[Ru(pp)(pd(ppd)F (pp, pd ppo=dachiral 2,Bbipyridinesor 1,18phenanthrolines)
Therefore after the first example of ugnthe (S-2-(4-isopropyt4,5-dihydro
oxazol2-yl)phenolas the auxiliary to direct asymmetric coordination chemistgy,
want to rely on thistrategyand modify this system itne followingdirectiors:

1) In the method developed by Meggetsal, threesteps were needed starting from
the chiral auxiliaryfor obtaining the chirahuxiliary-mediated metal comple23
(Scheme 23)Additionally, for synthesizingthe acetonitrileprecursor22, a medium
pressuremercury lamp(an expensive instrumentvas neededT herefore finding an
alternativeway to simplify thesynthess route to obtain the chiraluxiliary-mediated
metal complex without usintis costlyequipment ishe first target in this thesis.

MeCN
o/ >_© [(n°~CeHg)RUCI,], \é‘ vngcudrr]; pressure OR/Q
\H:N » MeCN, K,COg 16-CoHe)C | 96% \é» \ /

79% Ru (MeCN);CI
22

1) 4,4'-tBu,bpy
2) 5,5'-Me,bpy

CgHsCl, 70 °C
64%

Scheme 23Establishd but inconvenient asymmetrigrthesis of the compleX3.
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Aim of this work

2) The £cond targein this thesiss designing a chiraauxiliary thatis very easy to
synthesize

3) In the salicyloxazoline systena high temperaturecombinedwith acid was
needed to remove the chiral auxiliary asubstitute the third ligand (Schemd).l
Finding a mild and acid free condition soibstitute the third ligant$, thereforethe
ultimategoalin this part of the work.

After develping the methods for obtamg enantiopure octahedral metal
complexes we want to utilizehemin some applicationsTherewas not one useful
example of transferring the chirality from the octahedral metal center to carbon center
Therefore,we will designdifferent catalysts with enantiomerically pure octalaédr
metal centes, and focus onasymmetricacyl transfer catalysiso transferchiral

information from the metal to carb@g8cheme24).

group a = bidentate ligand

* b = bidentate ligand
\\\\\\\ wMae ¢ = functional bidentate ligand

A: substrate without chiral center
B: product with chiral center

Scheme24. Asymmetriccatalysis reaction withhiralatmetalcatalyst
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Results

Chapter 3 Results

3.1 Novel chiral auxiliaries for the asymmetric synthesis of

ruthenium polypyridyl complexes

3.1.1Sulfinylphenol auxiliary system

Having developedhe method for asymmetric synthesis of ruthenpotypyridyl
complexes bysingthe salicyloxazoline ligand (Scheme 14)e plamedto discover
some new auxiliariesimilar to the salicyloxazolineligand toerrich our systemin
particular we wanedto find a ligand thatvould allow the chiral centeto be nearerto
the ruthenium centgiin the hope that the resultirrgactionwould provide better
diastereoselectivitySulfoxide ligand appeared to us to be sitable ligand.The
sulfinyl group has again advantagess a chiral controllerFirst, it possesse high
optical stability. The sulfoxide ligandthat we synthesized dichot exhibit any
racemization or decompitien, evenat 170 °C. This was animportantcharacteristic
for our study®. Second, slfoxide ligandis an efficiert carrier of chiral information.
The polarized € bond, with a net positiveharge on dtur, allows thesulfur atom
to coordinatewith transtion metalsand transfer the chiral information from sulfur to

metal centeeasily* (Figure 4)

/\ét‘)‘R
I\/ VO@ effective S—M
/\

de—M: g chirality transfer

C

Figure 4. Facile chirality transfer froma coordinated chelating sulfiobe to the

neighboring octahedral metal center.

Third, both enantiomer can usually be synthesized in the same “Waljor

example the reaction ofliacetoneD-glucose withisopropykulfinyl chlorides in THF
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Results

at-78 €, using pyridine as base, gve the correspondin(R)-alkanesulfinate(39)
with high yield and selectivityn favor of the R)-isomer whereasH u n s base
(i-PrNEt) was used, the reactiogave an(S) configuration40 as the main isomer

(Scheme B)*°.

O
>< >ws cl >< ws cl ><
10
IPF\Q O - - |Pr\Q O
- o)< i-PrNEt H S 2 OX

00
Toluene -78 °C THF 78 °C H
(Sgr)-alkanesulfinate (Rs)-alkanesulfinate
40 39
>< MOMO  MgBr
Prg. 0. 2 3M HClI o
™ ‘ = momg  ©s2° .0
g F| o A HO ®s%
g actone r.t.
PhMe 0 °C 85% 990
(R)-alkanesulfinate 81% >99% ee

(R)-2-(isopropylsulfinyl)phenol
(R)-SO

39 41

Scheme25. Asymmetricsynthesis oénantiopure sulfoxide ligand

By using this method, we successfulsynthesizd diastereomericallypure
(R)-alkanesulbnate(39). The Grignardregentwasthenused to react with ,ityielding
the compound4l. After deprotecting,the ligand (R)-2-(isopropylsulfinyl)phenol
(R)-SO was obtainedavith high enantiomeril purity (> 99%ee)(Scheme 25). Figure

5 shows the enantiomerical purity of {#-SO.
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25 |
. =)
.0

20 4
| H .
) | © ..@S “iPr
2 154
" >99% ee
o ] | (R)-2-(isopropylsulfinyl)phenol
j (R)-SO

t (min)

Figure 5. Shown is the chiral HPLC trace @R)-SO. Conditions: Chiralpak IB
(0.46¢cmx 25an) HPLC column oran Agilent 1200 SerieslPLC System Theflow
rate was 0.5 mL/min, the column temperature 4&, and UV-absorption was

measured at 254m. Solvent A =hexane solvent B =ethanol with 6% B in 25 min.

Having the (R)-2-(isopropylsulfinyl)phenol[ (R)-SQOJ ligand in hand,we plamed
to use it in the same systems salicyloxazolineln a simulaton of the structure of
auxiliary mediatedbisbipyridine ruthenium complexthe geometry showethat the
isopropyl groupis close to the rutheniunthanthe salicyloxazoline ligandlhus, it
may introducehigher asymmeyt The directing ligand can beplacedafterwardsby
another polypyridyl ligandby reprotonating the phenol groufasel on these
considerationsthe (R)-SO ligand wasconvered to theprecursord3 by reaction with
[ C-@Hs)RUCH], in the presence of 4&C0s, which afforded 42 at yields of 93%,
followed by photolysis with a medium pressuanercury lamp in acetonitriléScheme
26). For the next stepthe precursor4?2 reacted withl,10-phenanthroline liganah

different conditionsyielding complex44 with variablediastereoselectivity (Table.1)

O e D
[(n*~CeHg)RUCH], R o R

s 0 s O
0=S  OH \r N/ 0 Y \ 7
MeCN, K,CO3 Ru (n°~CgHg)Cl  96% Ru (MeCN);Cl

93%

42 23

Scheme26. Synthesis of precursdi3.
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@)

\\
1)1,10-Phenanthroline \rs o

S O 2) NH4PF \ /
\r \ / ZAR ]
Ru (MeCN);Cl

\
N—Ru—N/
43

44

Table 1. Conditionsdependencef diasteeoselective formationf 442,

entry  solvent conc. phen temp time yield dr®

1 EtOH 5mM 2.2eq 70°C 1h 45% 61

2 DMF 5mM 2.2eq 70°C 1h 95% 5:1

3 DMF 5mM 2.2eq 40°C overnight low

4 PhCI SmM  5eq 12¢°C 29h 70%  >99:1
5 PhCI 10mM 10eq 100°C 16h 80% >99:1
6 Acetone 5mM 2.2eq 70°C 1h low

#Reaction conditions: Reaction 48 with phen(1,10-phenanthrolingat the indicated
time, equivalentof phen, solvent, concentration atemperature® Diastereomeric
ratios determined bycrude 'H NMR. The metal configuration of the main

diastereomer wadambda

The absolute metal configuration of the main diastereomer in Table 1 was
determined by the crystal structure (FigujeThis result also demonstrated that the
(R)-configured 2-(isopropylsulfnyl)phenol ligand directed the s -configured
ruthenium centeryieldings -(9-44 as the main stereocisomélote that according to
the Cahniingoldi Prelog priority rules, the assignment of the absolute
stereechemistry at the sulfur changes from R to S upoordinationMetalcentered
configurations of all othecomplexegresentedn this chaptewere assigned relative
to this crystal structure by means of CD spectroscopy. Figueepicts the CD

spectum of the diastereomey-(S)-44

24



Results

100 - | ‘\‘ A~(S)-44

Ag (M'cm™)

-50 - \

-100 1l

-150 ; ; r : ; :
200 300 400 500 600

A (nm)

Figure 6. CD spectum of thepurified diastereomeric produgt(S)-44. Thespectum

wasmeasured in MeCN at concentration©df mM.

Figure 7. Crysal structure d s -(S-44 in which the absolute stergmemistry was
determined.Solvent moleculeis omitted for clarity. ORTEP drawing with 50%
probability thermal ellipsoidsSelected bond distances (A): G3S3 = 1.823(4),
N1-Rul = 2.042(4), OB1 = 1.491(3), ORul = 2.089(3), SRul = 2.2252(10)
N4-Rul = 2.054(3)N15-Rul = 2.080(3)N18-Rul =2.104(3).
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Thediastereselectivity in the Table 1 was checkedthg use othe proton NMR
spectrum. Because the two chiral centers alese to each other in the
chiralauxiliary-mediated metatomplex44, thetwo diastereomersiffer strongly in

thechemical shifts of their ptons in heNMR specta (Figure8).

a) Mixtures ofs /qp(9-44
P(9-44S -(9-44

| i

T T T T T T T T T 1
105 10,0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

b)s -(R)-44

$ -(9-44

itk

T T T L B l
10.56 10,0 4.5

7.0 6.5 ppm

Figure 8. 'H NMR spectra excerpts of the diastereomeric produa}si:1l

s / -mpixture b)s -(R)-44 after purification by columehromatography on siliogel.

After applying thg R)-SO auxiliary in the asymmetric synthesistbe octahedral
metal complex by the sansalicyloxazolinesystemmethod we started to thinkbout
other applications of this ligandResearctby Ai -Hadda andcolleaguessuggested
the next stepto us Theyreported theuse of monodentate chiral sulfoxides as chiral
auxiliaries to obtain enantiomerically enriched ruthenium polypyridyl comp&xes
(Scheme 13) Accordindy, we decidd to replace the monodentate ligand
(R)-(+)-methylp-tolylsulfoxide with the (R)-SO auxiliary. From previous results we
know that this (R)-SO bidentate ligand can derict th@symmetric coordination
chemistry efficiently,. We used the sameonditiors as Ai -Haddou the (R)-SO

auxiliary (2 eq)eaced with(rac)-Ru(bpy)Cl, (1 eq) in the presence BLCO; (1 eq)
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in ethyleneglycolon heatingin a microwave ovenThe result wasurprisingly poor:

therewashardly anyconversioneven weextendedhe reaction time (Table 2).

2eq0=s OH

(R)-SO
1eq A/A-Ru(bpy).Cl,

1eq K2C03
MW

Table 2. Initial test ¢ dynamicconversiorof (rac)-Ru(bpy)}Cl, 2.

entry solvent equiv.  conc time dr®
(R)-SO

1 ethylene 2 100mM 1min 1:1
glycol

2 ethylene 2 100mM 1.5min 11
glycol

3 ethylene 2 100mM 2min 1:1
glycol

4 ethylene 2 100mM 2.5min 11
glycol

5 ethylene 2 100mM 3.5min  1:1
glycol

#Reaction conditions: Reaction 800 mM fac)-Ru(bpy)Cl, with 2 equiv of(R)-SO
and 1 equiv of the ¥CO; in ethyleneglycolwas heated by microwave oven
[MADmMm717 (M power)]atthe indicated time® Diastereomeric ratiodetermined by
crude’H NMR.

