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Chapter 1

Enantioselective catalysis — Introduction






1. Enantioselective catalysis - Introduction

During the past two decades, asymmetric catalysssblecome a very rapidly developing area
of organic synthesis. The reason lies in the coigtancreasing demand from the chemical
industry for enantiomerically pure compounds. Thaimmarea where the requirement for
enantiomerically pure compounds is the greatest ike pharmaceutical industry. This need
is hence a driving force for developing new methfmighe production of biologically active
substances in their enantiomerically pure formse @levelopment of asymmetric synthesis
from the late 1960s is illustrated Fiigure 1

Development of the enantiselective synthetic methods

6000

5000 -

4000 -

3000

2000

number of publications

1000 4

Figure 1: Development of the stereoselective synthesis from the 1970’s until present.

The main impulse for research in this new areahanucal synthesis was the fact that in
drugs containing stereogenic centers, each enaati@an have a different effect on the
patient. This implies that if the drug were to keed in its racemic form (containing both
enantiomers), in the better case scenario, onlyabriee enantiomers would be biologically
active and therefore only 50% of the active ingeatiwould be used effectively. In the worst
case scenario the second enantiomer would havmpletly different effect from that of the

first enantiomer, either suppressing the desirddcefof the first one or even causing
undesirable side effects. The differences in varibwlogical effects of each enantiomer can
be explained by the pharmacon-receptor interactidrenever only one of the enantiomers

fits into the biological receptor.



An example of the second enantiomer of a drug lggaim undesired effect is exemplified by
the case of Thalidomide in the late 1950s. The lopweent of the drug as a racemic mixture
was initiated during the Second World War and west tlescribed in 1953 by the Swiss
pharmaceutical company Ciba, which subsequentlgoditnued its development. Then in
1957 the German pharmaceutical company Grinentitedduced Thalidomide on the

market as ContergaH. The drug was subsequently distributed in many fema countries

and also in Canada, USA and Australia and prestriba&nly as an analog of the structurally

related barbiturates-{gure 2 which were at that time known for their relatiyébw toxicity

in adults.
/
O O ) o O H
NH 8 HN 0«__N__O
Ne(s) =0 | 2| o=<X ®ymN Y
= NH
0 S 0
| o
(S)-thalidomide (R)-thalidomide barbituric acid

Figure 2: Enantiomers of Thalidomide, an analog of barbituric acid.

The indication was therefore similar and Thalidoewdas used as a sedative and tranquilizer
for treating insomnia. Because it was also foundhdee an antiemetic effect, the drug was
prescribed to pregnant women in their first threenths of pregnancy to treat morning
sickness. After the introduction of the drug on tharket, a large number of birth defects
were observed, such as amelia (absence of limbggresht limbs malformations, bone
hypoplasticity and also congenital defects of im&iorgans. It was found that the occurrence
of these defects was related to the drug Thalideymidhich was therefore withdrawn from the
market in 1961 for its teratogenic and neuropheiiects. During its few years on the market,
Thalidomide produced a worldwide tragedy claiming10.000 victimé&! At that time, it
was thought that no exogenous agent can crosslalcenpal barrier and therefore the side
effects of the drugs were not specifically testedhis regard. §)-thalidomide was found to
be non-toxic whereas th&){enantiomer was discovered to be responsible Heradverse
effects ofrac-thalidomide. This observation was also a motivatior the development of
new methods for preparing enantiomerically pure rplageuticals, although it later
materialised that the Thalidomide tragedy could lmete been avoided by supplying just the
pure R)-enantiomer. The reason being, that enantiopuediddmide racemizes undgr vivo

conditions®!



The teratogenicity of theac-thalidomide then started a new period of drug tigraent with
respect to safety and it has opened a new ardaeatfical research, namely the preparation of
enantiomerically pure compoundsdure 1).

Asymmetric transformations can be either achievsithgistochiometric amounts of chiral
reagenté! or, more effectively by using a chiral catalyssering an enantioselective outcome
for the reaction. Our current work also deals whita preparation of chiral catalytic systems.
This thesis will focus on the preparation of chiddands which can control the

enantioselectivity of metal-catalyzed reactions arder to prepare pure enantiomers.






Chapter 2

Chiral bis(oxazoline) ligands in asymmetric catays






2. Chiral bis(oxazoline) ligands in asymmetric cataigs

2.1 Semicorrin ligands

In 1977 Mansuy et al. reported the first example ofietalloporphyrin carbene complex '[Fe
(tetraphenylporphin)(CG)], which was formed by the reaction of [(TPPJFaith carbon
tetrachloride in the presence of an excess of acied agent’ This result was in analogy to
the previously reported abilities of cytochrome 3840 reduce various polyhalogenated
compounds. Three years later, Callot found thaditm (Ill) porphyrins Figure 3 can
catalyze the cyclopropanation of alkenes with ethglzoacetate to form cyclopropyl esters
with a favorablecis-selectivity!® This result can be rationalized by a metal-cagdyz
mechanism involving a rhodium porphyrin carbenamasctive species in the catalytic cycle.
Porphinoid metal complexes of this type inspire@ thevelopment of related catalysts

including chiral complexes for asymmetric catalysis

Ph

Ph Ph

Ph

RhTPPI semicorrin Cu (II) complex

Figure 3: Comparison of the rhodium porphyrin and copper semicorrin.

The C,-symmetric bidentate nitrogen ligands called semiics!” developed by Pfaltz and
co-workers in 1986, were specifically designed émantioselective catalysis. They were
derived from the porphyrin structural motif of knewcompounds called corrinoids and
hydroporphonoid€! These semicorrin ligands consist of two chiral eties, which are
bridged via a vinyl system. They can be readilyppred from the natural amino acid pool as
enantiomerically pure compounds in both enantioenfeims Scheme It # The vinyl spB

bridge makes the ligand scaffold more rigid, whistreflected in better stereocontrol of a



metal-catalyzed reaction. Steric hindrance arotnednhetal center can be further tuned by

modifying the R groups, which are generated byvadidation of the ester functional groups.

CN CN
0 OEt
C{/ 1 MeOH,H+C( NCCH,COtBuU C%\COztBu TEA Y
S EEEEEE—— R E——— —_—
—NH 2 Ero'BF, N —NH HN
CO,H Cco,Me COyMe CO,Me

l TFA

Cuso,
e

semicorrin Cu (Il) complex

Scheme 1: Semicorrin ligand synthesis.

Semicorrins ligandsl were then complexed with copper (ll) to obtain loteptic metal
complexes. These were further investigated in th&maetric copper-catalyzed
cyclopropanation reaction of olefins. This reactlwas its origin in the pioneering work of
Nozaki, and consists of the formation of a metabeae species from the corresponding

diazoacetate, which then undergoes reaction wéttttuble bond of an olefHf”

Table 1: Enantioselective cyclopropanation catalyzed by copper-semicorrin complex 2.

J +  N,CHCO,R? _tmol%62 _ Rl\A,,,,, , T e, ,

R! CICH,CH,CI COR R COR
3 4
R R? Yields of Stereoselectivity
3+ 4 [%] 3 [% ee] 4 [% ee] 3:4

Ph Et 65 85 68 78 :22
Ph tBu 60 93 92 84:16
Ph L-menthyl 65-75 91 90 85:15
Ph D-menthyl 60-70 97 95 82:18
CH=CH, D-menthyl 60 97 95 63:37
n-pentyl D-menthyl 25-30 92 92 82:18
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In the asymmetric copper-semicorrin-catalyzed gydpanation reaction of olefins with

diazoesters, these catalysts exhibited hight evsalactivities. The results obtained were
impressive and better than those of previously mego asymmetric cyclopropanation

reactions, which reached a maximum of about 86ed Since this time, the scope of the
semicorrins ligands application has been broadé&ngler; for example, the cobalt-catalyzed
enantioselective reduction of B-unsaturated carboxylat& or carboxamidé® by NaBH,

and also an intramolecular version of the coppéatgzed cyclopropanatiofi’

2.2 Bisoxazolines in asymmetric catalysis

Several new types df,-symmetrical ligands derived from the semicorrinsrevdeveloped
over time, and they have found different applicagioan asymmetric catalysis. Representative
examples, which were inspired by the negativelyrgbe structural motif of the semicorrins

1, are methylene bisoxazolin2or their aza-derivative3

R

2:X=CH

3:X=N

r\|1 R R!
g YJ I

N N N N
R i:\’ R2 /RZ

4:X:CH2 6

5:X=0

These ligands bear a characteristiconjugated system, which bridges the two chiral
moieties and is partially responsible for the rtyicbf the backbone, which remains planar
during the catalytic process. At the same timejteéectrons of the system are donated to the
electrophilic metal center. A decrease in the ebpttilicity of the system is not always
desirable. Therefore, neutral variants of the ligarwere also designetd called 5-

azasemicorrins4) or 5-azaoxazoliness), both of which have a planar nitrogen bridging

11



atom. Another class is the bisoxazoline ligar@jsBOX) where the connection between two
oxazolines is made through an®smrbon bridge. They were introduced by Masamune et
al™'in 1990 and by David Evaid in 1991, respectively.

The oxazoline structural motif has turned out tahe of the most popular ligands for use in
enantioselective catalysis. There was enormousthrowthe use of bis(oxazoline) ligands in

the field of asymmetric catalysis after their imtoation in 1990, as can be seerrigure 4

1400 - Citations of bisoxazolines in 1990 - 2011

1200 - B N

1000 - ]

800 - ]

600 - m [

400 -

200 -
N

Figure 4: Number of citations containing the keyword “bis(oxazoline)” in the years 1990 — 2011.

2.3 Preparation of bis(oxazoline) ligands

Inspired by the initial successful semicorrin staual backbone, the library of new chiral
bis(oxazoline ligands) was quickly broadened . Ba&wline ligands were developed that are
either bridged directly over the oxazolin€ sarbon (exampleg-10), or via the substituted

methylene bridge (examplé4-18).

R. uR
0 0 o\(ﬁ/o oj/ﬂ/o,
O, O m . | |\)wR | | “,
/>—<\ N N N N N N o
N N ""/R 3 P
R R R R R
7R =Ph 11 R=Ph
8 R = CH,Ph 12 R = CH,Ph 15R=Ph(R,R) 17 R=H (1S, 2R)
9R = tBu 13R = tBu 16R=Ph (S, S) 18 R = CH3 (1S, 2R)
10 R = iPr 14 R =iPr

12



They all have of the potential for different subgion patterns, allowing for their sterical and
electronic properties to also be tuned. The preshomentioned bridged bis(oxazolines) can
be readily prepared, starting either from dimetasgtboxylate or dimethylmalonate and

various chiral aminoalcohold {a— 144) to form the corresponding bis(hydroxy)amid&&k(

— 14b). Those are subsequently converted into the bezi@ines) via a cyclization reaction

(Scheme 2! The dimethyl substituted bridge iri-18 could be formed by the reaction of

dimethylmalonyl chloride with the corresponding aoalcohol in the presence of a base,

followed by the same oxazoline closing protocoirethe other exampld&’

H H

NH heat N N
e et O B e
R R (e} (6] R

1la-14a 11b-14b

Jsocb

D oy

EtOH/THF
R R
11R=Ph

12 R = CH,Ph
13 R =tBu
14 R=iPr

Scheme 2: Synthesis of methylene-bridged bis(oxazolines).

Different methods were employed for the oxazolitesuare using a wide range of reagents,
such as CEBO;H,™ Me,SnCh, > 24 znCh,?Y DAST " or CRSO;H and BR.ELO.* The
selection of a proper cyclization method to cldse dxazoline ring can be used to control the
absolute configuration of the final oxazoline, assvdone by Desimoni et al. for the synthesis
of 4,5-disubstituted chiral bis(oxazolind$j and16, as shown irscheme &%

e + HoN (F:O(S) HO O§><V¢O oH
—_—
cloc” ~cocl 2 Ph S) (s)
WN@NH HN (R
Ph Ph Ph

Ph Ph
Bu,SnCl 1. MsCl, EtzN
2. NaOH ag., EtOH, A
Xylene, A

S)
Phi+ )C'/ﬁ/\g("lah phw\g "Ph
(R) 3(R)

Ph

16 15

Scheme 3: Stereodivergent synthesis of chiral 4,5-disubstituted bis(oxazolines).
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The cyclization of bis(hydroxy)amide in the preseioé BuSnChL proceeds with retention of
configuration at C5, while cyclization using megglas a leaving group leads to inversion of
configuration to yield oxazoling5.

The indane-derived BOX ligandk7 and 18 can be obtained by the reaction a5(2R)-
aminoindan-2-ol with imidate salt7a (Scheme ¥°', which is easily accessible via the

treatment of malonitrile with anhydrous HCI in atba

HCI (anhyd.) NH> NH-2 HCI
NC. _CN + EtOH A
dioxane EtO OEt
17a
(lS 2R)-amino
mdan 2-ol

FREER

Scheme 4: Synthesis of (1S, 2R)-inda-box.

After the cyclization reaction, either ligadd can be obtained directly, or the acidic malonate
protons can be readily deprotonated by lithiumagirepylimide, followed by alkylation with
two equivalents of the methyliodide to deliver bisgfzoline) ligandl8. When alkylation on
the bridging carbon is performed with a diiodoakkatine spirocyclic inda-boxes are produced

instead?®!

2.4 Bis(oxazoline)-metal complexes

Bis(oxazoline) ligands are chiraC,-symmetric ligands that readily forms stable five-
membered (for example, with ligandsl0), or, more frequently, six-membered metallacycles
with various metals, such as €dCd*”*, Cu*, Mn**, Ni**, Pd*, RU™, Ti?*, and zA* (Figure

5). During their development, after successful cawration with certain metals, the structural

elucidation of the newly prepared complexes is ua#ten. The argument in favor of this is

that knowledge of the three dimensional structare allow more sophisticated design of new

14



ligands, but furthermore, with knowledge of the ah@omplex structure, the transition state
for certain transformations can be proposed. Tgenkl-metal complexation can be done by
direct in situ mixing of both components in the geo ratio, to form either homoleptic or
heteroleptic complexes, depending on the ligandicgire and the reactivity of the
corresponding metal. Alternatively, they can becpreplexed and isolated prior to use. The
presence of &,-symmetric axis in these ligands minimizes the nendd possible transition
states for certain transformations, which can heeeneficial effect on selectiviW.] Also,

the presence of lateral bulky groups on the oxaeolings constrains the space around the
metal center and in this way can favour one dioecfor substrate access. The bulky groups
either come directly from the pool of natural/ururat amino acids or from further chemical
transformation of the reactive functional groupsios oxazoline.

th \(\r\)—Ph O\“><|r0 \(\r
N Q/ %
', R S: KU
Ph_('\ fg Bi  Pd Bn R CI>T| i
wPh )
/U\ ph” e

20 21
R:CHZOTBDMS R = Ph, iPr, iBu, tBu
o) | D
@) ),

e o A -

N\ N .. | { Cl | \)

A N---_pt N
Co ’ Ru ",
of d i-Pr clf “i-Pr
MeO,C~ ~CO,Me

22 23

Figure 5: Diversity in the box metal complexes.

The bis(oxazoline)-Cu(ll) (2:1) complet9 was isolatedand X-ray analysis showed a
tetrahedral coordination geometry. Lehn et al. ¢imuof incorporating such ligands into
oligomeric bipyridyl strands, which should lead $trained double helicatal complexes
capable of asymmetric inductiéfil The other example is Pd(ll)-allyl compl&®, reported

by Pfaltz et al. Based on the crystal structure BIMR measurements of the chiral metal
complexes, the mechanism for the asymmetric paltadiatalyzed allylic substitution was
elucidated®” Box-titanium (IV) complexes21, prepared by the reaction of different
bis(oxazolines) ligands with Ti¢lin toluene, were shown to have a trigonal bipydahi
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structure, with the two nitrogen binding sites le tequatorial positioi” The authors were
not able to obtain crystal structures of these matanplexes, because of their instability
during the crystallization process. Ghosh and cdkers were successful in preparing
crystalline cobalt (Il) compleX2, which showed tetrahedral geometry at the metatece
using an (8, 2R)-inda-box ligand®" Most of the common bisoxazoline ligands are bietnt
but there also exist several types of tridentas¢oxazolines), which also readily form metal
complexes, such a3 where a §SiPr)-Py-BOX ligand is complexed with ruthenium
(IV).[32]

The bis(oxazoline) ligands were also research topiour group. They were used for the
asymmetric catalysis deploying mainly their copged palladium metal complex@%‘.“] The
next chapter will be focused on their analogs Inggai negatively charged boron atom within

the bis(oxazoline) backbone.
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Chapter 3

Boron-bridged bis(oxazoline) ligands






3. Boron-bridged bis(oxazoline) ligands

3.1 Introduction

Phosphine ligands are widely used in inorganic anghnic synthesis. Their bidentate
versions are also frequently used in asymmetrialysis®® In 2003, a new family of these
ligands was developed by Peters &f‘alby incorporating the boron atom into the bridging
backbone of the bis(phosphine) scaffold. The batmm in those ligands bears a negative
charge because it is four-substitutédg(re 6); hence, these ligands could be expected to

have new properties.

RoP PR, R,P PR,
U \9/
/B\
R R
neutral anionic

Figure 6: bis(phosphine) ligands vs. bis(phosphino)borates.

In these species, the anionic bis(phosphino)bdigdeds keep the coordination properties of
their neutral analogs towards the metal, while gpenionic at the same time. The negative
charge can also influence the electronic propedidhe complex by electron donation to the
phosphine, thus affecting the electron charge enntietal center. The synthesis of metal
borate complexes is not a well developed area, gvangh it has been studied, for example
by the group of RiordarScheme B>

1 1
RL R? Et,0 / Tol R \B'R
B—Cl + 2eq. /R e (o)
rt” Li R2 -78°Ctort. RZ;P P\,RZ
2 2
24 25 R® 5 R

Rl = Ph, Cy, p'CH3-C6H5, 3,5-(CH3)2-CGH4,
p-tBU-C6H5, p-MeO-C6H5, p-CF3-CeH5

R?= tBu, Ph, p-tBu-CgHs, p-iPr-CgHs, p-CF3-CgHs

Scheme 5: Synthesis of anionic bis(phosphino)borate ligands
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The preparation of these anionic ligands startmfeo diarylchloroboran@4 that, after the
nucleophilic attack by a lithium diarylphosphindtszb, forms boron ate-comple26 as the
product. Although the synthesis of those ligandsk¢overy simple, the reaction proceeds
cleanly only under the optimized conditions,(&f Tol, -78 °C to room temperature).

The anionic bidentate ligands were isolated agulithsalts, which were then crystallized and
the X-ray structure was obtained. The lithium se#ts be further modified by a simple cation
exchange, for example with WtCOD or TI(NQ)s. The tantalum complex was subjected to

crystallographic analysis and the structure is ategiinFigure 7.4

Figure 7: X-ray structure of dimeric bis(phosphino)borate tantalum (llI)

The influence of different substituents on the Inor@r phosphorous in the
bis(phosphino)borate dimethylplatinum (lI) complexgas also studied. CO gas was used to
exchange one of the methyl ligands on the platiramd, the resulting change in the stretching
band of the CO was observable by infrared speatmscHowever, the difference between
the different substituents was rather small. Faangple, the difference between electron-
donatingpara substituents C§0O and electron-withdrawing GRroups on the phenyl group
of boron was only 3 cth although the difference betwepara substituent$Bu and CE on
the phenyl group of phosphorous was already 14.cm

The authors of this article also disclosed problemisch they faced during the ligand
synthesis, for example, when they attempted to gmeepthe less strained ligand
[PhB(CH,PMe),]. Another problem was in the preparation of thenge phosphine
carbanion, but this problem was circumvented by Brbtection of the phosphine. However

this protection could cause problems of its owthmsubsequent deprotection step.
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3.2 Borabox ligand synthesis

Two years later, after the invention of the bis@@tuno)borate by Peters et al., the synthesis
of a new ligand class bearing both tetravalent h@wod two chiral oxazoline moieties was
developed in the Pfaltz grou[r"ﬁ]. These ligands are also anionic and in combinatitin the

metal they can produce a neutral species, cal@uterionic metal complex3cheme 6

. RLO.R! RLOR?
Y _tBuli LIYO 1/2 eq. (R1),BCI o | BC | o hydrolysis _ \(BY
J THF, -78°C N|\> THF, -78 °C to RT §/N @N §/N @,N
P L k 2 R?
27 R? 28 R R 30 R

R! = Ph, Cy, Et, 3,5-(CF3),CgHs
R? = i-Pr, t-Bu, Bn
Scheme 6: Borabox ligand synthesis.