Towardsthese results, weonsideredhe problem was that the phenol group was
deprotoned by the basand this bidentate ligand fixed the metal centehich
resultedin noconversionn the reactionPostulating thathe bidentatauxiliary fix ed
the configurationof the metalwe then carried outhe readion in two steps In the
first step the reactionvas carriedout in microwave oven without any bgs&hich
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allowedthe metal centeto converteasilyowning tothe ligand just with monodentate

fashion In the second stethe KCO; was added to fix theonfigurationof the metal

center(Table 3)

1 eq A/A-Ru(bpy),Cl,

2eq0=8 OH

(R)-SO K2CO;
MW MW
first step second step

o}

eV

Table 3. Influence of the equalent of K,CO; and reaction time othe d/namic

conversiorof (rac)-Ru(bpy)Cl,in separatsteps.

entry solvent equiv conc time K,CO; time dr®
(R)-SO .of of

first second

step step
1 ethyleneglycol 2 100mM 3min  leq 2min  2:1
2 ethyleneglycol 2 100mM 7min  leq 2min  3.3:1
3 ethyleneglycol 2 100mM 5min  Oeq 2min No

product

4 ethyleneglycol 2 100mM 5min  0.5eq 2min >99:1
5 ethyleneglycol 2 100mM 5min  0.7eq 2min 2.5:1
6 ethyleneglycol 2 100mM 3min  0.5eq 2min >99:1
7 ethyleneglycol 2 100mM 2min  0.5eq 2min >99:1

#Reaction conditions: Reaction 800 mM ¢ac)-Ru(bpy)Cl, with 2 equiv of(R)-SO

in ethyleneglycolvasheated by microwave oven [MADmMm717 (M power)] firsy

the indicated timdollowed by adding indicated equiv of the®O; and reacted for

further indicated time® Diastereomeric ratiosletermined bycrude *H NMR. The

metal configuration of the main diastereomer \easbda

Table 3showsthe importance of thequivalentof base.The more base was used
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the worsetheresultit afforded even thouglthe 0.5equivalentof K,CO; was perfect
for this reactionThis phenomenon reflectghat wehad previously asimel, namely
that too much base will fix the metatonfiguration In this reaction, oly one
diastereomer was fored by the reaction withthe auxiliary (2 eq) and
(rac)-Ru(bpy)Cl, (1 eq)on heatng in amicrowave oven for 2 min without any base
followed by adding KCO; (0.5 eq)andstirring for 2 minin ethylenglycol.

The absoluteconfiguration of the compled5 was determined by CD spectrum.
Comparing with the complexs-(S-44, the similar signal of the spectrum

demonstratethe configuration of comple45was ambda(Figure9).

150 4

| A~(S)-45

50

Ag (M'cm™)

-50 4

-100 4

T T T T
200 300 400 500 600
A (nm)

Figure 9. CD spectum of thepurified diastereomeric produgt(S)-45. Thespectum

wasmeasured in MeCN at concentration®©df mM.
We finally found that the reaction can be carried ioubne step byeactingwith

the auxiliary (2 eq), ac)-Ru(bpy)Cl, (1 eq) andK,CO; (0.5 eg)and heatingin a

microwave oven for 1 mirThis alsoaffordedonly one diastereomerdble4).
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2eq0=S OH

(R)-SO
1 eq A/A-Ru(bpy),Cl,

0.5 eq K2003
MW

Table 4. Influence of reaction time on thgmmamicconversiorof (rac)-Ru(bpy}Cl,in

one stef.

entry solvent equiv. conc K,CO; time dr®  yield
(R-SO

1 ethyleneglycol 2 100mM 0.5eq 2min - >99:1 79%

2 ethyleneglycol 2 100mM 0.5eq Imin  >99:1 85%

#Reaction conditions: Reaction 890 mM fac)-Ru(bpy)Cl, with 2 equiv of(R)-SO
and 0.5 equiv of the CO; in ethyleneglycolwas heated by microwave oven
[MADmMm717 (M power)]at the indicated timé& Diastereomeric ratiodetermined by

crude’H NMR. The metal configuration of the main diastereomer laaskhda

Having discoveed a method for achiewvng a good resultin terms of
diastereoselectivitywe tested differentequivakentof the ligand andhe other base in
this systemattempting to optingde the condition.This did not, howeverwork every

well (Table 5)
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2eq0=S  OH o}

();so ?7(8\ /
/ N\

1 eq A/A-Ru(bpy),Cly
base

MwW

A~(S)-45

Table 5. Influence of the base and eqgalgntof the (R)-SO on thediasteeoselective

formation ofs -(9-45°.

entry solvent equiv conc base time dr®
(R-SO

1 ethyleneglycol 1.1 100mM 0.5eq 2min 3.8:1
K2COs

2 ethylenenglycol 1.5 100mM 0.5eq 2min 5.7:1
K2COs

3 ethylenenglycol 2 100mM 0.5eq 2min 10:9
DABCO

#Reaction conditions: Reaction 800 mM ¢ac)-Ru(bpy)}Cl, with indicated equiv of
(R)-SO and 0.5 equiv of indicatl base in ethyleneglycalas heatedy microwave
oven [MADmMm717 (M power)] in 2 mirf Diastereomeric ratiodetermined byrude

'H NMR. The metal configuration of the main diastereomer lamgda

The best reaction conditisnverefoundto be those invhich the auxiliary (2 eq),
(rac)-Ru(bpy)Cl, (1 eq) andK,COs; (0.5 eqg)were heatedin a microwave ovenn
ethyleneglycol for 1 min. Nextwe turred our attention tahe analogous substrate
(rac)-Ru(phen)Cl, as the startingnaterialreacted with the ligan@R)-SO (2 eq) in
the presence of C0O; (0.5 eq)n ethyleneglycobn heatingin amicrowave ovenin a

different reaction timgyielding only one diastereomer (Table 6).
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2eq0=S OH

(R)-SO

2 eq KzCO3
MwW

1 eq A/A-Ru(phen),Cl,

A<(S)-44

Table 6. Influence of reaction time on tldynamicconversiorof (rac)-Ru(hen,Cl,*

b
entry solvent equiv. conc base time dr yield
(R)-SO K2CO;3
1 ethylene » 100mM 0.5eq  2min  >99:1 Low
glycol
2 ethylene » 100mM 0.5eq 1min  >99:1 73%
glycol

% Reaction conditions: Reaction df00 mM ac)-Ru(phen,Cl, with 2 equiv of
(R)-SO and 0.5 equiv of the ¥CO; in ethyleneglycolwasheatd by microwave oven
[MADmMmM717 (M power)]at theindicated time® Diastereomeric ratiodetermined by

crude'H NMR. The metal configuration of the main diastereomer lamgda

In the course obur researchwe foundthatthe conversion was ngradualbut
suddenFrom Table 7, we can see thhe ratio ofs / wasl: 1 until 40 seconds, bt
suddenlybecame only one diastereomer at 50 seconds

The questionthat now occurred to us waghetherradiation fromthe microwave
ovenwas thekey factor in this reaction whereasve had presured that it was not
radiation butemperatureA reasonabl@xplanation of our findings is that conversion
happensvhen the solventeactesa certain temperaturen heatingin the microwave.
Thus since40 secondss not long enough tanakethe solvent reacthe required

temperature, the conversioannot be triggered
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2eq O=S OH

(R)-SO

2 eq KzCO3
MW

1 eq A/A-Ru(phen),Cl,

A/A-(S)-44 A-(S)-44

Table 7. Experimentgo demonstrag thetime-dependentonversiorf.

entry solvent equiv.  conc K CO time powerof  dr®
2 3 ;
(R)-SO microwave

1 ethylene 2 100mM 05eq 10s M 1:1
glycol

2 ethylene 2 100mM 0.5eq 20s M 1:1
glycol

3 ethylene 2 100mM 0.5eq 30s M 1:1
glycol

4 ethylene 2 100mM 0.5eq 40s M 1:1
glycol

5 ethylene 2 100mM 0.5eq 50s M >99:1
glycol

% Reaction conditions: Reaction df00 mM ac)-Ru(phen,Cl, with 2 equiv of
(R)-SO and 0.5 equiv of the ¥CO; in ethyleneglgol was heatedby microwave oven
[MADmMmM717 (M power)]at the indicated timé Diastereomeric ratiogdetermined by

crude'H NMR. The metal configuration of the main diastereomer lamgda

In order toconfirm this hypothesiswe decided ttneatthe regents in aroil bath
instead ofa microwave ovenThe reaction wafirst carried out 8150°C, and yielded
aratio ofs / gb2: 1. Allowing alongerreaction timeproduceda lot of decompose
compound. Heatng at 180°C still yielded many decomposedompounds After
further testing, e best temperature for conversioas foundto be 170 °C. At this
temperature, only one diastereomer was achieved after stioing§0 secondsin

ethyleneglycol(Scheme 27)
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2eq0=8 OH

(R)-SO
1 eq A/A-Ru(bpy),Cl,

0.5eq KzCO3
ethyleneglycol
170 °C
90s
87% A-(S)-45

>99:1 dr

Scheme27. Dynamicconversiorof (rac)-Ru(bpy)}Cl, by (R)-SO auxiliary.

To better understand thbfferent stability of the s -S andthe (p S diastereomers,
Mehmet Ali Celik (Chemistry Departmen®hilippsUniversitd) helped uscalculate
the geometries and Gibliree energieof the s -(9-45 and the qp(S)-45 by using
densityfunctional theory (DFT) at the BP86/de®/P level.Figure10 reveals that in
the destabilized diastereomgx(S)-45, theisopropyl substituent sterically interferes
with the CH group in the sbposition of one bpy ligand. As a consequence, to escape
this close contact, the entire coordinatamhere ofp(9-45is distorted. For example,
the chelateangle of SSRu-N1 increass from 92.8 in s-(S-45 to 105.4 for the
disfavoredqz(9-45. At the same time, the dihedrahgle SO-N2-N3 changes by
12.1°. The resulting weakenedoordinative bonds are reflected in the very large
difference of the Gibbs free energies for the twiiastereomers 05.9 kcalmol™
(BP86/def2SVP), thus explaining why thgs S diastereomers are not observed under
optimized reactiorconditions, most likely because of thermal decompositidre
energy difference changes only slightly when solvent efi@asconsidered or when
different functionals are employed. The Gibbs free energypdf-45 is 5.5
kcal-mol™* higher thars -(9-45 at BVP86/def2SVP/CPCM. Theenergy difference at
MO5/def2SVP becomes 5.1 kcatol' and it decreases to 3.5 keambl! at
MO05/def2SVP/CPCM.In all cases, we find a substantially lower stability of the
(9-45isomer compared ®-(9)-45.
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5.9 (BVP86/def2-SVP)
0.0 5.5 (BVP86/def2-SVP/CPCM)
5.1 (MO5/def2-SVP)
3.5 (MO5d/ef2-SVP/CPCM)
$-(9-45 P(9-45

Figure 10. The optimized gemetries of the two diastereorse -(9-45 and(S)-45
at BVP86/def2SVP. The differences in Gibbs free enerdlesal-mol ] between the
two diastereomers were calculated at differtsiels of theory as indicated in

parenthes.

To further understand the mechanjsime following reactions havdeen done.
Firstly, the (R)-SO auxiliary was reactedwith (rac)-Ru(bpy)Cl, in the presence of
K,COs (0.5 eq)in ethyleneglycolat 100°C for 10 min, affording two diastereomers
s -(9-45 andp(9-45 nearly 1:1. Then this sampleasheatedcontinuallyat 170°C
for 90 seconds only one diastereomer formed withyield of 87%. Therefore, it
demonstrateshat theq(9-45 must have converteshto the s -(S)-45 instead of a
simple decomposition of tHessstable diastereoméFigure 11).
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a)100C 10min

S-(9 (S
} }

L.

T
10.5 10.0 9.5 8.0 8.5 8.0 7.5 7.0 6.5 ppm

b)170C 1.5 min

$-(9

4_/J‘l\~_ﬂ—u——_,,n, _/rL/M/
I T T T T T
10.5 10.0 9.5 9.0 8.5

c) After purification

8.0 7.5 7.0 6.5 ppm

$-(9

| L

105 10.0 9.5 9.0 8.5 8.0 7.5
Figure 11. Excerpts ofH NMR spectra of reactiorrdc)-Ru(bpy}Cl.to's -(S)-45.
a) The reaction performed at 180 for 10 min afforded a mixture @bmpounds that
are assigned t@(9-45 ands -(9-45; b) After heatingthis mixture for another 1.5
min at 170°C; c) ReferenceH NMR spectrum ofs -(S-45 after purification by

column chromatography on silicel.

Based on the results lgure 11 we proposé the followingmechanisminitially,
the (R)-SO auxiliary reacted with(rac)-Ru(bpy}Cl, to form two diastereomey
©(9-45 and s -(9-45. Because of thdarge intramolecular hindranceof complex
®(9-45, it decomposed tmtermediatecomplex 346, which wascoordinatedwith

the solvent at 176C. At high temperaturg complex @46 can covert to complex
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s -46, most likely throughpentacoordinated intermediatesnd theequilibrium is
reversble. At last, the free ligandachesintermediate comples -46, providing the
stable diastereomey-(S)-45, which rendersthe equilibrium irreversble. Thus the
equilibrium shifted to the favored diastereomer in a dynamic transformation under

thermodynamic control (Schern28).

+
N
+

\/
g

<

3
Z:?
\ /7 _|

N
-(R)-SO ’ . solvent
/Pr/ ~ = RU Ru
Se N7 +H* solvent?” ’ \N/ | ' solvent
O’/ | = /N N N
NS | A
A-(S)-45
less stable A-46
X
)
N N
+(R)-SO N, | w0
~— /R“ o@@
+ Z N S%
-H | ' '(’
S N
| iPr
N
A-(S)-45

more stable

Scheme28. Proposed mechanism of the diastereoselective synthesiengblex
®©(9-45 and complex s-(9-45 via dynamic conversion under thermodynamic

cortrol.

As a general method, the auxiliary not only controls the roetatiered chirality
but can also be removed withowtffecing the metalcenteredconfiguration The
(R)-SO auxiliary meets both requirementéccording to the metbd published in
salycaloxazolinesysteni®, theauxiliary can be removed in the presence of TFA (5 eq)
in acetonitrile (50 mM)and reacted with the bpy (&Biprydine) ligand (15 eq) at
110 °C, creatings -[Ru(bpy)](PFs). (47) with 98: 2 er (Scheme 29)The absolute
stereochemistrgf s -[Ru(bpy)] (PFs). wasverified via two aspectsFirstly, Figure1l3
shows a similar CD spectrum to s-[Ru(d , -@Bdbpy)(5 , -Blébpy)(bpy)**

(4 ,-Bédbpy = 4 ,-di-tert-butyl-2 , -Bigyridineg 5 , -Blébpy =
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5 , -@inethyt2 , -Bigyridine) which the configuration was confirmedvia crystal
structuré. Secondly, according to the work of Keené’ and Hu&,

s -[Ru(bpy)] (PFs)2 will retain the configuration in the substitution reaction.

+
R

5eq TFA

50 mM MeCN
15 eq bpy
110°C3h
87%
A-(S)-45 A-[Ru(bpy)sl(PFe) (47)
98:2 er
>99:1 dr

Scheme29. Asymmetricsynthesiof ruthenium polypyrigll complexs -47.

The enantiomeric excess of complex[Ru(bpy)](PFK), was determinedvia
HPLC (Figurel?).

40 ‘|
|

2 204

10

t (min)

Figure 12. Shown is the chiral HPLC trace of the synthesized complex

S -[Ru(bpy)] (PFs)2. Conditions: Daicel Chiralcel OR (250 x4 mm) HPLC column,
flow rate = 0.5mL/min, column temerature 40 €, and UMabsorption measured at

254 nm, solvent A = 0.087% aqueousPiy, solvent B = MeCN, with a linear
gradient 0f8% to14% B in 20 min.
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400 ~
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%0 | A-47

200 - [

Ag (M cm™)
3
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-200 : ; : . , .
200 300 400 500 600

A (nm)

Figure 13. CD spectum of the purified diastereomeric produgt47. The spectum

wasmeasured itMeCN at concentrations 61 mM.

The reason for the retention thfe metalcenteredconfigurationhas been already
explaired in the salycaloxazolingysteni®: first, TFA weakenedhe chelate strength
upon the protonation of the phenolate oxygemhen the coordination solvent
substitute theauxiliary and fixed the metatentered configuratiorkinally, the third
ligand coordinated wh the metal tyield theenantiopure metal complex.

Via the same strategy, thenalogouscomplexes rac)-Ru(phen.Cl, (phen= 1,
10-phenanthrolingand ¢ac)-Ru(dmbpy),Cl, (dmbpy= 5,56dimethybipyridine) have

been resolveduccessfull{Scheme 30).

+
o erg = =\ —%
W
~ S 5eq TFA N\ 7N\ .
2eqo=s oH | P NN N N7 PR
\N—-RU‘/”"' 7 15 eq phen \
(R)-SO 110°C3h
1 eq A/A-Ru(phen),Cl,
0.5eq K2CO3 85%
ethyleneglycol
170 °C
1355 A-(S)-44 A-48
73% >99:1 dr 98.5:1.5 er
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o ()T

2eqo=s  OH S 5 eq TFA
Y \ o) 50 mM MeCN
\ / 7 15 eq dmbpy
(R)-SO N=—Ruy- 110°C3h
1 eq A/A-Ru(dmbpy)2C|2
0.5 eq K2003 85%
ethyleneglycol
170°C
150 s
0,
66% A~(S)-49 .50
>99:1 dr 98:2 er

Scheme30. Asymmetricsynthesiof ruthenium polypyrigl complexes

Similarly, the enantiomeric excess of complexed8 ands -50 were determined
by HPLC (Figureld). In addition ther CD specta (Figure15) were similarto that of

s -47, whichdemonstratethatthe absoluteconfiguratiors of 48 and50 werelambda

I — — 2+

l\f \N 7 (PFg)2

AU
8
1
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AU

t (min)

Figure 14. Shown is the chiral HPLC trace of thsynthesized comples

S -[Ru(phen)](PFK). (s-48) and s -[Ru(dmbpy}](PFK). (s -50). Conditions: Daicel
Chiralcel OBR (250 x 4 mm) HPLC column, flow rate = 0.BL/min, column
temperature 40 €, and Wdbsorption measured at 254 nm, solvent A = 0.087%
aqueoudHsPOy, solvent B = MeCN, with a linear gradient1§% to40% B in 20 min

for s -48; with a linear gradient 014% to 27% B in 20 min then 27% B in Smitor

s -50.

600
400 - ‘ ‘ N-48

200

Ag (M cm™)

-200 ~ l ‘

-400 4 |

-600 - T T T T T
200 300 400 500 600
A (nm)
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300

200 - ‘ N-50

Ag (M cm™)

-100 4 |

-200 : ; : . , .
200 300 400 500 600

A (nm)

Figure 15. CD spectra of the purified diastereomeric prodgc#3 ands -50. Specta

were measured in MeCN at concentration®.afmM.

Although the enantjure ruthenium complex wasbtainedrespectably, higher
enantiopuritiesvere desiredor the final productsConsideringthe fact that asmall
amount ofdecomposedompound such asp46, might makethe s -(S-45 impure,
which would redue the enantiomeral ratiosin the conversionwe purified s -(S)-45
by usinga gravitationalcolumn butit did not work.Then the complexs -(S-45 was
purified via crystallization In this way, completely enantiopureg -[Ru(bpy)](PF)
was obtained However, this procedure lost many products in the solutod gve
the crystal wih low yield. In order to solvehis problem the modified ligand
(R)-2-(isopropylsulfinyl}5-methoxyphenol[(R)-S OJowas synthesizedScheme 31)
expectingthe additional methoxy groufp increasethe purity of the intermediate
diastereomerglue to the cleaner formation or modified elution behavior during

column chromatography on silica gel.
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OMe
H
0"\ O\.o MOMO  MgBr 7
iPra2.0 52 s 3M HCl o
<Oy B 2 ® 4 a4
oY % A O MOMO ./S “iPr . . HO @}S"/ipr
PhMe 0 °C . actone r.t. .
92% >99% ee
R)-Alk Ifi
(R) ar:;(;su inate 96% 51 (R)-2-(isopropylsulfinyl)-
5-methoxyphenol
(R)-SO’

Scheme31. Synthesis ofR)-S 0.6

In order to syntheze (R)-S O,6 Grignard reagent 52 was made from
1-bromo2-(methoxymethoxyp-methoxybenzene After the  addition of
(R)-alkanesulfinate9, compoundb1 wasobtained Finally, (R)-S O wasobtainedvia
the deprotection of compoun8l. The enantiomerical purity ofR)-S O davas

determined by HPLC (Figure 16), which was higher than 99% ee.

304
254 i

20 || OMe

| |
15 | ‘| 09
| Ps
3 . HO S5 pr

| >99% ee
|| (R)-2-(isopropylsulfinyl)-
. 5-methoxyphenol

(R)-SO'

t (min)

Figure 16. Shown is the chiral HPLC trace ¢R)-SOaG Conditions:Chiralpak B
(0.46cmx 25am) HPLC column oran Agilent 1200 SerieBlPLC System Theflow
rate was 0.5 mL/min, the column temperature 4@, and UV-absorption was

measured at 254 nm. Solvent AtOH, solvent B =hexane with 5% Ain 30 min.

By udng the new auxiliary (R)-S O i this asymmetric codination systemthe

final complexesbecame more enantiopui@cheme 32).
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MeQ MeO
+
. — = 2
PF
26q0=5 OH Q 6 5eq TFA \ 7 \ /T
50 mM MeCN N N (PFe)
15 eq phen 672
(R)-SO' 110°C 3 h
1 eq A/A-Ru(bpy),Cl,
0.5 eq K2CO3 84%
ethyleneglycol
165 °C Ar
90 s 25 mM A-(S)-53
86%
>99:1 dr
MeO MeO
+
fo) —‘ PFg
26q0=5 OH 5eq TFA
50 mM MeCN
15 eq phen
(R)-SO’ 110°C 3 h
1 eq A/A-Ru(phen),Cl,
0.5 eq K2003 84%
ethyleneglycol
165 °C Ar
135 s 50 mM
63%
MeO
2 eq O—Si EOH 5eq TFA
50 mM MeCN
15 eq dmbpy
(R)-SO’ 110°C 3 h
1 eq A/A-Ru(dmbpy),Cl,
0.5eq KzCOs 85%
ethyleneglycol
165 °C Ar
5 min 25 mM
63% A~(S)-55

98:2 er
>99:1 dr

Scheme32. Asymmetricsynthesif ruthenium polypyrigl complexesby (R)-S O.6

From theHPLC trace, we can see that by using tieev auxiliary (R)-S O,&he
s -[Ru(bpy)] (PFs)2 ands -[Ru(phen)](PF;). became more pure that nearly only one
stereoisomewas formedFigure I7). Additionally, the behaviorof the new auxiliary
(R)-S Owasslightly different fromthat of (R)-SO. Because of the methoxy group on
the(R)-S O,dhe (R)-S O @was oxidized moreasilyin the previousreaction conditioa
Therefore after screening theonditiors, we found that the newuxiliary (R)-S O 6

needto be used under argon aaidalower temperature.
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Figure 17. HPLC traces ofs -[Ru(bpy)](PF). and s -[Ru(phen}](PF). with high

enantiopuity which weresynthesizedby usingthe newauxiliary (R)-S O.0

In summarywe developed a methofibr the asymmetricsynthesis of ruthenium
polypyridyl complexes basel on thermodynamiccontrol In this method, the
commercidly available racemic compleas (rac)-Ru(py).Cl,, (rac)-Ru(phen.Cl,
and(rac)-Ru(dmbpy)}Cl, have been used as the starting material orderto react
with chiral sulfoxide ligand, providing only onediastereomer of the
auxiliary-mediated metal complexe$hen the auxiliary-mediated metal complexes
are convered into their correspondingoptically active ruthenium polypyridyl

complexes witthigh enantipurities (Table8).
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Table 8. Asymmetric synthesis &f-[Ru(pp)s](PFs)2 from (rac)-Ru(pp)Cl, 2.

entry [Ru(ppxCly]  auxiliary  s-(9 s -[Ru(pps] (PFe)2
pp = diastereomer8  products’

1 bpy (R)-SO s-(9-45(87%) 87%, 98:2 er

2 phen (R-SO S-(9-44(73%) 85%,98.5:1.5er

3 556dmbpy (R)-SO s-(9-49(66%) 91%, 98:2 er

4 bpy (R-SO06 s-(9-53(86%) 84%,>99:1 er

5 phen (R-SO6 s-(9-54(63%) 84%, >99:1 er

6 556dmbpy (R-SO6 s-(9-55(63%) 85%, >98:2er

® Reaction conditions: Reaction of raceniRu(ppxCls] (pp = bpy, phen, dmbpy
respedvely) with (R)-SO or (R)-S O @ eqg)and KCOs(0.5 eq)at 165 or 170C in
ethyleneglycolfforded chiralauxiliary-mediatedmetal complexed-or the next step,
chiralauxiliary-mediated metal complexesreacted with pp (pp = bpy, phen,

5 , -8nibpy) (15 eq) andrFA (5 eqg)at 110°C in MeCN,stirred for 3 lours yielding

s -[Ru(pp)](PFs).. ° Diastereomeric ratiosof chiratauxiliary-mediated metal
complexeswere at least 991 as determinethy '"H NMR spectroscopyThe metal
configuration of the main diastereomer whsnbda © Enantiomeric ratiosof

s -[Ru(ppk](PFs). were determined by chiral HPLC analysis. The complexes were
isolated as their RFsalts.