The synthesis of the borabox ligands is very sttéagward. It starts from readily available
oxazolines27 by the deprotonation of the acidic proton withterisally hindered base, such
ast-BulLli, to obtain the corresponding lithiated oxaael28. This product is then treated with
a dialykyl or diaryl chloroborane (0.5 equiv) atMdemperature and the reaction mixture is
allowed to warm to room temperature, resultinghie desired produ@9 in good to moderate
yield, depending on the nature of the boron sulbestit This product could be isolated as
either a highly hygroscopic white powder, by crilsgation from apolar solvents, or it can be
converted into its protonated forB0 by hydrolysis. The hydrolysis usually spontanepusl
occurs during column chromatography on silica géh\&tOAc/Hex/EtN (9:1:0.5) as eluent.
Thus, the protonation happens during the puriticatof the reaction mixture and the
additional step is not necessary. The lithium sediis be regenerated from their protonated
forms by using one molar equivalentrebutyllithium in diethylether at room temperature.

A number of ligands, which differ sterically anaetronically, could be prepared through this
short series of reactions. The substituents oro¥aoline ring are mainly intended to vary
the steric environment that will be close to thact®n center in the catalyzed reaction. By
variation of the substituents of the chloroboraramf alkyl to aryl to aryl with electron-
withdrawing substituents, the electronic propertadsthe final metal complex are also

modified.
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3.3 Borabox Metal complexes

3.3.1 Complexes with copper (1)

The borabox complexes readily form metal complex#s various transition metals, such as
Cu(ll), Zn(l1), Pd(ll), Rh(l), and Ir(l), either bylirectly using the protonated ligand in the
presence of a base such agCRs, or just by ion exchange of the lithium salts witte
transition metal. InFigure 8 two related metal complexes are shown. The fire & a
homoleptic [Cu(ll)(borabox), which shows slightly distorted tetrahedral getmyne For
comparison, the second structure is [Cu(ll)(boX)@Vhich also has tetrahedral geometry but
is heteroleptic.

- /
A P | / [ |}
of N . y
\ $A N/ ¢
4 -_“:j e - ¥ e
\f\ ‘1’ / \; B Ii,h-r —
/f- // (w =3 ,-r:?_; ’ | |I .
e 7\ tlLa /f )

S8, P
%, —N- - _//'- O O
-B7=T\I/CU\NKB </| |
N =
o : $ “.Cu
\)>\_ Z ey

>~ cl
[Cu(ll)(borabox),] [Cu(INCly(box)]
homoleptic complex heteroleptic complex

Figure 8: Crystal structures of the Cu(ll) complexes of borabox and the related box complex.

Hydrogen and chorine atoms were omitted for clarity.

A number of homoleptic Cu(ll)borabox complexes hdween prepared, starting with
variously substituted borabox ligan8a"”! These can be readily obtained by complexation of
the corresponding borabox lithium salts in a biphaster/CHCl, mixture with CuS@H,0
(1.0 equiv.) or by treatment of the protonated boxaligand with Cu(OAg) (1.0 equiv.) in
methanof*® Their crystallographic data were recorded andstinectural properties of the

individual ligands in their copper complexes weomsequently compared. They all adopt
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very similar geometries and differ only minimallyor example, the &+ B-Coxa angles are

close to the ideal tetrahedral geometry in the eanfgl08.8°, for ethyl substituted boron and
isopropyl oxazoline, to 110.4°, for the 3,5-¢FsHs; substituted boron and isopropyl
oxazoline. The bond lengths between the oxazolursaynary carbons and boron are within
the range of 1.61 A to 1.62 A and the C=N bondstlesi are within the range of 1.28 A, for

iPr oxazoline, to 1.30 A, for benzyl oxazoline, buiith an ethyl substituent on the boron.

3.3.2 Complexes with palladium (II)

In analogy with already established box systenesother transition metal that was attractive
to test with the new borabox ligands was palladidimerefore new borabox palladium (l1)
complexes32 and34 were prepared, as shownScheme 7!

Rl\%D/Rl 1) n-BuLi, THF, 0 °C Rl\cﬁ?’Rl
o o n-BulLi, ,0° 0 O,
N TJ e YJ
N @N~/ 2)[Pd(CHICI, NO N~
L CH,Cl, RT Pd %
R! = Et, Ph, 3,5-(CF3),CgH3 32
Et. ©_Et <
0w >B__ o  KyCOs [Pd(C3HgCI, OEFB?O
T -
N H@,N CH,Cl,/THF/MeOH, 50 °C §/N|C+) |N\>
-:— s %,
Bn 33 Bn Bn Pld o
N—F
g
34

RL R! RL _R?! O
o\%/o 1) [Pd(C3Hs)Cllp, CH,Cl, rt. O\PQKO 6
U0

| |

N N\> 2) AgPFg, THF, RT N N
z Pd %

R! = Me, Ph 36

Scheme 7: Synthesis of borabox and box palladium complexes.
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While palladium box and aza-semicorrin complexetalgae the allylic substitution afac-
(E)-1,3-dipehnylallylacetate with dimethylmalonateryeavell, with excellent yields (up to
99%) and stereoselectivities (up to 97e®, the borabox ligand3land33 are unreactive in
this transformatioff” Even borabox comple84, which is structurally very similar to box
palladium complex36, didn’'t show any reaction in the corresponding/lial substitution

betweerrac-(E)-1,3-dipehnylallylacetate and dimethylmalongel{eme B

Et. O Et

o) o

i D

N@®, N—/

e’ 0 e MeO,C_CO,Me
N
OAc Ph” " ph 2oy Y2
+ MeO,C.__CO.Me * -

Ph/\)\Ph T2 PR Ph

NO REACTION

Scheme 8: Palladium-catalyzed allylic substitution using borabox complex 34.

The properties of the palladium borabox complexesewfurther investigated ifC NMR
studies, where the chemical shift of the carbomatavithin the allyl fragment should differ
based on the electronic properties. The NMR studiesved that the carbon shifts of the
borabox palladium complexes are further upfieldhthiae corresponding signals in the box
palladium species, which supports the expectatiahthe allyl moiety will be more electron-
rich, owing to the delocalized negative chargeheftetrasubstituted boron. Furthermore, DFT
calculations were conducted which, based on thegehadistribution using natural population
analysis, were in a good agreement with the resblimined by*C NMR spectroscop)j”’

3.4 Monobenzoylation and kinetic resolution of 1,2-dic8

After discovering the limitations of the boraboxnmaexes in the palladium-catalyzed
asymmetric allylic substitution reaction, furthesearch focused on the chemistry of the more
successful borabox copper complexes. Matsumurd. gtublished a 2003 paper about the
kinetic chiral resolution of meso 1,2-diols catagizby Ph-box Cu(ll) (5 mol %), where they

obtained good to excellent enantioselectivitiesetieling on the substrates us&d.
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This reaction (se&cheme Pwas then tested using the borabox Cu(ll) com@eHas time

catalyzed by 1 mol % of catalyst, but otherwise amithe same conditions as Mastsumura.

The results are summarizedTiable 21%¢

Table 2: Monobenzoylation of meso 1,2-diols.

0 L*/CuCl, (1 mol %)
HO,  PH cl  iPr,NEt (1.0 eq.) BzG ~ OH
>FT< + > ® (S
R OR CH,Cl, 0°Cto RT R R

36 R =CH;, 36aR =CHjs
37R = -(CHz)g- 37aR = -(CH2)3'
38 R=-(CHy) 4 38a R=-(CHy),-

e e
‘e N I
L= §/N HE,)N\_) §/N NJ
Bn -?3” Bn 40
39aR!=Et
39b R! = 3,5-(CF3)2CsH3
Ligand meso 1,2-diol Yield [%6]® ee [%]™

39a OH 79 40

39b C( 73 76

40 OH 70 33

39a OH 75 47

39b C{ 83 90

40 OH 74 85

39%a OH 62 92

39b I 65 94

40 OH 68 84

[a] Average of two runs. [b] ee determined by HPLC

In Table 2it is demonstrated that in the desymmetrizationna&so 1,2-diols36-38, the

boroabox copper complex can reach the same cooweras the related box copper complex

and the enantiomeric excesses obtained with thebbarligand in many cases are better than

with the box ligand.

Another reaction along the same lines as the destrnimation of themesol,2-diols is the

kinetic resolution of 1,2-diols, which was also psitred by Matsumura using box copper(ll)

complexeg?®
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3.5 Kinetic resolution of pyridyl alcohols

The borabox ligands were shown to be efficientni@ desymmetrization of the diols and so
they were applied in the synthetically valuableekio resolution of pyridyl alcohols, as
shown inScheme 4§

| AN L*/CuClp (1 mol %) _ /(\/O
e NG PhCOCI (0.51 equiv.)

iProNEt (1.0 equiv.)

44 OH  cH,Cl, 0°C 16 h 91 % ee 94 % e,
45
Et ©Et .
e B 0 NaOH (2.0 equiv.)
L* = \Ir @;/I\) recrystallization EtOH, rt,
N H,N / recrystallization
BA 4,  Bn
X 1
| L M, ' oBaAy |
RN y Ph (S> (R)
\‘--"Ir = 0,
@\E/ e NTL2 95 % ee 97 %ee ©
2 . .

39% yield 42% yield 49

Scheme 9: Cu(ll)-(Borabox)-catalyzed kinetic resolution of pyridyl alcohols.

Chiral pyridyl alcohols are useful precursors fog preparation of chiral P,N ligands, because
their cationic iridium complexed48 have been shown to be highly efficient catalystshm
enantioselective hydrogenation of unsubstitutedird&® To date there are just a few
synthetic methods to approach these chiral pyrdiydhols. These mainly rely either on the
asymmetric reduction of pyridyl keton#d or on enzymatic resolutidff!

This synthesis utilizes only 1 mol % of the Cu@htalyst bearing chiral borabox ligadd
andstarts from racemic pyridyl alcohd#. After a reaction time of 16 hours under very mild
conditions a mixture of chiral pyridyl alcohdb and benzylated alcohdl6 was obtained,
which was separable by column chromatography. Himalalcohol45 was obtained as tHe
enantiomer in 39 % yield and 97 % enantiopuritgrafecrystallization. The other enantiomer
of the R pyridyl alcohol49 can be obtained in 42 % yield and 97e#after deprotection and
recrystallization.