Up to now we have carefully designed andynthesizedsulfoxide auxiliary in
order tolet thesulfurbased sterecentercome into theproximity of the ruthenium
stereocenter Because of the stericrowding ofthe octahedral coordination sphere
there wasa largedifferencein termsof the stability between the two diastereomers of
the intermediatecomplexes.Basal on these, the hiral-auxiliary-mediateddynamic
conversionhas been built up by u$his method opena new door to achiévg the

enantiomerially pureoctahedratomplexes
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3.12 Sulfinylacetone auxiliary system

Although the (R)-2-(isopropylsulfinyl)phenol auxiliary directed asymmetric
synthesisfficiently, the synthesis route was too lofignis limited the application of
this methodThus finding theauxiliary which was easy teynthesizéecame the new
target for the next step. After screening different tapes of the ligathes,
1-(isopropylsulfinyl)propafs2-one (57) can coordinate with the ruthenium very well
The synthesis route of it was showed in Stheme33: propane2-thiol reacted with
1-bromoproparR-ong yielding compound56. It was then oxidized by m-CBPA,
yielding 1-(isopropylsulfinyl)propasR-one (57). By using the(rac)-Ru(bpy).Cl, as
the ruthenium source, the ligabd@ canreactwith it in the presencef K,CO; (2 eq)
yielding complex58 which was very stable. Interestingly, the two diastereomers of

the complex58 can be separated by column chromatography.

o >’SH o m-CPBA o 0
B ——— s - s
A NaH \( CH,Cl, j/
THF (rac)
83% 0°C~rt

56

59%

?S? Ru(bpy),Cl
w/ 2eq K2CO3
50 mM EtOH
(rac)-56 80 °C overnight

88%

Scheme33. Synthesis otomplex58.

Figure 18 demonstratdtat theligand 57 coordinatesvith the metal by using the

enolated oxygen and sulfoxiderming five membershelate.
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Figure 18. Crystal structure o complex58in which the absolute stergwemistry was
determinedCounteron and solvent molecule are omitted for clarity. ORTEP drawing
with 50% probability thermal ellipsoidsSelected bond distances (A}20-Rul =
2.083(3),N8-Rul = 2.049(3) N13-Rul = 2.094(3) N1-Rul = 2.047(3) O1-Rul =
2.077(3), 0251 = 1.496(3), SRul = 2.2573(10), C261 = 1.720(4)C25C26 =
1.375(5) C2501=1.303(5) C25C27= 1.503(6)

Having O,S-coordinated chelatinggand in hand we decidd to modify it with
biggerhindrancegroup.Therefore the ligandb9 was synthesized by the reaction with
sodium 2methylpropane-thiolate and acetonechloride followed by oxidizing with

m-CPBA (Schem@4).
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)J\/CI (0] 0 o
67% 89% \K
(rac)-59
dNE e
e 9 Ru(bpy),Cly \ /
)K/S\K , 7
overnight / \
(rac)-59 80°C

K,COs

only one diastereomer after column

(rac)-60

Scheme34. Synthesis ocomplex60.

This time, the ligand carstill coordinate with Ru(bpy}Cl, and only one
diasteeomer was obtained after purification by column chromatographe. crystal
structure ofcomplex 60 showed that théarge hindrancewhich gave by thd-Bu
group distoried the plane of bpy strongly (FigurE9). This phenomenoimdicated
why one of the diastereomer was not stable and even decomposed in the column
chromatography.

In conclusion, although the ligars¥ and 59 were racemic and the enantiopure
sulfoxide center of them were not easy to synthesize, they showed us this important
O,S-coordinated chelatingvay. Especially, the crystastructure of the compleg0
showed us how nicelyhist-Bu groupgave the mdranceanddirectedthe asymmetric
coordination chemistry. All of these results gave us strong groundwork to invent new

chiral auxiliary in the next step.
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Figure 19. Crystal structure o complex60 in which the absolute stergwemistry was
determinedCourterion and solvent molecule are omitted for clarity. ORTEP drawing
with 50% probability thermal ellipsoidsSelected bond distances (A): Mul =
2.041(6), N2Rul = 2.032(5) N3-Rul = 2.081(6) N4-Rul = 2.091(6) 01-S1 =
1.503(4), O2Rul = 2.085(5), SRul = 2.255(2),C21-S1 = 1.717(8) C22-02 =
1.315(8) C21-C22=1.374(10) C22-C23=1.523(10).
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3.1.3N-Acetylsulfinamide auxiliary system

Based on the results in the previous chapterjrwentedthe (R)-N-acetyttert

-butanesdlnamide (R)-ASA) auxiliary. It was synthesized in onlg single step by

acetylatingcommerciallyavailableE | | ma n 6s (Schénfei35).a mi de
R
Y H & tBu
HNQBY  © 2 N8
? © _ i ? S}
. n-BulLi o .
(R)-Ellman's -78°C
sulfinamide 62% (R)-ASA

Scheme35. Synthesiof (R)-ASA auxiliary.

We thought that theamidemight enolate in the presenceadbase andhatit could
use the oxygen of thearboximidatetogether with sulfoxideto coordinate with the
metal| creatingthe samegeometryascomplex60. Accordingto the pevious results,
thist-Bu group isin theproximity of the metal center, which can induce chirality into

the system3%cheme36).

v/‘:B
9
N@JBU N @1Bu Ru >=N‘ O
S-<00 — \r/ S«06 —> O @S.4py
B | \_/
o L o |
.o RU ‘)
S) steric
(R)-ASA interference

Scheme 36. (R)-ASA coordinates in a bidentate fashion through its deprotoridted

-sulfinylcarboximidate form

Because of thesadvantage, we investigatedthe asymmetricsynthesis of
ruthenium polypyridyl complex by usin@)-ASA auxiliary. Firstly, precursoi61 was
synthesizedvia the optimiation method without usinga pressuremercury lamp
Instead, NaOAc and KRFwere added a the solution of[ C-@Hs)RUCH], in
acetonitrile, whichwasheatedo 50 °C andthenrefluxedat 80°C, providing complex
61, which was stable enough to purifya an aluminumcolumn (Scheme 37)his

reactionmustbe carried out under argo@therwisejt providedavery lowyield.
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+ _
—N oj PFe
[BzRuCl,], o} s.’ué
2 9 Naoac kPF \
a C,
S\Nk e =N—Ru—N=
B 50°C 3 h /\

80 °C overnight

N N
97% // \\\

Scheme37. Synthesis oprecurso61.

Then we testedhe asymmetric coordination chemistoy precurso61l. It reacted
with the bpy invarious conditions yielding variousdiastereoselectivis to form

complex62 (Table 9).

+
Nen o 17 PR
\/ \ /7
—=N—Ru—N=— _—
entry 10
N N yield 68%
/N

61

Table 9. Conditionsdependencef the diasteeoselective formationf 62 2.

entry conc temp  bpy solvent time dr®

1 60mM 10°’C  4eq  EtOH 5h [Ru(bpy)]®*
2 60mM 100°C  4eq ethyleneglycol 5h [Ru(bpy)]®*
3 60mM 100°C  4eq DMF 5h 31

4 60mM 10C  4eq PhCI 5h 30:1

5 30mM 100°C  4eq PhCI 5h 4.6:1

6 90mM 10C  4eq PhCI 5h 4.3:1

7 60mM 100°C  8eq PhClI 5h 31

8 60mM 10°C  2.5eq PhCI 5h 3.6:1

9 60mM 80°C  4eq PhClI overnight 1.7:1

10 60mM 120°C  2.5eq PhCI overnight >99:1

% Reaction conditions: Reaction @frecursor61 with bpy at the indicated time
equivalentof bpy, solvent, concentration artdmperature® Diastereomeric ratios
determined byrude'H NMR. The metal configuration of the main diastereomer was

lambda
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The absoluteonfiguration of the main diastereomer in Table 9 was determined by
the crystal structure (Figu9). This result also demonstrated that tRe¢onfigured
N-acetyttert-butanesudinamide (ASA) ligand directedthe s -configured ruthenium

centerby providings -(S-62 as the main diastereomer.

Figure 20. Crystal structure of -(S-62. Countelon and solvent molecule are omitted

for clarity. ORTEP drawing with 50% probabilithermal ellipsoidsSelected bond
distances (A): NdRu1=2.035(4) N2-Rul= 2.039(4) N3-Rul= 2.096(4) N4-Rul=
2.095(4) C21-C22 = 1.507(6) 01-S1 = 1.487(3) Rul-02 = 2.067(3), RuB1 =
2.2543(13), C2402 = 1.290(6), C2N5 = 1.319(6), N5S1 = 1.659(4).CCDC
829833 contains additional supplementary crystallographic data which can be
obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif

From the crystal structure of -(S-62 (Figure 20), we can see the coordination
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through the sulfur atom of the sulfinyl moiety and an additional oxygen atom of the
carboximidate. The structure also revaaist he C2IN5 (1.32 A) and C2102 (1.28

A) bonds of the chelate ring are shorter than single bonds and thus have a partial
doubke bond character, formally indicating a resonance between a coordinated
carboximidate and carboxamidatdo the best of our knowledge, such an
O,S-coordinated chelating sulfinylcarboximidate ligand has not been reported before.
This five-membered rutheniunsulfinylcarboximidate chelate rings very stable
Complexs -(9-62 can be purifiedsia regular silica gel chromatographyithout any

signs of decomposition.

Table 9 noted that the [Ru(bp})" was formed in entry 1 and entry 2. That
means thgR)-ASA ligand of precursor6l can besulstituted in a proton solvent
without acid. Additionallya good diastereoselectivity result can be obtained in harsh
conditiors. From the crude NMR of entry 10 ifable 9, we found that thereaw a
great dealof [Ru(bpy)]®, in addition tocomplex 62 (Figure 21). To gain some
insight into themechanismwe separated the [Ru(bg}f) in the reaction of entry 10
and tested & enantiopurity. Surprisingly, it showedan enrichedgaconfiguration
which wasthe oppositeof the main diastereomer of compled2. This means the
geconfiguration of the diastereomer of complgék was not stable and bpyan be
substituted for itforming [Ru(bpy}]** and leaving diastereomeribalpure complex

S -62

[Ru(bpy)s]**

| M“J‘JMWW L

= 102 10.0 ae sz

Figure 21. The crudeproton NMR of complex12, which corresponds tdable 9
entry 10.

Next, weinvestigatedhe dynamicconversionof (rac)-Ru(bpy).Cl, by using the
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(R-ASA auxiliary. According to the procedure that was developed in the
(R)-2-(isopropylsulfinyl)phenokuxiliary system, th€R)-ASA auxiliary reacted with
(rac)-Ru(bpy)2Cl; in the presence of £0Os; (0.5 eq) in ethyleneglycol at 17T for

90 secondscreatingonly one diastereomeg -(S)-62 (Scheme 38). Figure 22 shows

its CD spectrum.

)k v Ru(bpy),Cl,
N ’<
170 °C
90 s
(R)-ASA K,COs

75%

A-(S)-62
>99:1 dr

Scheme 38. Dynamic conversion of (rac)-Ru(py):Cl, by using the (R)-ASA

auxiliary.

Ly 1 A-(S)-62

Ag (M'em™)
N
1

T T T
200 300 400 500 600
A (nm)

Figure 22. CD spectum of the purified diastereomeric produd -(S-62. The

spectumwasmeasured in MeCN at concentration®©df mM.

For the last stephpy can be substituted for tH&®)-ASA auxiliary by using the

same procedure that was developed in ¢heal sulfinylphenol auxiliar system.
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However,the enantiopurity of the -[Ru(bpy)](PFs). was not highit wasjust 98:2 er.
If the startingmaterial s -(S)-62 is usedin the largescale synthesis, the reaction
provideda worse e value (96:4)for the final compound (Scheme 39)he absolute
configuration and the ee value of [Ru(bf){fFs). were confirmed via HPLC trace
(Figure 23. According tothe HPLC trace in Figure 12ve know that the first signal
in the HPLC tracevas lambdaand that the second signal waddta Therefore,the

configuration of [Ru(bpy)(PFs)2, which was generateddms -(S)-62, waslambda
—N +
oy ‘sf’o ] PF,

\ 5eq TFA
7 15 eq bpy
A-[Ru(bpy)s](PFs)2

MeCN 96:4 er~98:2 er
110°C
3h92%

A~(S)-62
>99:1 dr

Scheme39. Removng the (R)-ASA auxiliary by TFA.

AU

t (min)

Figure 23. HPLC traces of -[Ru(bpy)](PFs). which wassynthesizedy using new
auxiliary (R)-ASA. Conditions: Daicel Chiralcel OIR (250 x4 mm) HPLC column,
flow rate = 0.5mL/min, column temperature 40 €, and Uabsorption measured at
254 nm, solvent A = 0.087% aqueousPiy, solvent B = MeCN, with a linear
gradient 04% to 10% B in 20 min.
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Considering the fact thatonly one diastereomer appeared in the NMR, we
presumd alow ee valuefor the productdueto the decomposition afconfigured
diastereomer mixing in the-(9-62, and it was difficult to separathemvia column
chromatography completelylherefore a method for purifyings -(S-62 more
cleanly, even in the large scale synthesigs neededith this targets -(S)-62 was
mixed with bpy and heated in EtOH for 2 houk&/e expeced thatthe bpy could
consumethe decomposition ofpconfiguration diastereomeleaving the s -(9-62
clean after beingurified via column chromatographyJnfortunately this strategy
did not work at all. Then we precipitated thes -(S-62 via Et,O from the DCM
solution.In this waythe er value of [Ru(bpy)(PF;). increased alightly. However,
in order to enhance the er value from 9o 98:2, theprecipitationwill need to be
performedthree times. In thiprocess much ofthe s -(§-62 was lost Finally, we
found thats -(S)-62 can becrystallizal easilyfrom the THF witha high yield by
adjusting thetemperatureproperly For example 100 mgof s-(9-62 was first
dissolved inDCM and evaporatediia rotary evaporatignbut not to complete
dryness. The residue was dissolved in TRIFL) and heated to 80 €. After sloly

cooling this to the room temperate over a period of 1 hoularge crystaldormed

(Figure 24).

Figure 24. Crystals ofs -(9)-62.
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Eventuwly, [Ru(bpy)](PFs). with 98.5: 1.5 er was obtained by usingeth
crystals of -(S)-62in thesubstitutionreaction.

After finding the right auxiliary, for the next step, we wanted to develop some
other methods for removing the directing ligand. Now, all the auxiliaries
(salicyloxazoline auxiliary, isopropylsulfinyphenol auxiliary and ASA auxiliary)
were removedvia acid after directing theasymmetric synthesis. Howevenwe
attempted to removthe acidunstable ligand from the metal center without abnd.
order tosolvethis problem, somenodifiedligandsweresyrthesizedln the beginning
we changed the methyl group on {®-ASA into oxygen expecting it to donate the
electron density anidbilize the GRu bond of theife-memberchelate (Schemd0).

g (Boc),0 C,S? j\ /k Ru(bpy);Cly
>f N e >f N° 170°C
_ 0,
8°C 0.5 eq K,CO3

26%
48%

Scheme40. Synthesis oEomplex63.

Then compound63 was mixed with bpyusing various chemical reagents to
remove the auxiliaryn an attempt toobtain [Ru(bpy)](PFs)2. Unfortunately, this
strategy dichot work (Table 10).

Alternatively,we tried tosynthesizeenantiopure Ru(bpy}] (PFs). througharnother
route. Firstly, complexs -(S-62 was dissolved in MeCN in the presence of TFA and
heated at 8GC for 2 hours yielding acetonitrile complexs -64. Then compound
S$-64 can react with bpy to give enantiopuge[Ru(bpy)](PFs). in the neural
environment (Scheme 41).The absolute configuration and the ee value of
[Ru(bpy)k](PFs). were also determired by HPLC for HPLC trace, seexperiment
part).
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15 eq bpy
—  [Ru(bpy)3](PFe)2

different chemical
reagents

63

Table 10. Conditions screening for removing the directing ligdnd

ent chemical bpy solvent conc reaction temp  results

ry reagent time

1 5eq 15eq THF 50mM overnight rt Decomposed
NaBH, No[Ru(bpy)]?*

2 5eq 15eq THF 50mM  1min rt Decomposea
LiAIH 4 No[Ru(bpy)]**

3 b5eq 15eq MeCN 50mM overnight 110°C Still had start
mCPBA material

4  b5eq 15eq MeCN 50mM overnight 11°C Some Ru be
NalO, oxidized

5 b5eq 15eq THF 50mM 1min rt A lot of salt
MeMgBr generatd

#Reaction conditions: Reaction 60 mM 63 with 15 equiv of bpyat the indicated
time, chemical reagent anttmperature® So many decomposed compounds were

formed and difficulty taanalyzewhat they are.

>:N\ 0 |'Pr
o g

\,L (,/ rem,

/< 5eq TFA bpy
; MeCN or THF
A-[Ru(b PF
MeCN [Ru(bpy)s](PFe)2
80 °C for MeCN yield 75%
2 h (quant) 97:3 er
for THF yield 85%
98:2 er

A-(S)-62

Scheme41. Asymmetric synthesis of -[Ru(bpy)](PFs). through theacetonitrile

intermediate.
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However, this reaction reés on acetoitrile and THF as solvest Another
limitation is the fact that the reaction mumgcariied out via heating.Thus finding a
solventfree and methodhat works under mild conditions the target for the next
step.

According toK e e $1wodk, [Ruppy)o(CO)]?* can react with bpy to form
[Ru(bpy)]?* in the presence dfle;NO, without adding any acid (Scheme #2)

oC Cco G

trimethyl N-oxide

[Ru(bpy)3](PFe)2
bpy

Scheme 42. Synthesis of [Ru(bpyk]®* according to Keene by using
[Rubpy)2(CO)]*".

Based on this idea, we plaed to synthesizeRu@py)(CO)]** from s -(9-62
and retain the configuratiowith the metal centerThus s -(9-62 was mixed with
TFA in the THFin a saturatedCO atmosphere and heated for 4 ho&uprisingly,
instead of obtainingRu(py).(CO)]** the CO/TFA precursot -65 was achieved
(Scheme 43)The geometry andbsoluteconfiguration of thd.-65 was confirmedria

the CD (Figure25) and crystal structure (Figugs).

}:N\ ,Oj+ PFg
o s
\ / /< 50 mM THF
7\
TFA
co
80°C4h

94%

A-(5)-62 A-65

Scheme43. Synthesis of CO/TFA precurshr65.
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404

Y\
20 A
|

CD(At )

| | |
-20 4 f !

-40

60 ’ . r ’ r .
200 300 400 500 600
(A nm)

Figure 25. CD spectum of the purified diastereomeric produet-65. The spectum

wasmeasured in MeCN at concentration®©df mM.

Figure 26. Crystal structure ofL-65 for which the absolute configuration was
determined. The RFcounteron is omitted for clarity. ORTEP drawing with 50%
probability thermal ellipsoidsSelected bondlistances (A):Rul-C28 = 1.861(2)
Rul-N20 = 2.0520(17) Rul-N13 = 2.0628(17) Rul-N1 = 2.0756(18) Rul-O1 =
2.0909(15)Rul-N8 = 2.1223(17) 03-C28= 1.143(3) 01-C25= 1.271(3) 02-C25=
1.214(3) CCDC 826723 contains additional supplementary crystafggc data
which can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.

61



Results

Fortunately the CO/TFA precursadr -65 was very stablendcan be purifiedvia
column chromatographwithout any decomosition.Anotheradvantages that it was
more reactive thanRu(bpy)(CO)]**, which can react with bpyeven at room
temperatureMost interestingly, in the coursé the ligand substitution, the metal did
not lose any chiral informationyielding s -[Ru(bpy}](PFe)2 (97: 3 er) (Scheme4).
Thisresult was confirmetly HPLC (Figure27).

trimethyl N-oxide
P A-[Ru(bpy);1(PFe)2
€q bpy .
rt24h o3 er
46%

A-65

Scheme 44. Asymmetric synthesis 0§ -[Ru(bpy}](PFK). through the CO/TFA

precursolL -65.

t (min)

Figure 27. HPLC traces ofs-[Ru(bpy)](PF). which was synthesizedfrom

s -CO/TFA precursor Conditions: Daicel Chiralcel OR (250 x 4 mm) HPLC
column, flow rate = 0.5mL/min, column temperature 40 €, and WaAbsorption
measured at 254 nm, solvent A = 0.087% aquéty, solvent B = MeCN, with a
linear gradient ofi% to10% B in 20 min.
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Finally, in order to see the applicability of CO/TFA precur68r we used it to
asymmetrially synthesize th®©NA molecular light switcScheme45). Because of
the low solubility of the dppz @ipyrido[3,2a:2',3-c]phenazingligand in MeCN and
THF, we didnot successfullysynthesizethem via the previous methodS hus by
using CO/TFA precursaip65 as the starting material, the reaction can be carried out
in 2-methoxyethanolyhich candissolvethe dppz ligand anglield productge66 at
room temperaturevith 98.7:1.3 er.The enantiomeric excess tife compound was
determinedvia HPLC (Figure 28) The stereochemistry @65 wasthe sameasthat
of precurso @66 dueto the configuratiometentionin the substitute reaction, which

was confirmed irtcheme 39.

o Qo
7\

trimethylamine N-oxide

2-methoxyethanol
r.t. overnight
56%

A-DNA molecular light switch
98.7:1.3 er

Schemed5. Asymmetric synthesis of DNA molecular light switch

In conclusion, we discovered a new auxiliayS@) that was very easy to
synthesize. Froncommercially available Ellmané sulfinamide we needonly a
singlestep synthesisThe ASA auxiliary directed thesymmetricakynthesis nicely.
After this, we developednew method for obtaining enantiopure metal complem
CO/TFA precursor65 in mild conditiors. Finally, this method was applied in the
synthesis ofthe DNA molecular light switch creating a product with a high

enantiopurity.
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30+

25 - \il‘u Q (PFg)2
| 7\

20 ‘

AU

A-DNA molecular light switch

T T T 1 98.7:1.3 er
25 30 35

t (min)

Figure 28. Enantioselective synthesis &ar t onds @ADNA mol®ecul ar
ruthenium complex. Shown is the chiral HPLC trace of the synthesized complex
D-[Ru(bpy)x(dppz)](Pk).. Conditions: Daicel Chiralcel OR (250 x4 mm) HPLC

column, flow rate = 0.5mL/min, column temperature 40 €, and Wabsorption
measurect 254 nm, solvent A = 0.087% aqueou B, solvent B = MeCN, with a

linear gradient of 4% to 10% B in 30 min.
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3.1.4 Cyclometalated phenyloxazoline auxiliary system

Basal on the good results come from t(®-2-(4-isopropyt4,5-dihydrooxazol
-2-yl)phenol ligand, thesimilar compound67 has beersynthesizedy the reaction
with theammonicalcohol andbenzonitrile The comple €-@sHs)RuCh], was then

to react with itin the presence d{PFsand NaOAc,yielding precursor68 (Scheme

51
46)%*,
CN o [BZRUC|2]2 o —‘+ PFg
N
H,N  OH ZnCl 45°C2h /Ru/
400/2 80 °C overnight ///N '\{ \N\N -
? 76% 7/ \\\\\
67 68

Schemed6. Synthesiof precurso68.