The enantioselectivities obtained in this kinegsalution differ depending on the ring sizes
of the pyridyl alcohols and on the pyridine R suthsnt, with a phenyl substituent being the
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best among the substrates screened. Also, lonertséies were obtained when using Cu(ll)

box as a catalyst versus the Cu(ll) borabox congdex

3.6 Copper-catalyzed allylic oxidation of cyclopentenand cyclohexene

Another reaction where the abilities of the borablmands were examined was the
asymmetric copper-catalyzed allylic oxidation oftly olefins Scheme 1)0°” The initial
screening showed that using protonated boraboxdig&0 in combination with KCO; is

more efficient in terms of enantioselectivity thasing their Li(borabox) salts.
Rl@ R1
5 mol% [Cu(CH3CN),]PFg

0
o) 7.5 mol% L* O @
S \’< (15 mol% K,COs) N N
CH4CN, RT

n=1,2 n=1,2

up to 74 % ee

Scheme 10: Borabox Cu (Il)-catalyzed allylic oxidation.

The results of this reaction were also comparetl Wié results obtained from the analogous
substitution pattern of the box ligand whereviRas a phenyl group and®Rvas isopropyl. In
the oxidation of cyclohexene, borabox ligab@ delivered aree of 74 %, whereas the box
ligand only gave 48 %e A surprising observation was that the typicalgry effectivetert-
butyl R? substituent of the oxazoline completely failedtliis type of reaction, delivering
almost racemic products. The oxidation reactioguge slow, usually requiring a number of
days to achieve good conversions. Since the kisétidies showed only a small dependence
on temperature for the enantioselectivity, the tieaccan be accelerated by heating to 80 °C,
which shortens the reaction time from days to howrthout significant drop in the
enantioselectivity. Substitution in the C5 positioh the oxazoline did not provide any

significant improvement in the reaction results.

29



3.7 Diels-Alder reaction

An enantioselective version of the Lewis acid catetl Diels-Alder reaction has been
successfully applied and tested with new borabgenids. The role of the base and the source
of the metal were also studiéd. The use of a base during the formation of the mietal
complex was shown to be crucial both for the foramabf the heteroleptic borabox complex
and to avoid formation of the homoleptic complekjeh is unselective. A sample reaction of

acyl-1,3-oxazolidin-2-on&1 with cyclopentadiene is shown $theme 11.

0O o 10 mol% ML* Et. O Et

15 mOI% K2CO3 O B O
e - (O - Sfro be (el

/ CH,Cl,, -78 °C L = N @N-
0~ "N O H P

51 tBu “tBu
52 \—/ 53
M = Cu(OTf),

endo/exo 96:4
ee (endo) 98 %

Scheme 11: Borabox as a chiral ligand in a Lewis acid catalyzed Diels-Alder cycloaddition.

There was a surprisingly large difference in thiedeity of chiral boraboxXs3, as shown in
Scheme l1when the C4 substituent was changed fridu to benzyl, which lead to a
completely racemiendo product. By employing various metal sources, sashZn(OTf),
Mgl,-l,, Fek:l,, almost racemiendoproduct was obtained, while conversions anddexo
ratios remained good under all conditions tested.

3.8 Asymmetric Henry reaction

Borabox ligands were also tested in the copperyzad nitroaldol reaction, called Henry
reaction, which is a base-catalyzed reaction betvarealdehyde and a nitroalkdffé.The

reaction requires a base to deprotonate the riaoal which then nucleophilically attacks the
aldehyde. The reaction is terminated by protonatibthe newly generated product, which
also regenerates the base at the same time. Tiwbabiks of this reaction are that all of the

steps in the mechanism are reversible and thatiipeoportionation of the aldehyde in a side
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reaction when using base to deprotonate nitroallanegd affect the yield of the desired
product.

Borabox ligand$4 have been shown to be effective ligands for ssakeative control of the

Henry reaction. Under optimized conditions, highestvities can be attained, especially
when nitroethane or nitropropane is used in contlwnawith the aliphatic aldehyde. The

results for nitroethane are depictediamble 3.

Table 3: Henry reaction with nitroethane catalyzed by a borabox Cu(ll) complex.

o 5/5.5 mol% [Cu(L*(54))(OTf),] Oph\%)/Ph o
JIg 5.5+4.5 mol% Et;N OH OH nERE
rR™>u T ENO2 = o + L= N @N\)
EtOH, RT, 1-5 days RY T RrRTY o~
1 equiv. 10 equiv. NO, NO, tBu o “tBu
Entry R [(—jrggse] Ef)f]'[g syn/anti” eTo/(o?éln) ee (anti) [%]"¢
1 Ph 1 80 62:38  21(1S2S)  15(1S.2R)
2 Cy 5 82 90:10 90 (1S,2S) 47 (1S,2R)
3 Et 5 80 64:36  51(1S2S) 23 (1S.2R)

[a] Combined yield of syn and anti isomers. [b] determined by 1H NMR spectroscopy. [c] Determined by chiral HPLC
analysis

3.9 Cyclopropanation of olefins

Further investigation of the borabox ligands conddcby Clément Mazet were screening
experimentEG] to compare their performance with that of box ctaxes in cyclopropanation
reactions, as previously reported by the groupBfaftz, Masamune, and Evais!’ 1 The
Cu(l) borabox complexes were prepared in situ fr@mOTf and lithium salts of the
corresponding borabox ligands. As a test reactantlie initial screening of the borabox
ligands a typical cyclopropanation reaction usibhgene and diazoacetate ester was chosen.
This reaction is commonly used as a benchmarkefstintg selectivity of new chiral ligands.
The mechanism of this Cu(l)-catalyzed cyclopropamatvas investigated by Evans et al.
including an X-ray structure of the catal{’ét. The reactivities of the borabox ligands are
basically the same as their box analobsb{e 4. Large substituents on the oxazoline ring in
the C4 position have a positive influence on thanéinselectivity of the reaction, as with the
box ligands, although it is not that significaiiable 4 55a and55b vs.56a and56b). In the

reaction with ethyldiazoacetate, the selectivitidgained with borabox ligands were only
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moderate (seB5a55f), but through the use ¢ért-butyl diazoacetate and 2,6-@it-butyl-4-
methoxyphenyl (BHT) diazoacetate, the selectivitiege significantly improved. The 3,5-
bis(trifluoromethyl)phenyl group in the ligarebf was shown to be the best substituent for
boron. To date, the best published result in teshselectivity was obtained in the reaction of
the BHT-diazoacetate and an oxazoline substitui#id atert-butyl group in the C4 position

and an electron-withdrawing Asubstituent on the boron, as in ligastf.

Table 4: Cyclopropanation of styrene.

| N, L* (1 mol%),
J U [Cu(OTf)],-CgHg (0.5 mol%) A + /A
Ph CO,R > Ph CO,R Ph ‘CO,R

. " CICH,CH,CI, 28 h, RT _
1.0 equiv. 1.2 equiv. cis trans

@Rl

RYL R!?

S

;N @D SRy
R R? v'/RZ

55a: R1= Ph, R2=iPr 56a; Rl =Ph, R2=iPr
55b: R1=Ph, R2=tBu 56b: R1=Ph,RZ=tBu
55¢: Rt = Cy, R2=iPr 56¢: Rl =Me, R2=tBu

55d: Rl = Et, R2=tBu
55e: R'=Cy, R2=tBu
55f: R! = Arg, R? = tBu

[a]

Entry Ligand R R? eDsl?gro R) cis/trans ece|s[% | tergrios/z’;] zgiilftr[zoa/?l][sb)]
1 56a Ph iPr Et 36:64 54 51 85
2 56b Ph tBu Et 33:67 91 89 72
3 56¢ Me tBu Et 2773 97 99 77
4 55a Ph iPr Et 29:71 58 65 77
5 55b Ph tBu Et 30:70 66 70 84
6 55¢ Cy iPr Et 32:68 24 33 68
7 55d Et tBu Et 28:72 59 72 75
8 55e Cy tBu Et 28:72 78 66 79
9 55f Arg tBu Et 32:68 68 77 89
10 56b Ph tBu Et 21:79 93 90 70
11 56¢ Me tBu tBu 19:81 93 96 75
12 55b Ph tBu tBu 15:85 77 67 77

13 55d Et tBu tBu 13:87 76 73 65
14 55e Cy tBu tBu 9:.91 82 73 63
15 55f Arg tBu tBu 17:83 86 92 65
16 56¢ Me tBu BHT 4:96 - 99 85
17 55f Arg tBu BHT 1:99 - 98 89

[a] Determined by GC or HPLC analysis. [b] After chromatography [c] Determined by *H NMR spectroscopic analysis
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With the results from the initial screening in hararther investigations were undertaken
using additional olefins bearing substituents wdifferent electronic properties, including
electron-donating (entry 3, 4) or electron-withdirgvgroups (entry 5, 6) or aromatic (entry
1, 2), as well as aliphatic substituents (entr§®, Again, the best results were obtained with
borabox ligandb5f, especially in case @FF-CsH4, which resulted in 1:98is/trans selectivity
and 99.5 %eein 91 % vyield of isolated product.

Table 5: Cyclopropanation of different olefins.

| N, L* (1 mol%),
J + l [CU(OTf)]Z CGHB (05 mOI%) A + /A.”
R® CO,BHT = Ph CO,BHT  Ph “CO,BHT

. , CICH,CH,CI, 28 h, RT ,
1.0 equiv. 1.2 equiv. cis trans

1 1
RI@ R

Rl R!
o-_B_o O\PS/O
e WTJ IS
L*= N @N N N
H ",/ 'f,/
R2 ’Rz R2 ’Rz

55f: R1 = Arg, R?=tBu 56c: R!=Me, R2=tBu

4 trans®™  Yield [%]“

Entry Ligand R* R? R® cis/trans! ee[%]  (cisHrans)
1 56¢ Me tBu Ph 4:96 99 85
2 55f Are tBu Ph 1:99 98 89
3 56c Me tBu p-MeOCgH, 4:96 96 351
4 55f Arg tBu p-MeOCgHs 4:96 97 65
5 56¢ Me tBu p-FCeH, 4:96 99.4 89
6 55f Are tBu p-FCeHs 1:99 99.5 91
7 56¢ Me tBu PhCH, 7:93 99 ng'®
8 55f Are tBu PhCH, 8:92 97 66
9 56¢ Me tBu n-hexyl 2:98 99 511
10 55f Are tBu n-hexyl 1:99 95 68!l

[a] Determined by 1H NMR spectroscopy. [b] Determined by GC or HPLC analysis. [c] After chromatography [d] Reaction
time not optimized. [e] not given
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3.10 C5-disubstituted borabox ligands