Compound68 wassynthesizedor two reasonsFirstly, the ligand will formed five
members ring after coordinag with metal. There should be bigger stehindrance
between the  isopropyl group and metal than the previous
(9-2-(4-isopropyt4,5-dihydrooxazol2-yl)phenol  ligand.  Additionally,  the
coordination way of €H bond activation shoulthakethe ligandbecomemoreliable

so as tdberemoval easily. Therdore, the diaste@oselectivity of thgprecurso68 was

tested by reacting with the bpy (Table 11).
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Table 11. Conditionsdependencef diasteeoselective formationf complex69®.

entry solvent time temp conc dr°
1 PhCI 9h 80°C 5mM 3:1
2 DMF 4.5h 80°C SmM 3.2:1
3 DCM 4.5h 80°C smM 15:1
4 EtOH 4.5h 80°C SmM 3.8:1
5 THF 8h 80°C smM 3.2:1
6 Actone 4h 80°C 5mM 31

#Reaction conditions: Reaction 6fmM 68 with 2.4 equiv of bpyat the indicated
time andsolvent ° Diastereomeric ratiodetermined bycrudeH NMR. The metal

configuration of the main diastereomer wasindicatedhere.

However,the diastezoselectivity of this reaction was not godkiter analysis of
the crude NMR of these reactions, we fotimattherewasfree ligand67 in the NMR
spectrum(Figure 29). That means this liganavas too liable in the asymmetric
coordination reaction. This is also the mag@ason which lead® low ratio of the

diastereoselectivity.

two diastereomers

: ‘

|
1 i
J‘W‘L\w\" ‘J IVWH\.‘WN-N‘U | -""‘MMM"‘\-— L W R -

free ligand

T T T T T T T T T T T T T
PM 1.30 120 1.10 100 080 080 070 060 050 040 030 020 010 -000 -0.10

Figure 29. 'H NMR spectum excerpt of the diastereomeric prodé&together with
free ligand67.
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To gain some insight into the reasofor the instability we crystallized the
auxiliary-mediated complex9 (Figure 30). And crystal structuredemonstratedhat
the big steric hindrance even distorted the planth@bpy, which can explain why

this ligandwasnot stable on the ruthenium.

Figure 30. Crystalstructure of complex69 in which the absolute stereochemistry was
determinedCounteion and solvent molecule are omitted for clarity. ORTEP drawing
with 50% probability thermal ellipsoidsSelected bond distances (A): Mul =
2.098(3), N15Ru1 = 2.059(3), N2:Rul = 2.135(3)N27-Rul = 2.037(3), N3Rul =
2.045(3) C7-Rul=2.058(3).

Next, in order tanakeoctahedral coordination sphdess crowded, ligand0 was
synthesized by the reaction withe ammonicalcohol andbenzonitrile.This time,
precursor71 became very stablwhen it reacted with 8q of bpy in EtOH at 86C.
But unfortunately, the reaction didnshav any diastereoselectivity, which provide

complex72with 1:1 dr(Scheme 4%).
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CN ° [BzRuCl,], \o Nk PEs
@—Q j\ NaOAc, KPFg N
/\ N _
H,N  OH

45°C 2 h _Ra
ZnCl, ) N7 /\\
80 °C ht N
40% 70 ‘;‘;eo/m'g F /'7 N\\\\\\
0

diasteroselectivity
1:1

Schemed7. Diastereoselectivity was directed by precurstic

At last, procursor74 which wasmore stable and togetherttvithe ability of the
stereocontrolvassynthesizedScheme 8). But this system still had some problem
Firstly, even precursof4 becamemorestable thamprecursof71, there verestill some
ligands decomposindgrom the rutheniumSecondly,comparing withprecursor71, the
reactionwas carried out very slowlyAt last, the ratio of diastereoselectivity didn
increaseby using precwgor 74, which providel complex 75 with 3: 1 dr after

screening different conditions

O
F
NH, < > ’<CI

OH

DMAP
Et;N
35h
40%

[BZRUC|2]2

F4©_<\OJY NaOAc, KPF

N 45°C2h

80 °C overnight
51%

73

diastereoselectivity
3:1

Schemed8. Asymmetricsynthesize compoundb by using the precursai.
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In conclusion, we modid the (S)-2-(4-isopropyt4,5-dihydrooxazol-2-yl)phenol
ligand to 4-isopropyt2-phenyt4,5-dihydrooxazoleligand expectingthe good result
owning tothe morecrowded octahedral coordination spheut the largeinternal
sterichindrance together with the unstable coordination way-6f kbnd actiation
afforded worse result than the pervious systemThen ligand 70 and 73 were

synthesized, but still didhdirect theasymmetriccoordinationchemistry nicely.
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3.2 Development of octahedral chiral-at-metal complexes for

asymmetric catalysis

3.2.1Approach

Although we cansynthesizethe octahedralruthenium metal complexes with
enantiopureby using the previous methods, easy racemiztirof rutheniumwill
cause anegativeeffect if uedasa catalyst.Fortunatelyan alternativenethod forthe
resolution of the iridium dimer was found in our lab (Scheme UB)his method
chiral salicyloxazoline was usdigst as the auxiliary t@oordinatethe iridium to form
two diastereomerswhich can be separated by column chromatographen the

salicyloxazoline ligand was eas#ybstitutel with theretainedmetal configuratiorr.

(\”WQ*]FN ~ T

\ / N N C\\/N
/ — / - Ir
b' \ Algt?rlf b " \\/O C//I\'l \N>

two diastereomers
can be separated
by chromatography

enantiopure
complex

Scheme49. Method for resolution of {dimer

For example, by using this method, wgnthesizedthe precursorcomplees,
s-(9-76 and @(9-76, which were resolved from the If(gp).Cll. (gp =
2-phenylquinoling dimer (Scheme 50) by column chromatogrgphhe first fraction
of complex76 to emergefrom the column was s -configuration and the second
fraction wasa qgconfiguration Then thes-77 was synthesized by removing the
salicyloxazoline ligand in the presence of TFA in MeQN.this chapterthe s -77

complex wasanimportantprecursoifor catalystsynthesis
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O
25¢eq Q—QN]”/ /ﬁ\\\
O

OH

— Nt .-“‘\\\
(ir(@p):Cll, _~
2.5 eq AgOTf @)
10 eq Efz3N
DCM (30 mM)
0.5h
A-(S)-76 A-(S)-76
34% 42%
= ]t TRA
- IO
15 TFA O N
eq 4
- //I//"‘.I\ ,N 74
r<
MeCN ’ \\\
ed
3 min | X
=

Schemes0. Synthesis oprecursos -77.

Theabsolutemetal centered configuration bf(S)-76 was verified by two aspects.
First, it was confirmed by therystal structure of thel -[Ir(bpy)(gp)](PFs) (qp =
2-phenylquinoling (78) (Figure 31) which was formed in the aetion with L-(S)-76.
Second, the literature published Gfiepelinet al.demonstrated that the configuration
of the iridium centemwas retained during the substitution reacfioriThe absolute
stereochemistrpf D-(S)-76 was verified by the CBpectrumafter comparingt with
the L-(§-76. Additionally, in order to determine the enantiopurity of {ecursor
S-77, we used it to react with,26bipyridineto affordcomplex78 (Scheme 51). The
HPLC trace of complex8 reflected the high enantiopurity ef-77 (Figure 32) The

stereochemistrgf s -77 was relative to the starting material(S)-76.
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Figure 31 Crystl structure d complex78in which the absolute stergmemistry was
determinedCounteion and solvent molecule are omitted for clarity. ORTEP drawing
with 50% probability thermal ellipsoidsSelected bond distances (A): GR& =
1.995(4), NiIrl = 2.092(3), N17rl = 2.102(3), N3arl = 2.163(3), N4drl =
2.180(2) C12Ir1 = 2.010(3)
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t (min)

Figure 32. Shown is the chiral HPLC trace of the synthesized compglexs.
Conditions: ChiralpaklA (250 x4 mm) HPLC column oran Agilent 1200 Series
HPLC System The flow rate was 0.5 mL/min, the column temperature 4€, and
UV-absorption was measured at 254 nm. Solvent Al%0.FA, solvent B = MeCN,
with a linear gradientf 45% to 60% B in 20 min.

With the method of obtaining the enantiopwaahedrairidium complexes, we
decided tofocus on developing a chiral DMARatalyst,which was based on the
enantiopure Ir complex. This idea came from thec&talyst®®®’ that resolves
(rac)-alcohol very well (Scheme 1By observingthe geometryof the Fucatalyst, we
recognized thathe key point of thimsymmetricinducementinvolved the bottom of
the DMAP beingblocked by the phenyl groymlso, that thisan beachievedusing
our polypyridyl ligand if the DMAP group iglacedin thecorrectposition around the
metal sphere (Figure 33).

= N\
o
MezN I =
=
=\ r— "
Fe ™~ -
Ph Ph N |
b= \
Ph
Fu catalyst geometry of the catalyst

that we proposed

Figure 33. Similar structure between the Fu catalyst andptioposed catalyst
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3.2.2 Designsynthesis and evaluation of DMARridium complexes

When weobservedhe structure of the DMA#Ridium complex in Figure 33, we
determinedwo directionsfor its modification First, a bidentatdigand that contains
the DMAP segment could be carefully design&cond, the2-phenylpyridinecould
be changed ta different bidentate ligand. Based on this idea, 16 catalyst®

invented(Table12), whichwill be introduced one by one.

R
R‘N

N\I /—-N
AW,

Table 12 Synthesized catalysts in this chapter
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134 @_@ |
=N N

*_ Y
\
140 NN N Q_@
/

@ Catalyst82, 90 were neuter other catalysts were separated ag &dft and have
enantiopure iridium centef. Catalyst82 has racemic iridium center’ Because the

rotation of the DMAPsegmentthe twodiastereomer of 90 card beseparated
3.2.2.1 DMARpicolinamide ligand

According to thecrystalstructure published b@handrasekhaat al.(Figure 34§®
we see that the polypyridyl ligand blocked one side of the phenyl gwhiph was
connected with the amid&he crystal structure also showed that the nitrogen from the
amide together with the pyridinecan coordinate thetability of themetal with a

five-memberedhelate.

Figure 34. Thecrystalstructure which was published Bhandrasekhaat af®.

Therefore, we plannetb synthesize comple82 expecting it to be the same
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geometryas inFigure 34 so as tblock one side of the DMARN order tomakethis
complex,compound/9 reacted with theliethylamine head by MW, which afforded
compound80. Then by reacting withpicolinic acidin the presence of EDCI and
DMAP, the reaction provided ligan8l. For the last step, the [Ir(pp@l]2 (ppy =
2-phenylpyriding reacted with ligand81 in the presnce of NaOMe at room
temperatureaffording complexX82 with 32%yield (Schemeb2).

| X
Cl ~,, ~.
\N/ N N/ (0]
| = H | X OH | X fe)
% MW 175 °C P
N" NH N” > NH, [')E,agl': N™ "N =
100% H Nl
79 80 57% 81 =
/
Revay,
Y 9 ON N
N
N/ N N — \/ 7
H |l NaOMe N—l——nN N
N~ CH,Cl, \ —
81 overnight
r.t.
32%
82

Schemeb2. Synthesis ocomplex82.

With complex82 synthesizedwe attemptedo apply it in a catalyticreaction.For
example, 1-phenylethanoland acetic anhydridewere dissolved in CkCl, in the
presence o0& 5% complex82 string at room temperature overnigBurprisingly, the

reaction wasotcarried out at all (Scheme 53).

catalyst

O o©
OH )J\O)J\ \ ,\1 /
/N r
2

o} N/
o)J\ -N \
—N— )\© $ —n
5% (:réltfalyst
CH,Cl,
8
Schemeb3. The cdalytic reaction tested bgomplex82.
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Next,we changed the metal from iridium to ruthenium apdthesizedatalyst83;
however, this alsalid not catalyze the reactioit the beginning, we presumed that
the inactivity of the catalyswas attributedo the different ways of coordination. If
ligand 81 coordinate by the DMAP and the enolated oxygeativity may be lost
(Scheme 54).