3.10.1 Preparation of C5-disubstituted borabox ligands

Directed by the results of the borabox-complexiga& reactions, in particular by the
cyclopropanation reactions, we proposed further ifitadions of the borabox scaffold in
order to obtain new borabox ligan8%g and57h with potentially better properties. As the
steric bulk of the oxazoline substituents in the go4ition proved to be beneficial in many
cases, the adjacent carbon, C5, was then a godalidess for further modification the lateral

steric bulk around the metal center of the catalyst

57a: R'=Cy, R =iPr, R®=Ph,H
57b: R!=Cy, R? =tBu, R® = Me
. - . 57c: R'=Ph, R?=tBu, R®=Me
ROCT YjR 57d: RL = Ph, R? = iPr, R3 = 3,5-(CH3),CqHy
?§/ ’ R®  57e:R'=Ph, R?=tBu, R® = 35-(CHg),CcH3
R2 ‘Rz 57f: R =Ph,R2= iPr, R® = 3,5-(tBu),C¢Hs
579: R'=Cy, R? =tBu, R® = Et
57h: R = 3 5-(CF5),CgH3, R2 = tBu, R® = Et

The Cb5-substituted ligands7a57f were prepared by the Pfaltz group and successfully
applied in the asymmetric Henry reactioth. Their synthesis starts from commercially
available chiral amino acids, which are then coteckinto the corresponding amino acid
esters. The ester functionality is then a suitabledle for introduction of the new substituents
into the C5position of the future oxazoline. Byatan with two equivalents of a Grignard
reagent, a chiral amino alcohol is obtained, andubsequently converted into théi-2
oxazoline by the Meyers protodﬁfﬂ In the synthesis of 5,5-dimethyl substituted 2H-
oxazoline, the Grignard addition was a problemagaction stepgcheme )2which was then

circumvented by using an N-protecting group in otdeobtain higher yield4®
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tBu tBu

tBu

socl MeMgCl
- s OH 1) EIO” "NH-HCI “SNHHCI l/J<
HyN CO2H MeOH, reflux  H,N CO,Me THF, 0 °C HoN
80 % 54 % 2) EtsN, 90 %
(CF5CO), NaOH, MeOH “Bu
Et3N, 95 % 5 hours, reflux
85 %
O tBu MeMgCl O tBu
OH
F:¢” N7 co,me THR.0°C pFoc” N
H 90 % H
BB-01

Scheme 12: 5,5-dimethyl-2H-oxazoline synthesis.

Therefore, in planning the synthesis of the 5,3khgilesubstituted 2H-oxazoline an amine
protection step was also incorporated to avoid lprab during the Grignard addition.
Unfortunately, although the Grignard addition wasmelete and the reaction clean,
deprotection of trifluoroacetyl protected amino&lob58 was impossible and did not go to
completion even after a day under reflux with metiie hydroxide. Ultimately, the synthesis
of 59 (Scheme 13 was successfully accomplished by the addition aof excess of

ethylmagnesium bromide to the hydrochloride salthef aminoalcohol, which led to a very

clean reaction.

t-Bu SOCI, MeOH t-Bu 1) EtMgBr, THF, -40°C t-Bu
: - - OH
COOH -30°C to RT CIH.H,N™ 'COOMe ) reflux overnight HzN
reflux overnight o Et Et
t-Bu 1) HCI-HNZ Y07 HyN
/’§<OH - t-Bu
HoN DCM, reflux overnight
Et’ Et el E
2) Et3N 59

60% yield

Scheme 13: Synthesis of 5,5-diethyl-2H-oxazoline.

The reaction of the alcoh&B with ethyl formimidate hydrochloride delivered thé-diethyl-
2H-oxazoline59 in good yield. The next step in the synthesish&f hew 5,5-disubstituted

borabox ligand$7g and57h was preparation of the starting chlorobor&ig(Scheme 14
which was done by the method of Peters &fal.
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FsC CF, CFy  FsG CFy CFa
\©/ Me,SnCl, /@\ Q BCl3, n-heptane
—_— _—
CF3 100°C, 2 days
FsC < day
8 sn FsC B CF3

MgBr |
HsC” “CH cl

60 61

2 equiv.
Scheme 14: Synthesis of bis(3,5-bis(trifluoromethy)phenyl)chloroborane.

This method utilizes the moderate reactivity of éihyltin dichloride, which, in reaction with
two equivalents of a Grignard reagent, delivers dtdition produc60. In the subsequent
step, the aryl substituents are transferred froantithto boron to obtai61. Although the use
of dicyclohexyl chloroborane in this method coulel ¢tonsidered a drawback, owing to the
difficulty of its preparation, this potential pra@sh was obviated by the commercial
availability of the compound. Then, following thergeral procedure for formation of the
borabox ligand $cheme 15 2 equivalents 059 were deprotonated kgrt-butyllithum and

allowed to react with the corresponding chlorobesat{!

Re©R
HYN 1) t-BuLi, -78°C, THF o ‘E)’ o
J t-Bu > Bt/ T AT N\ Et
2) R,BCI, Benzene [a) \)<
Et N_. =N Et
el E Ho
t-Bu t-Bu
579: R=Cy

57h: 3,5-(CF3)2C6H3
Scheme 15: Preparation of new 5,5-disubstituted borabox ligands.

Both ligands57g and 57h were purified by the column chromatography oncailgel, but
neither of these complexes could be well separétechuse they are unstable and decompose
during chromatography. The use of triethylaminém eluent mixture to reduce the acidity of
the silica gel has been found to be beneficial,dmih ligands are very nonpolar and so the
use of triethylamine is not acceptable, therefbeg/ twere purified on neutral alumina. In case
of the 57g this led to the pure compound, but this was het ¢ase fols57h. Therefore,
purification of the crude ligan87h was attempted by crystallization with CuS@ CuC} ;
however, in neither case were crystals produced, tire impure ligand was used in all further

investigations.

36



3.10.2 Cyclopropanation using 5,5-disubstituted boraboxtplexes

The newly prepared ligands/g and57h were then tested in the cyclopropanation reaction
using styrene antert-butyldiazoacetate as substrates and the resuttpar@d with those of
the previously prepared 5,5-unsubstituted analihgsresults are summarized in theble 6

Table 6: Cyclopropanation of styrene using 5,5-disubstituted borabox complexes.

N L* (1 mol%),
J + ( [Cu(OTf)],'CgHg (0.5 mol%s) A + /A

Ph CO,tBu Ph CO,tBu  PH
CICH,CH,CI, 28 h, RT

1.0 equiv. 1.2 equiv. cis trans

“Co,tBuU

Rl\g/Rl Rl Rl
R3 O O RS3 3 o\%/o 3
L*= .3 \ll\lr QWNT\)< 3 R?g/lN N|J<R3
R Ho o~ R R . R
R2 R2 R2 R?
57g: R' = Cy ,R?=1tBu, R® = Et 56c: R!=Me, R2=tBu,R®= H
57h: R =3,5-(CF3),CsH; , R> = tBu, R® = Et
55e:R!=Cy, R =tBu,R® = H
55f: R = Arg, R2 = tBu, R®= H
, 1 2 3 : @ cis™  trans®™  Yield [%]"
Entry Ligand R R R cis/trans ce[%] ee [%] (Cis+trans)
1 56¢ Me tBu H 19:81 93 96 75
2 55e Cy tBu H 9:91 82 73 63
3 55f Arg tBu H 17:83 86 92 65
4 579 Cy tBu Et 8:92 47 74 73
5 57h Arg tBu Et 22:78 11 13 84
[a] Determined by 1H NMR spectroscopy. [b] Determined by GC or HPLC analysis. [c] After chromatography [d] Ligand

contained impurities.

Box ligand56c¢ was found to be the most selective, providingfweredtrans product inee
96 %. When comparing5ewith 57¢g it can be seen that the 5,5-disubstituted bordigaxd
57gis only slightly better in theis/trans ratio of its products and in the selectivity o&th
transisomer, as well as providing a better yield oflased product; however, this is
counteracted by a significant loss in the enaniguseity of the cis product. When
compariing ligand$5f and57h, only small drop in theis/transratio of the products from the
5,5-disubstituted borabox ligar&h is observable, but again the product was isolatieal
significantly higher yield. The enantiomeric exesgrovided by ligand7b cannot be
compared with those of its analog, as the impuptgsent in the ligand most likely

significantly undermined the enantioselectivitytioé reaction.
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3.10.3 Conclusion for cyclopropanation using C5-disubstied borabox ligands

The borabox ligands proved to be effective in maypyes of metal-catalyzed chemical
reactions. They were designed for the same braagkeraf the potential applications as their
bis(oxazoline) (box) analogs, mainly for use in r@iwselective copper- and palladium-
catalyzed reactions. For example, the synthesishofl pyridyl alcohol$¥ allows direct
access to synthetically valuable precursors for dimethesis of efficient cationic iridium
catalystd?*® The palladium-catalyzed allylic oxidation of cypkntene reached ae of 76

%, which is one of the best results obtained fix substrate to dat&’ The borabox ligands
also exhibited the versatility of their use in thtewis acid catalyzed Diels-Alder reaction and
also the Henry and Aza-Henry reactiéfisHowever, as opposed to the box ligands, which
were successfully applied in the asymmetric palladicatalyzed reaction, the borabox
ligands do not catalyze allylic substitution.

Excellent results were obtained in the copper-gatal asymmetric cyclopropanation of
various olefins, where the borabox ligands surpidmes box ligands in the number of
substrates. A positive influence was also obsewfeeh the steric bulk of either the substrate
or the ligand side of the catalyst was increasedgéneral, more sterically demanding
substituents, such atert-butyl, in the C4 position of the oxazoline proddcéetter
enantioselectivities. The substituents on the batmm can tune the catalyst in two ways,
either by influencing the bite angle of the bis@aane) bidentate ligand through their sterics,
or by influencing the electronic properties througianges in the distribution of negative
charge along the ligand. New ligan83g and 57h were tested in the cyclopropanation
reaction withtert-butyldiazoacetate, in which previous experimerdd Imot provided high
enantioselectivities. The 5,5-disubstituted borabgands57g and 57h gave basically the
same results in terms of reactivity and selectiagytheir 5,5-nonsubstituted borabox analogs.
The expected positive effect on selectivity of #mymmetric induction by increasing the
steric bulk around the metal center in the C5 pmsibf the oxazoline does not seem to occur.
This may be due to the already remote positiorho$é substituents, which then do not play
an important role in the transition state, as thbstate is approaching the metal center
without observable difference.
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Chapter 4

Preparation of non-symmetrically substituted barompounds






4. Preparation of non-symmetrically substituted boreompounds

4 .1 Introduction

In the previous chapter a wide range of potentssufor boron-bridged bis(oxazolines) as
efficient ligands in asymmetric catalysis was dest@aied. The scope of the applications
ranges from the kinetic resolution of 1,2-diols,iethhas been applied as an useful tool in the
kinetic resolution of pyridyl alcohdf¢' *% to copper-catalyzed allylic oxidatidis Lewis
acid catalyzed Diels-Alder cycloadditions, asymicetienry reactiod® and, last but not
least, in the asymmetric copper-catalyzed cyclopnagion of the olefif¥®!. The scope of the
applications for the borabox ligands it is not jlustited to the above mentioned reactions, but
it can also be extended to many other reactiongevtiee box ligands were more or less
successful. As previously demonstrated, the prgsedf the borabox ligands can be tuned
both electronically and sterically. Variation ofetlsubstituents R(Figure 9 on the boron
atom mainly influences the electronic propertiethatmetal center. Sterical properties can be
then tuned by substitution of the oxazoline rinthei in the C4 position by using different
amino acid sources or by incorporation of $ibstituents at the C5 position into the amino

acid backbone prior the oxazoline ring closure.