NaOMe
EtOH/DMF
80 °C overnight
61%

N7
/
N —N N
)3 v e
N N
NN N Ru(bpy),Cly N \ /
HoN = o 7
81

Schemeb4. Synthesis of the compless.

In order toconfirm this hypothesis, the crystal of compou@8 was obtained
From Figure 35, we noticed that ligan8ll coordinated by using the amide and
pyridine to afford complex83, asillustratedin Scheme 54This indicates thathere

should be other reasons fmtalystinactivity.

Figure 35. Crystal structure d complex83in which the absolute sterglwemistry was
determinedCounteion and solvent molecule are omitted for clarity. ORTEP drawing
with 50% probability thermal ellipsoidsSelected bond distances (AR33N32 =
1.414(11) N1-Rul = 2.045(8) N8-Rul= 2.039(7) N13-Rul= 2.037(8) N25Rul=
2.060(8)
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To gain some insight into the mechanism of the DMAP catalysis reaeti®on,
reviewedsome literaturefocused orthis areaWe found thatZipseet al. provided a
clear explanation fathis phenomenoli. The acetylated DMAP was the key transition
state inthe catalyticcirculation, ad the dihedral angle between the acetyl group and
the DMAP planwas also an important factor in he reactionThe literatureshowed
that the highetthe angle value the lowethe activity of the catalyst (Figure 36).
Therefore substitution of the2- and 6positions of the DMAP willdistortthe acetyl

group andallow for a greatedihedral angleleadingto low activity of the DMAP.

|
N
R

the bigger angle
the less activity

Figure 36. Activity influenced by dihedral angle between the acetyl group and the
DMAP plane.

In order toconfirm this, the free ligan®@1 was used teatalyzethe esterification

reaction but was notarried out at all (Scheme b5
P i
OH o ok

o~ Iy

—N
O »Q
Schemebh. Theacyl transfereaction which wasatalyzedoy free ligandB1.

Therefore, wedeterminedthat the 2position of the DMAP catalysthat we
designedshould not be substituted tokeep it sufficiently activeto catalyze the
reaction.Subsequentlywe planned to synthesize liga®d in which the3-position
was substituted To obtainthis compound, we usetichloro-3-nitropyridine (84) as
the startingmaterialto react with thepyrrolidine to makecompoundd5. For the next
step, compoun86 was obtained bpalladifyingthe compound5. Finally, ligand87
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wasachievedby coupling86 with picolinic acid in the presence of EDCI and DMAP
(Scheme 56).

Sy

¢ " Q Q Pd/C N N
| \/ 2 H & No, M2 A~ NH, OH
e e O T U T
84 a5 86 63%

&
|
N/ ’\5
2
87
Schemeb6. Synthesis of ligan@7.

After achievingthe synthesis adigand 87, we testedts activity and found that it
catalyzes the esterification reaction between thehenylethanoandacetic anhydride
very well. Next, we wanted taseligand 87 to coordinate with the enantiopure Ir
complex, and obtaineda catalyst withan enantiopure metal center. Based on the
resolution method developed in dab, we started from the chiralixiliary-mediated
metal complexs -(S)-88, which was obtained fromesolving theIr(ppy).Cl]. (ppy =
2-phenylpyridine) dimer to synthesizecomplex s -89. This was then reactedith
ligand 87 in the presence of NaOM obtain catalysts -90 (Scheme 57).The
absoluteconfiguration ofthe s -90 was elativeto the s -(S-88, which was the first
fraction to emergefrom the columnchromatographyThis elutingphenomenorand
the iridium configuration retagd in the substitution reaction were confirmed a

manuscripby Melanie Helmsn Meggers group.
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™ | N l \Oj \<
N N "’/
OH /N\Ir

J
| \cn/ | AgOTH /KP@
N Ny Et;N
| |

)-88  + A-(s)-88

31 % 28%
two diasteromers separated
by chromotography
=z
Sy I (j\
iy, | O // / k@
“Ir
\
e
S MeCN
N\ﬁ>\“ e N MeOH/DCM 2:3
| 100% | S NaOMe
Z = 60 °C overnight
0,
A-(5)-88 A-89 42%

A-90

Schemes7. Asymmetric synthesis of catalyst90.

In this effort,the complexs -90 catalyzel the esterification reactiomoweverthe
c at a lprptentNMR spectrum was not cleagven afterseveral purifications by
column chromatograph Initially, we presumedthat the impurity wasdue to
decomposedesiduefrom the catalystas a result of an overlgrowded hindrance
around the metal spherdowever,after reading the literature published Agams et
al.”®, we noticed that thaxial chirality was easy to lose if the conformaticould not
adjustthe rotation of the DMAPAs with Adams et a).by tracing the racemization
through chiral HPLC, they found thedmpound1 would los axial chirality if it was
heatedslightly. This resultwas due to the low steric barrier of compo@idScheme
58).
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N
O N
| O !
O
racemization

91

Schemeb8. Racemization oEompoun®1.

The rotation of the DMAP in compoun€O resulted in the racemization of the
axial chirality. Reflecting on the NMRspectrum the impurity was another

diastereomer
3.2.2.2 DMARpyridine-thiazole ligand

In order to restricthe rotation of the DMAP, ligan®7 was synthesizedn six
steps First, propionaldehyd€92) reacted with bromineaffording compoun®3 with
a20% yield. Then compoun®4 was prepared by usimgyridine-2-carbothioamide¢o
react with compoun@®3. Finally, after brominatingcompound94, one key fragment
of ligand 95 was obtained. The DMAPqgption was prepared by brominating the
4-position of free DMAP, followed by debromimam and substitution, whichfforded
compound96. With both key fragments iplace we performedStille coupling to

obtainligand 97 with a63% yield (Scheme 59).

| X

_N

MeOH Br S NH
P ° /K(OMG 2 O—< j/ s
Bra OMe 69% 49%

20%
92 93
PACI,(PPhs),

\
63°/ =N N l\
SnBuj 97 N
®

N

N

fj nBuLi N SnBug
Z 64"/ SnBu3CI =

73% N
96

Schemes9. Synthesis of bidentate ligad.
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Next, ligand 97 was used toeactwith precursors -77 affordingthe new catalyst
s-98 (Scheme 60)Consideringthe metal configuration will be retaired in the
substitutionreaction”, the catalyss -98, which was formed from the precurdof77,

is aL -configuration.

MeOH/DCM 1:1
70°C2h

61%

Scheme60. Synthesis of catalyst-98.

This catalyst washen appliedn a catalytic resolution o&lcohol This time the
result showed obvious selectivity. After stirring at rotemperatureovernight, the
remaning alcohol showed 38% ee with 65nversionof the alcohol (Scheme 61).
The enantioselectivity of this reaction was determined by HPa@ all other
catalytic resolution reactions in this chapter were determined in the same way (Figure

37).

catalyst O_< % —‘ PFg
OH )J\ )J\ )J\ OH
Et3N /K@
5% catalyst )\©

overnlght 65% 35%
DCM 38% ee

A-98

Scheme6l. Kinetic resolution of racemic alcohols catalyzedchyalysts -98.
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OH

O

8+ 38%ee

AU

t (min)

Figure 37. Shown is the chiral HPLC trace mdmanding alcohqll-phenylethanglin
the catalytic resolution reactiofConditions:Chiralpak IB (0.46cnx 25an) HPLC
column onan Agilent 1200 SeriedPLC SystemTheflow ratewas0.5 mL/min, the
column temperature 40, and UV-absorption was measured at 254 nm. Solvent A =

iPrOH, solvent B =hexane with 5% Ain 20 min.

After achieving this promising result, we neeldan accurate evaluationethod.
The selectivty factor isan importantparameterfor evaluating thekinetic resolution
reaction.Theformulafor the selectivity factor is shawin Figure 38. A highes value

indicates better resolutiability.

Krast In[(1-conv)(1-ee)]
selectivity factor s = =
Ks/ow

In[(1-conv)(1+ee)]

Figure 38. Formulafor the selectiity factor'™.
To obtain a more activeatalyst,dimethylaminewas ¢angedwith pyrrolidine on

the pyridine.Then the catalys$ -101 was synthesizedsing a similar procedure as

S -98 (Schemes2).
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95

N N
. PdCly(PPh3),
PR o el pa
~ 41% |/ SnBu3Cl N/ 63%
99

57%

O
A-TT —N
S O MeOH/DCM 1:1
C\>—<\ N 70°C 1.5 h
AL 0O
[ 54% —
100 N \

Scheme62. Synthesis of complex-101

The catalysts -101 was more active than the catalyst98. By using it, the
reaction wasompletedn 2 hours at room temperatuedfording 45% ee for the 35%
remaining alcohol (Scheme 63\When this reaction was carried out &0 °C

overnight, the selectivity factancreasedrom 2.4 to 3.0.

O O o} OH
OH 0.7 eq O)J\ OJ\
0.7 eq E;N
U * (2
5% catalyst —
rt.2h 35% \
DCM 65% 45% ee

A-101

Scheme63. Kinetic resolution of racemic alcohols catalyzed by chuiedhlysts -101

In order to increase the selectivity factor of this reaction, we screened different
substratesThe 1-(naphthaleril-yl)ethanoland 1-(naphthaler2-yl)ethanolweretested
with different anhydride Table 13 showshe 1-(naphthaleril-yl)ethanolwith acetic
anhydride providing the best result with catay/stOl
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_|+
s L) ey
)CJ)\ j\ catalyst </j\>_<\ | N PFg
(@) _
N N
on O7eaR oTm I oy ®
0.7 eq Et3N 2 _
/I\R‘l /I\R + /I\R1 N
5% catalyst ! 0
rt.2h —
DCM U

\ N

‘ \

A-101
Table 13. Substrate screenirig
entry Ri=Ry= remaining ee of reméning alcohol s

alcohol

1 R;=phenyl R=Me 35% 45% 2.4
2 Ri=2-naphthyl R=i-Pr 48% 29% 2.2
3 R;=2-naphthyl RB=Me  36% 49% 2.8
4 R;= 1-naphthyl R=Me  35% 51% 29

#Reaction conditions: Reaction 8f3 M aryl alcoholwith 0.7 equiv of anhydridand

5% catalysaitroomtemperaturén the CHCI; stirring for 2 lours

According to thditeratureby Spivey and cavorkers,different substituts on the
4-position of the pyridinesignificantlyinfluencel the result§Table 14§ Therefore,
we plamed to modify the diethylamine group oretBMAP segment.

We then attempted to gyhesize complex s-106. In detail the
3-broma4-chloropyridine (102 reacted withN,N-diethylformanide and Et;NH to
afford compound103 This wasfollowed by debrormation andsubstitution which
provided the tin compountio4. After Stille coupling, ligandLO5was obtainedvith a
55% yield.Finally, by reacting with therecursors -77, complexs -106 wasformed
(Scheme 64).
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toluene, -78 °C, 9 h

2.0 eq (i-PrC0O),0 0] i-Pr
0.75 eq NEt; hd OH
O
1 mol% catalyst OO + OO

Table 14 Influence of the substitution of the R group on the DMs&Bment

catalyst NR,= Selectivity s
catalst
1 NMe, 10
‘ 2 NEt, 16
NR,
3 N(CH,),4 3.5
X
B | - 4 NBu, 31
5 NPent, 30
6 NHex, 39

aWork published by Spivegtal’.

Et., _Et Et ,Et
cl N, N-diethylformamide “N > O—< :(
| B fﬁ/Br nBuLi | SnBus N g5 N
_ —_—
Et,NH =
N 2N N SnBu,Cl N two steps
102 100% 103 104

55%

A-TT

MeON/DCM
40%

Scheme64. Synthesiof complexs -106.