3 Rle i 3
R O\r @ \O)<R
- Or e Or On

Figure 9: General borabox scaffold with a list of different boron substitunents.

While the modification of the Ror R groups of the oxazoline ring were very well
established during the period where oxazolinesrheca powerful and widely used tool, the

modification of the boron atom remains underexmlotdowever, while the synthesis of the
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borabox ligands seems to be straightforward anskatiég, just a few examples using different
boron substituents were prepar&igire 9. The main problem is that almost all the needed
boron precursors are not commercially available #melr preparation is often tedious,
requiring special techniques and safety precautiddence, there remains room for

improvement to make the boron chemistry more adades®r wider use in organic synthesis.

4.2 Preparation of the chloroborane precursors

As was previously shown, chloroboranes are precsirfar borabox ligand syntheses as
reported by Pfaltz and Mazet in 2068 . Their synthesis was inspired by the protocol usgd
Peters et al. in their 2003 publication on bis(jiso)borates§cheme 15>

ROR

ROR Li” > PPh, 2-Li-oxazoline OTBYO
<t

NN

Ph,P  PPh, -78°C, THF -78 °C, THF 3/

J R2 R2

Scheme 16: Synthesis of the bis(phosphino)borates and the boron-bridged bis(oxazolines).

Peters demonstrated that a wide range of aromhltbcaboranes can be prepared by using a
modification of the protocol of Chiverd and Pier&? which was originally described for the
preparation of the perfluorinated chloroboranesH{;BCI. Until then, no efficient

experimental protocol for the the preparation airdichloroboranes had been described.

2 AngBr Mezan|2 Ar\Sn/
Ar” N
Ar = Ph,

p-MeC6H4,
3,5-Me,CgH3. BCls n-heptane
p-CF3CgHa, 100°C, 2 days
0-CF3CgHy, regeneration
p-tBuCgHy,,
p-MeOC6H4, Arw__Ar
O'MeOC6H4, MeZSnCIZ + IB
2,6-(MeO),CgH3 Cl

Scheme 17: Preparation of the diarylchloroboranes using dimethyltin dichloride.

The protocol uses a reaction between dimethyltrhldride and two equivalents of the

corresponding Grignard reagent in the first stefpenein all listed aromatic group precursors

44



formed the desired diaryldimethystannanes. The reecsiep, which relies on a ligand
exchange between boron trichloride and,®$teAr,, led to the desired diarylchloroboranes,
except for theortho-methyl-substituted analogs, which produced moststhyl aryl ethers,
while theortho-trifluoromethtyl analogs led to a mixture of pratist As shown irscheme 1,7
after the second step the relatively expensivehaghly toxic dimethyltin dichloride can be
recovered from the reaction mixture either by al=tation from hydrocarbon solvents or by
vacuum sublimation. This method is the most vdesdiut it requires dimethyltin chloride,
which is the only disadvantage. Therefore analogoathods, which could be useful for the
preparation of many types of haloboranes, but wratdo use tin chemistry, were not
considered® A more environmentally friendly method is descdbe Scheme 18The
synthesis utilizes the reaction between diarylborecid anhydride and boron trichloride,
leading to the desired diphenylchlrobor&ad>"

o
+ _B. —_—
@ cl” >cl -78°C, DCM
62

Scheme 18: preparation of dimethylchloroborane from diphenylboroinic acid anhydride.

In case of diphenylchoroborane, this method islyagiplicable and it was used in our group
for preparation of the title compound. But the maare is limited to diphenyl borinic acid
anhydride, which is the only derivative commergiadivailable to date. The other borinic
acids would have to be prepared in order to usertid@thod as an alternative to the previous
one using MgSnChb. The preparation of the borinic acid anhydride waported by
Zimmerman in 1961, but a description for a wideng® of substrates is missifig. The
published procedure describes the preparationpfediylborinic acid, which must be stored
as an ethanolamine ester and is converted badbhermylborinic acid after hydrolysis of the
ester bond by treatment with mineral acid. The rboracid decomposes over time (within
hours) and has to be used immediately in the sedehgdration step which leads to the
desired borinic acid anhydride.

The preparation of dialkylhaloboranes, which aregemeral more unstable and air and
moisture sensitive than their aromatic analogs, alss not considered as a robust process for

supplying the desired chloroboranes precursorg!
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From the described protocols, which are eithergaoteral or involve toxic tin compounds, it
is clear that the preparation of those highly neacand air unstable compounds is not trivial.
Therefore, the incorporation of aryl substituemsdtze boron atom in a stepwise fashion, as is
done with phosphorus compounds, could be considddedvever, there is a dramatic
difference in the reactivity of boron trichloridench phosphorus trichloride as shown in
Scheme 19

Ar~__Ar ~ ArMgX (2 equiv.) C|\Y/c| ArMgX (2 equiv.)  ArNp AT Ar:é,\Ar
|? -t | E—— | Ar Ar
o] o] Ar
Y=B P MIXTURE OF PRODUCTS

Scheme 19: Different reactivity of phosphorus trichloride and boron trichloride.

In the case of phosphorus trichloride, diphenylatposphine can be easily obtained by the
addition of two equivalents of the Grignard reagehtwhereas in the case of boron
trichloride, the corresponding diphenylchloroborasenot formed. Boron trichloride is far
more reactive and such a reaction will generallg ep with a mixture of trisubstituted and
tetrasubstituted boron compounds. The reactiorhehplmagnesium bromide was tested and
triphenylborane was not even a major product.

Therefore, some less reactive boron compounds baoetexamined to avoid undesired
multiple substitution on the boron atom. Suitald@didates, which are far less reactive then
the chloroboranes, are esters of the boric acidaied boronates. The natural Lewis acidity

of boron is suppressed in the boronates by theatrein-donating substituentsigure 10.

Sy
,O0...0
R I?J
O.
R
R = alkyl

Figure 10: Decreased Lewis acidity of the boron in the alkylboronates.

The crucial electron-donating role of these compuisus played by oxygen, which is directly
bound to the boron atom and the oxygen’s lone phactrons push the electron density
towards the electron-deficient boron center. Tleetebn-donating effect of the alkyl chain is

negligible compared to the donation of the oxygerelpairs. This electron-donation effect is
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also reflected in the stability of such compourtels. example, trialkylboranes spontaneously
combust upon exposure to air, while the correspundioronates can be handled in air
without any special precautions. The boronatesagmbr was published by Mikhailov et al. in
1955, where he uses diphenyl(isobutyl)boronate starting materidf® This method seems
to be generally applicable because he was ableeftape a wide range of chloroboranes using
reasonable conditions and starting from commeiciallailable compounds. Therefore, we
decided to test the synthesis by reproducing teeipusly published results from Mikhailov.

1) PhMgBr (2 equiv.)
iBUOH iBuO< . -78°C then reflux Ph

H3BO3 Ne ,B—0iBu > “B-0OiBu
- H0 iBuO 2) HCl in Et,0 Ph
63 64
PCls (1 equiv. .
Ph:B—OiBu Pl @ equv) Ph‘|3—c| + POCl; * iBuCl

Ph CH.ClIy, 1t. PH’
62

Scheme 20: Synthesis of diphenylchloroborane starting from boric acid.

The synthesis of diphenylisobutyl boron&te(Scheme 20starts from tris(isobutyl)boronate
63, which can be readily obtained by simple estatfan of boric acid with the
corresponding alcohol, in this case isobutanol, rbfluxing both neat reagents while
continuously removing the water generated by use Déan-Stark distillation apparatus. The
choice of isobutylalcohol for the esterificationsMaased on the same reasoning as the choice
of boronates as reactants for the next modificatioat being the higher stability of the final
boronate, which is determined by the length ofalkexy substituents. The obtained boronate
64 was purified by fractional distillation after thenhydrous workup and treated with
phosphorus pentachloride in the next step. Thisti@ais very fast, slightly exothermic, and
complete after several minutes; the product canisb&ated either by distillation or by
crystallization from the dry hydrocarbon solvent.

The first part of the synthesis is analogous toviie# established synthesis of boronic acids,
which are widely used in reactions such as the Buezoupling. The organolithium or
Grignard reagent first attacks the electrophilicdnocenter of the trialkylborate to form the
ate complex65 which is then quenched by a mineral acid. When #tep is done under

anhydrous conditions, quenching is done eitherdsegus HCI or by ethereal solution of HCI
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and the product is arylboronadé. When an aqueous workup is used, the productrodaas

the boronic aci®7 (Scheme 21

. O-i-Bu -+
PhLi i ] Li HCI (g) - 4
B(OiBu); ~———= |Ph=B-0-i-Bu —_— [Ph—B(O-i-Bu)3} H
O-iBu

63

65 A J - i-BUOH
B(O-iBu)s H,0 )
63 Ph-BO-i-Bu), | hydroysie. " BOH)
. boronic

boronate 66 acid 67

T iBUOH

azeotropic distillation

Scheme 21: Mechanism of the addition of the organolithium reagent to the boronates.

The cleavage of the phenyl-boron bond can alsopae during the workup while releasing
the starting trialkyl boronat63. This undesired reaction was never significanthie tested
reactions and the products could be easily seghbgtéractional distillation.

The more convenient aqueous workup could be usededsand the obtained boronic acids
could be subsequently converted back to the borestiers by azeotropic distillation with the
corresponding alcohol.

A wide range of substrates can be prepared by lbi®nate approach, and this was
extensively studied by Mikhailov et al. Most of ttransformations utilizing this method are
for aromatic substrates, but there are a few exesnpith aliphatic substrates. The reaction
sequence which was used by Mikhailov to demonstheteversatility of the method is shown
in Scheme 259

. i PCls Ph, ArMgx  Ph,
B(O-iBu)3 — PhB(OIBu), —> ,B-0iBu —— B—O0iBu
Cl Ar
63 66 68 69
PClg
ph | Y
: AL Ph ArMgx  Ph,
Ar—B-Ar" B-Ar ,B~=Cl

Ar Ar AT
72 1 "

Scheme 22: Stepwise substitution on boron using boronates and aromatic nucIeophiIes.[SQ]

48



The reaction sequence starts from tri(isobutyl)bhate63, where in the first step the ester of
phenylboronic acid66 is formed. By treatment of the product with 1 eglent of the
phosphorus pentachloride, one of the alkoxy groigoseplaced by chloride to form
chloroborane 68, which readily reacts with the next aryl-metal geat to produce
diarylborinic acid este9. The next step, already described in the prevéaaesion, was used
to convert diarylboronat®9 into diarylchloroboran&0, which, upon the addition of the next
Grignard reagent, forms triarylsubstituted boratie By using another equivalent of the
arylorganometallic reagent, tetrasubstituted baafiecan be formed with four different
substituent§”!

The last two steps combined into one were also st borabox ligand synthesis, or in the
synthesis of the bis(phosphino)borates, just byguswo equivalents of the nucleophile.
More interesting were the initial steps where thbssitution on the boron atom could be
controlled in a resourceful way by starting frone tleadily available trialkylboronate. This
boronate approach seemed to be a versatiie metlodthe preparation of the
diarylchloroboranes, because it did not use angtitraonditions, or involve the reaction of
gaseous reagents, or make use of any toxic mata¢sefore we decided to test the reaction
protocol and to make sure that it is reproducilvidar current laboratory conditions. For that

purpose we chose the preparationpatiilorophenyl)phenyl(isobutyl)boronat8cheme 23

OH  refiux _ PhMgBr (1 equiv.) OiBu
H3BO3; + T B(O-iBu); - B
ours, THF, -78 °C to t. iBy
-H20 95%
63

76%

>

B/OiBu p-CIPhMgBr (1 equiv.) Q °

< > - B
0iBu  THF,-78°Ctor.

69%  Ci

73
Scheme 23: Preparation of an unsymmetrical diarylboronate.

The synthesis of the non-symmetrically substitutdmsbronate 73 starts from
triisobutylboronate63 and by consecutive addition of two different Gagh reagents

produces the desired product in very good yieldeamdther mild reaction conditions.

49



An important observation in this case was that weakly electron withdrawing chloro-

susbstituent of the Grignard reagent in pla@a-position had a positive electronic effect on
the second substitution. As was shown 3theme 20for the preparation of the

diphenylisobutyl boronate, subsequent heating afterGrignard addition was necessary to
reach good conversion to the diarylboron@de In this case simply warming the reaction
mixture to room temperature led78in good conversion and produced a very clean pitoduc
This is an illustrative example of how electronigef tuning of the boron substituents can
have an strong impact on the reactivity of the ®ebk boron compounds with nucleophiles.
The results from those experiments where the geresetivity of the boron was investigated

were used for planning of further syntheses.

IF AT FIRST YOU DON'T SUCCEED, TRY, TRY AGAIN.
THEN GIVE UP;
THERE'S NO USE BEING A DAMN FOOL ABOUT IT.

--W. C. FIELDS
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4.3 Modification of existing ligands using chloroborans

In the previous chapters the importance of bidenligands such a4 or 77 in asymmetric
catalysis was demonstrated. Recently new ligandwirge tetrasubstituted boron were
developed. In 2003, bis(phosphino)borat&svere invented by Petét8 and boron-bridged
bis(oxazoline) ligandg6 in 2005 by Pfalt#*®

R. R R e R
o?ﬂ/o RO,R
B
g/lN Nlj" Ph Pr jF>Ph g D
4 %, 2 2
R u 75 76

. P
B o
0 o
PP N'J Ph,P N

R
77 R 78 R

Figure 11: Structural motifs of the bidentate ligands.

A very efficient bidentate chiral ligand that wasesessfully applied in many metal-catalyzed
asymmetric transformations is the phosphino-oxaeofi7. From the list of known chiral
ligands inFigure 11it is clear which modification to the current lighscaffold could be done
next. Therefore structur@8, which would be a combination of the phosphinozmliae

ligands77 with a negatively charged boron, as present emlkit$75 and76 was proposed.

F3C CF3
F3C CF3
0]
5 O
th ";, N
M R F3C CF3
F3C CF3

Figure 12: Cationic phosphino-oxazoline ligand with the negatively charged boron as a counterion.

The bidentate P,N-ligands in general are widelyduseour group as ligands for iridium-

catalyzed homogeneous hydrogenations, where theycamplexed with iridium to form
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cationic complexes. The counterion that has proweme the best choice is tetrakis(3,5-
bis(triflouromethyl))borate (BA+;, Figure 12 which allows much higher turnover numbers
than PR or similar anions. An additional advantage of éhésrate anions is that iridium
complexes bearing a chiral ligand can be easil¥fipdrby column chromatography. In view
of the strong anion effect observed, it would kernesting to compare the ligands with similar
backbones in one case as an ionic pair and indtensl case bearing the negatively charged

boron atom within the catalyst molecule to formtzgrionic metal complexes.

S}
thP\,ﬁ ’_/Nﬁ ! thp\@ N
el F
/‘\_ Z (e} < \_/_/7
/F\/©/ F B(C6F5)3

Figure 13: Comparison between zwitterionic structures of the catalyst and the cation-anion pair.

The effect of ion pairing was previously studiecour group by Axel Franzke, who prepared
several zwitterionic complexes and applied thenetiogr with structurally similar compounds
(Figure 13 in iridium-catalyzed hydrogenation reactidfs. However no definitive

conclusion could be reached from those studies.

There were already several investigations doneuingsoup by Clement Mazet, Valentin
Kohler, and Axel Franzk®' to prepare the desired oxazoline and phosphotstituted
tetravalent compounds with the structural motB. Unfortunately, none of them was
successful and so we decided to focus more in dapthis topic.

We planned the synthesis based on the knowledge thhe synthesis of borabox ligandé
and the literature examples for the synthesis s{pbiosphino)borateg5. We chose two
logical routes for the preparation of the borordged phosphino-oxazoline ligands, as

shown inScheme 2@using conditions from the preparation of liga@8sand76.
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Scheme 24: Synthetic strategy for the preparation of the boron-bridged phosphino-oxazoline ligands.

Ph,PCH,Li

The proposed synthetic route Bgheme 2dstarts from the diarylchloroborane and, contrary
to Peter's rout€* only one equivalent of the phosphine is addedtmfthe desired adduct
79. Subsequent addition of one equivalent of the obae lithium salt is supposed to deliver
the desired produdt8. Route B involves an analogous reaction sequeniseio the opposite
order with regard to the reagents added. The §irsp is taken from the borabox ligand
synthesid®® but reacting just with one equivalent of lithiatedazoline to form addu®0 that

should deliver the same produ7@ as route A upon addition of the lithium phosphsad.

4.3.1 Preparation of Li salts from the methyldiphenylphpisine

In both reaction pathways A and Bdheme 24 lithiated methyldiphenylphosphine salt is
considered as a synthon for the phosphorus pdheotlesired product8. Protection of the

phosphine should be considered to avoid undesiedaictions with the boron atom that is
incorporated the ligand structure. However deptairof the final product, which possesses
a tetravalent boron atom, might be problematic.réfoee, it was planned to also investigate a

sequence without protecting groups.
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There are several literature examples showing lwoprépare either protected or unprotected
lithiated methyldiphenylphosphirgl (Scheme 253

MePPh n-BuLi Ph\
e 2 s _ . .
o1 neat, 1t., 3 days Ph/P CHoLi 30% yield
82
n-BuLi, TMEDA Ph,
MePPh, ~ P—CH,Li(TMEDA) 60% yield
pentane, rt., 2 h PH
83
MePPh BH3. THF BH3 n-BuLi ph BHa
e e _ - . N o
2 g9ec PhP=CHs Toecion, _P—CH,Li  quantitative
84 THF, 2 h 85

Scheme 25: Preparation of the lithium salts of methyldiphenylphosphines using different methods.

In the first example neat methyldiphenylphosph@iieis deprotonated by the action of
butyllithium to form82 as a highly hygroscopic white powder. A reactionet of 3 days at
room temperature is required to obtain at leas¥3@onversion’®? The yield can be slightly
improved by usingsec or tert-butyllithium. The second reaction follows the nwthof
Peterson®® and Schoré¥’ to generate Li(TMEDA) salB3 from the unprotected phosphine
81. Significant improvement in the yield (60 %) ark treaction time was observed in this
reaction. This is mainly due to the better progsrtof the pregenerata@BuLi(TMEDA)
reagent, which is more reactive than just sinmpbaityllithium. However, we should be aware
that the presence of the N-coordinating ligand bawe an undesired influence on boron-
containing compounds. The final Li(TMEDA) sa®3, can be used without purification after
dissolving the reaction mixture in THF, but for teetreaction control the product was isolated
by filtration under inert atmosphere and weighed tfte reaction as a solid. In the third
reaction inScheme 25protection with BHTHF was used to obtain the protected phosphine
84. The BH protecting group has the desirable effect of angidundesired interactions
between phosphorus and boron. Furthermore, th&r@bewithdrawing properties of BHare
beneficial during the deprotonation step makingghaons of the methyl group significantly
more acidic than in unprotected phospt8ideTherefore only 2 hours at room temperature are

required to achieve full conversi6H.
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4.3.2 ROUTE A: Addition of the Phosphinemethylenelithiusalts to chloroboranes

The first synthetic strategy that was tested ingdlveaction of the methyl diphenylphosphine
lithium salt82 and two different chloroboranéScheme 26 The reaction conditions were
chosen according to Peter’s procedures for thegpagipn of bis(phosphino)boratéd.

/

rR_ R

R R PPh R B O
B—Cl + PhyPCHLi —— & B— —_— ( \W
Php N

R

R 82 THF or Et,0, R
temperature

62 R = Ph

86 R = Cy

Scheme 26: Reaction of the lithiated phosphine with chloroborane.

The reaction of diphenylchlorobora6g with the phosphin82 was performed in diethylether
at -78 °C, wherein the previously prepared andaisol phosphine sa#2 was dissolved and
then carefully added to the precooled chloroborswiation. This reaction sequence should
avoid formation of the undesired doubly substitupedonate. Proton and phosphorus NMR
analysis of the crude reaction showed it to be mptex mixture. Therefore the phosphine
lithium salt source was changed to lithium(TMEDAJt83. Following exactly same protocol
as for the lithium phosphine s&®, only traces of the starting material were observat
again a very complex phosphorus spectrum was aataisfter the aqueous workup, mainly
starting methyldiphenyl phosphi®d was observed.