However, catalysts -106 still did not show satisfactoryenantioselectivityAfter
stirring at room temperature for 2 hours in the presence of 5% copleg, 1.3 of

the selectivity factor was achieved foresolution of (ac)-1-(naphthalef2-yl)ethanol
(Scheme 65).
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_|+
s/ Et. _Et -
catalyst </j\>_<\ | N PFe
o O O OH =N N
X
OH 0.7 eq )ko)k o)k | D

- Ro s :

5% catalyst O O —

O rmr O B

\ /N IroeriN

RS

15% ee

rt.2h
DCM

A-106

Scheme65. Kinetic resolution of racemic alcohols catalyzed by chiedhlysts -106.

This negative result revealed thamodifying the DMAP was nota suitable
direction. To gainfurtherinsight intothis systemwe decided to modify the thiazol
in the bidentate ligand. First, the influence of the methyl group on the thiaasl
tested.Then ligand 111 without the methyl groupwas synthesizedScheme 66)In
this synthesis, compoundlQ07 was synthesized by the publisheshethod
picolinonitrile was treated wittrsodium methanolatéollowing by cyclization with
2-aminoethanethiol affording compound 107 with a high vyield”®. Then the
dihydrothiazole107 was oxidized by DDQoroviding 2-(pyridin-2-yl)thiazole 108
Next, aftebrominating compoundlLO9was obtainedTo allow for bromosubstituion
at the 5-position of the thiazolethe halogendance reaction was carried out, which
provided compound10 with a quantyield. Finally, compoundl1l was achievedby
couplingcompoundl10and99. As with the previous work, wittigand 111in place

the catalysg -112was synthesized
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AN NaOMe N S/\/NH2

bz

(0]
N CN 92% N ~ 40/
NH

Oﬂ Oﬂ QA %@

62%

G
{3 Yo
i lfﬁ

N

(D

67%

o N ()
N N N
| A-TT
111 N
oM (ol

Scheme66. Synthesisof catalysts -112

Surprisingly, the catalysg -112 nearlydid notshow any enantioselectivity in the

asymmetric acyl transfeatalysig(Scheme 67).

catalyst CH
Q OH
OH 0.7eq O)K

O 0.7eq Et3N O
O 5% catalyst ‘O O
DCM

@7

Scheme67. Kinetic resolution of racemic alcohols catalyzed by chiral catalykt2

From our analysis we presumedhat the free rotation of the DMAPdeto this
negative result due to the blockinghindrance missing from the methyl group.
Therefore the methyl group washangedto isopropyl.In order to synthesize this
catalyst,3-methylbutanawas used as the startimgateria] and following the same

procedure as ligan85, ligand 114 was obtained. For the next step, the targeting
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ligand 115 was synthesized by coupling with the tin compo@& Then, catalyst
S -116was obtained by reacting with tpeecursos -77 (Schemes8).

X
_N

Br
S NH
\‘/\¢O MeOH Y\/OMB 2 </j\>—<\s])\ Brz
Brz OMe 64% =N N 64%

55%

Br
48% 7\ MeOH/DCM
114 115 = S8
0

Scheme68. Synthesis ofcatalysts -116.

However, catalyst -116 still did not provide a satisfactoryresult. Additionally,

the selectivity of thgR) and § of the alcohol reversedompaed with previous

results (Scheme 69).
S
catalyst </j\>_<\ | N
o O O OH =N N
OH 0.7eq )J\OJ\ O)J\
O 0.7 eq Et;N . O
‘ 5% catalyst ‘O O

2
rt.2h \ /N——|r- ..... N

DCM
= O

14% ee (reverse)

A-116

Scheme69. Kinetic resolution of racemic alcohols catalyzed by chuedélysts -116.

After using thanolecularmodel to simulate thstructureof the compound -116,
we found the reason of the worse and reveedectivitywas that the isopropyl group

made the less difference between two sides of the DNIA&tefore the methyl group
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will be kepton thethiazolering in the future.

Consideringthat acarbonsulfur bond is longer tham carboroxygenbond, we
presumedhat the DMAPmay betoo close in proximityon the plamed polypyridyl
ligand, building an unfavorable structure compdmith oxygen on the ligand (Figure

39).

S

(0]
</:r>_<\Nj\Dl\/|AF> Q—Q\;\)\ DMAP
AN too close

j O N\ -
I— polypyridyl ligand I— polypyridyl ligand

Figure 39. Proposed the influence of the sulfur on ligand

From thisconcept catalysts -121was synthesizedsingpicolinoyl chlorideas the
startingmaterial, whichreacted withprop-2-yn-1-amineto affordcompoundl17 with
a 66% vyield. Then the cyclization reaction was completed in the presence of
compound NaHo give 2-pyridine oxazole118 Next, by brominatingcompoundl1§,
followed by coupling with the tin compour@®, we obtainedligand 120 with the
oxygen on the fivanembereding. Finally, by reacting with therecursors -77, the

complexs -121wasobtained witha 46% yield (Scheme 70).

HoN
WO 2 /\ o 2 NaH
\ % \ 7/ _
N Cl 66% N HN\ 72%
17 N

— O O — O O
|
119 P

120 N

A-TT

N
AN MeOH/DCM
_ 46%

N
99
35%

Scheme70. Synthesis ocomplexs -121
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Afterwards, we tested the selectivity of the catagyst?1, and it returneda similar
resultaswith the catalyst -101 wheresulfur wasincluded This resultdemonstrated

thatthiswas not theorrectmodificationdirection (Scheme 71).

rt.2h
DCM

5% catalyst ‘O

24%

60% ee
s=22

A-121

Scheme7l. Kinetic resolution of racemic alcohols catalyzed by craedhlysts -121.
3.2.2.3Polypyridyl ligand

After modifying theDMAP-pyridine-thiazok ligand we found that ligand.00
provided the best result. Based on this ligandus&da largerpolypyridyl ligand to
block one side of the DMARexpectingit to induce better chiral information.
Therefore ligands 122 and 123 were synthesizedising the published methBdThe
guinolin-2-ol reacted with bric acid in the presence of catalyst Pg@ppf), affording

different bidentate ligands (Scheme 72).

HO
B-R
A HO N
oSO
N" "OH PdCl,(dppf) N" R

quinolin-2-ol

¥
R= ©\ yield=48%

122

R= ¥ yield=36%

123

Schene 72. Synthesis ofigands

With the two ligands irplace the Irdimer 124, 125were sythesized Following

the same procedure as the precussof6, after resolvingthe dimey the precursa,
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s-126ands -127, were obtainedBecauseof the similar structure of the polypyridyl
ligand withs -76, we proposedhat thefirst fractionemergingfrom the column in the

resolveddimerwasas -configuration After substitutingwith ligand100, the catalysts

s-128ands -129were dtained (Scheme3).

9 )
N Ry IrCl3 R;
R ha

2 ethoxyethnaol
0,
H,O 130 °C R;
|
R1=H, R2=Me
122 RI1=H, R2=Me  vioid: 40%
2N 124
R1,R2= j lel N
BF R1,R2= j yield: 100%
123 ;3 =
125
(S)-2-(4-isopropyl-4,5-
dihydrooxazol-2-yl)phenol
R4
1)TFA,MeCN
Rz
Et3N R, 2)ligand 89
AgOTf
first fraction
emerging from the - -
column R1=H, R2=Me yield: 23% R1=H, R2=Me yield:53%
A-(S)-126 128
- ey %X .
R1,R2= . yield: 37% R1,R2= j yield:52%
A-(S)-127 129 F

Scheme73. Synthesis ofnodified catalysts -128 s -129

Unfortunately when we applied these two catalysts in #symmetric acyl

transfer catalysjghe result alsdemonstrate that this was not theorrectdirection to

modify the catalyss owing to only affording 2.9 and 2.2 selectivity factors

respedtely (Scheme 74).
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O O o
0.7
OH eq)J\OJ\ oJ\ OH
O 0.7 eq EzN
5% r.t. 2 h DCM O
A-128or A-129 O
A-128 27% 65% ee

A-129 35% 41% ee

Scheme74. Kinetic resolution of racemic alcohols catalyzsdchiral catalysts -128
s-129

After all previous works, we reviewed the influences that ledto low
enantioselectivity. When we rechecked the proton NMR of these catalysts, we found
thatimpurities were regularlynixing with the catalystsAdditionaly, there waslight
yellow residue appearing ithe alcohol in lespolar fraction during thepurification
by column chromatograpjn Both of thesephenomenareveaéd thec at al yst 0s
instability, indicating that achievingorestability was our target

From analysisof the crystaktructureof compound78 (Figure 31), we noticed that
quinoline greatly hinderedhe bpy ligand and this hindrance was strong enough to
distort the plane of the bpyherefore we presumedhat thiswas akey parameteto
the @ t a | inswhlity. Starting from this point, catalysts-130 s-131, ands -132
were synthesized following the same procedure of catalg8snd 129 This time,
the catalysts were more stable, baobther issue developethis less hindered design
allowedthe DMAPto loseaxial chirality and form two diastereomesshich camot
be separatd. We canclearly see two setof signalsin the NMR specta (Figure 40)
indicating that we will not achieve satisfactoegults usindpoth diastereomers (Table
15).

A-130 A-131 A-132 ‘ ﬂ

|
”J wl’ l“ ’j ’l N ”l,LHIHl \,M’Jl MII il “\Lﬂl

oL

I

T T T T T T T
84 B2 80 7B 76 T4 T2 TO 84 82 80 T8 76 T4 72

Figure 40.'H NMR specta excerpts ofatalystss -130, s -131, ands -132 showing

two set of signals.
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O O +

0 catalyst —|
OH  07eq )J\O)J\ OJK OH C}_{%@ PF;
A

O 0.7 eq Et;N + O
catalyst 5% r.t . !
2h

DCM

N -

N

Table 15 Kinetic resolution of racemic alcohols catalyzed by chiral catalysiS0,

s-131ands -132%

yield of ee of
Catalyst N remaining alcohol remaining alcohol S

S
_ b
- O e e
s
A-131°
®_<\N:©\ 43% 30% 2.0
ww OO w e

#Reaction conditions: Reaction 0f3 M 1-(naphthalerl-yl)ethanolwith 0.7 equiv of
acetic anhydridend 5% catalysat roomtemperaturen the CHCI, wasstirred for 2
hours ° The absoluteconfiguration of the catalysts-130, s -131 and s -132 were
relative to catalys$ -100. Because the similar structure of the polypyridyl ligand with
s-76, we proposed the first fractioenmergingfrom the column in thedimer
resolving wass -configuration.They were synthesized following the same procedure

of the catalysi28and129

Expectingboth of high stability and axial chiralityetention we changed the
strategyby usinga fluorine substitution testabilizethe catalyst. Based dhis, the
catalystss -133 and s -134 were synthesize@nd applied to the asymmetric acyl
transfer catalysisThe results revealed thacreasinghe stability of the catalyst can
improve the selectivitydctor (Table 16)but the result was stillinsatisfactoryFirst,
therewerestill some impurities asanbe seerfrom the NMR spectrum. Second, the

catalyst became less active whkrorine was on thdigand.
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Table 16 Kinetic resolution of racemic alcohols catalyzed by chiral catalysiS3

ands -134%,

#Reaction conditions: Reaction 0f3 M 1-(naphthalerl-yl)ethanolwith 0.7 equiv of
acetic anhydrideind 5% catalysat room temperaturan the CHCIl, was stirredfor
indicated time® The catalysts -133ands -134 were synthesized following the same
procedure of the catalydi28 and 129 The absoluteconfiguration of the catalysts
s -133ands -134wererelative to catalysg -100. Because the similar structure of the
polypyridyl ligand withs-76, we proposed the first fractioenmergingfrom the

column in thedimerresolving was -configuration.
3.2.2.4 Chiral bidentate ligand

Up until now, we encountered somebstacleswhile atempting todesign the
catalyst. When it was less crowdedaroundthe metal sphere, the DMAP lost axial
chirality. Paradoxicdy, when the metal spheneas crowdedthe catalyst became
unstable.Therefore,to restrict the rotation of the DMAP and release ltimdrance
around the metal spherave had to determine the correct approaEmally, we
decided tesynthesizdigand 139, expecting the DMARO point toonly onepossibility

dueto the steric hindrance differenbetweerthese two diastereomers (Figure 41).
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