Another chloroborane that we decided to test wagctbhexylchloroborane, because it is
commercially available as a hexane solution andalmee the aliphatic chloroborane was
thought to have different reactivity than the artimalerivative 62. Unfortunately, the
reaction mixture was not much cleaner based opliosphorus NMR spectrum of the crude
reaction mixture. MALDI-TOF analysis showed the sa$ an oxidized product consistent

with the corresponding phosphine oxi&lieme 27
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Mass: 392,24

Scheme 27: Reaction of chlorodicyclohexylborane with the phosphine lihium salt.

Since we were not able to purify the (likely unséahproduct, we decided to test the impure
reaction mixture in the next step and if possihlefp the product afterwards. This time, the
reaction sequenceS¢heme 28involved addition of Li(TMEDA) phosphineg83 to the

dicyclohexylchloroborane at -78 °C and after thgstallization workup described above, a
THF solution of this impure mixture was added te pneformed lithium oxazoline salt at low

temperature.

P
Cy,BCl + PhyP—CH,L(TMEDA) — PhoP™ "BCy»

-78 °C to rt,,
86 83 THF
H o Li o .
S tBuLi N 78°Ctort.,
N e SN } THF
-78 °C, THF
Ph Ph
87
Cyr\ /;:i possible complexation v~ B, &
-y /N§ ¢ . Php( Yg
M 2
Ph Ph

Scheme 28: Planned synthesis of the phoshinooxazoline starting from the chloroborane and including

possible complexation.

This time the oxazoline lithium salt in the lasacdon step was in excess and if any of the
desired phosphinoborane adduct was formed it wohale a chance to react with the lithiated
oxazoline. Keeping in mind that the product of teaction could be unstable, the reaction
mixture was directly analyzed by spectroscopic m@shwithout subsequent reaction workup.
Since the starting material was already not cldaNMR spectrum of that reaction mixture
showed a complex mixture of compounds. Therefore rnfiass spectrum of the reaction
mixture was recorded by MALDI-TOF and the signatresponding to the oxidized product
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was detected. By using EI-MS, only a very weak aigrom the non-oxidized product was
observed. Therefore, there was a good chancehbairoduct was formed, but since it was in
a very impure reaction mixture and probably airsgare we decided to isolate it as a metal
complex which should be far more stable. For comgilen, we chose copper (Il) chloride,
which was added to the reaction mixture togetheh wichloromethane. However no traces

of the the desired product or a corresponding flexgmvas observed by mass spectroscopy.

Due to the previously unsuccessful trials usingratgeted phosphine for the preparation of
the desired methylene-bridged boron-phosphorusagdihe BH-protected phosphing4 was

used insteadScheme 29

BH3 n-BuLi ph BH3 Cy,BCl ~
PhoP—CHz ~“omrm it P—CH,li —™ Ph,P™ "BCy,
0°Ctort., / 78°C to 1t |
THE, 2h M g5 . ort., BHj
84 ' THF, overnight

88

Mass: 390,28
EI-MS: 376,32 (deprotected)

Scheme 29: Reaction of the chlorodicyclohexylborane with the BHs-protected phosphine lihium salt.

The use of protected phosphiB#has distinct advantages over the unprotected pinosgEB2
and83. Firstly, there is no possible interaction of thmron intermediates with the nitrogen
atoms of the TMEDA, as ii83, and secondly, the preparation of the protectdduin
phosphined5 could be done in situ and quantitatively, unlikecase 082 (Scheme 25 In
addition the phosphineoxide formation would be préed. The sequence started with the
deprotonation of methylphosphii@d to obtain an orange solution 85 that was then added
to a precooled solution of the chloroborate again in order to keep chloroborane in excess
during the addition. The EI-MS spectrum was recdrdshich showed the mass of the
deprotectegroduct88 (Scheme 20 The BH; group from the phosphine could be lost under
the ionization conditions of the ElI mass spectrpgcds in the case of the non-protected
phosphine, the NMR spectrum was complex and noclasive. Purification by sublimation
led to an impure sample based on the NMR spectrum.

Chromatographic workup delivered only the startimgterial as phosphir@t. Unfortunately,
attempts to purify the product by crystallizatidecafailed because of the high solubility of
the product even in pure hydrocarbon solvents. Eepeatedly precipitating the byproducts
from benzene/pentane solution did not lead to thre gompound8, therefore it was used

without purification in the next reaction with Lixazoline Scheme 30
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B-Cl + PhPCH,Li 5/ L, d N\\?
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Cy 85 78°Ctort, THF Cy PhyP .
. 66 BH,

Scheme 30: Reaction of BHs-protected methyldiphenylphosphine with dicyclohexylchloroborane.

Based on NMR analysis, before any workup, the rmeacmixture contained many
byproducts. MALDI-MS showed the desired masseshef product and also a fragment
lacking BH, but both signals were very weak compared to thercsignals that could not be
assigned to any fragment or byproduct. This time gurification of the product by
complexation, as shown iBcheme 28was not performed because of the very complex
reaction mixture, which would still require a def@ation step to prepare the metal complex.
After this unsuccessful attempt at preparation tdam 88 for the next reaction, a
transmetallation step involving either zinc or pdlum was carried out after the formation of
85 (Scheme 30in order to tune the nucleophilicity of the phbspe 85. When either zinc
chloride or Pd(PPy was used, no produBB was observed and only starting phospl8de

was recovered.
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4.3.3 ROUTE B: Addition of the lithium-oxazolines to chtoboranes

The alternative approach depictedSoheme 24vas based on the related reaction used for
preparation of the borabox ligands, where the spoerding chloroborane (1 equiv.) was
added to the lithiated oxazoline (2 equiv.) at lemperaturé®® In the borabox synthesis, the
addition of the chloroborane to a solution of titleidted oxazoline was also used, which was

always in excess in order to preferentially forra ttoubly substituted product.

R
R, R R B/
o--B<_o0 \ R” 0
- ———————
&T@Y B=Cl e
—N N LiYO R LiYO N
R R’ 2eq. N'\? 1leq. Nl\e R’
borabox ligand R’ R' ﬂ Ph,PCH,LI
R, R
B0
Ca
Ph,P N

R'

Scheme 31: Synthetic strategy for preparation of monosubstituted boranes.

The initial idea was to use lithium-oxazoline ardocoborane in equimolar ratios under the
same conditions as described for the borabox ligaegaration, only the ratios of reagents
was different $cheme 31 After the chromatographic workup of the compleeaction
mixture was only borabox ligand isolated in aboQ®«yield. This result implied that the
addition of the oxazoline salt to the chloroborasevery fast and proceeds even at low
temperatures, where it results in the doubly stuisti product and leaves half of the
chloroborane unreacted.

Therefore the addition was carried out in revemskeig thus always having the chloroborane
in excess to avoid double substitution. One eqaivabf the lithium oxazoline was added via
precooled cannula to a precooled solution of theroborane in THF. Nevertheless, only
borabox ligand was isolated from the reaction mixafter the workup, in about 20 % yield.
Transmetallation with ZnGlwas also tried in order to lower reactivity of theprotonated
oxazoline. Unfortunately, the same results, theluskee formation of the borabox ligand,

were obtained§cheme 32
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1.t-BuLi

/Cy H \ Cy\B/Cy
B~c 1. t-BuLi 0 O~ 0
o) y - t-BuLi 2. Cy,BCl
S = L 5 T
N 2. CyzBCl 1. t-BuLi
$ N
N
Ph Ph
Ph 2. ZnCl, Ph
87 3. Cy,BCl

Scheme 32: Addition of the lithium oxazoline to the chloroborane.

We thought that if the reaction proceeds so mudawor of the borabox ligand even at low
temperatures, that this could be due to the ra@btifast addition of the lithium oxazoline
through the precooled cannula. We did not find arigrmation in the literature about the
stability of the lithium oxazoline salts, because tprevious protocols used the lithium
oxazoline only at low temperatures. Hence, we deti test whether the THF solution of
the deprotonated oxazoline survives handling atnréemperature, to allow for slow addition
to the chloroborane. For this purpose we deprogshtite oxazoline under standard condition
and then warmed the solution to room temperaturger Aquenching with CBOD the
deuterium incorporation was almost quantitativeis @howed that the lithium oxazoline salt
can be handled at room temperature. Unfortunatelyever even slow dropwise addition of
the lithium oxazoline at room temperature led te Horabox ligand, as in all the previous
experiments.

Since it was not clear whether the desired mondsutesi product was being formed during
the previous reactions and is perhaps just unstdi#ephosphin85 was directly added to the
reaction solution after addition of Li-oxazolinentdrtunately this reaction did not lead us to
the desired producS¢theme 33

1. Li-oxazoline,

Cy, 78 °C, THF R R o
B_Cl +/ -
iy S
y 2. Li-CH,PPh,(BHj3) PhP N
BH, Bn
R=Ph,Cy

Scheme 33: Addition of lithium-oxazoline and lithium phosphine to the chloroborane.

60



4.4Boronates approach

Isobutyl esters of boric acid, such&sand66, which were used for preparation of the non-
symmetrically substitutes borateéScheme 23 were also shown to be good building blocks
for the preparation of diarylchloroborateScheme 20 Based on the previous work of
Mikhailov et al.,, where boronates were used in tieas with either aryllitium or
arylmagnesiumhalides to obtain substituted boratesboronatesScheme 22the following

synthesis was propose8gheme 34

O\?/O\)\ + Nlr\o; EtCtDB::csh ©\/L/>~/
66 OJ\ Ph j\89

Scheme 34: Reaction of the phenylboronate with the lihium-oxazoline.

87

In analogy with the synthesis of the borabox ligarnghenylboronaté6 was used instead of
disubstituted chloroborane, and was added to fthixazoline87 at low temperature to
obtain 2-substituted oxazolir89. The monosubstituted boronate was chosen becdbke o
higher reactivity of the electrophilic boron atolwntgpared to the double substituted one. The
addition of the reagents was done in both ordersblsed on the NMR analysis of the crude
reaction mixture none led to the desired compoBAdAs the reaction sequence using
oxazoline87 in the first step failed, addition of the lithidtphosphine82 was also tested as

shown inScheme 35

: Ph
IBuQ , iBuO  P-Ph
/B—OIBU + 78°C. EL,0 _/

iBuO PScHLi z iBUO
90
63 82

Scheme 35: Reaction of triisobutylboronate with diphenylmethylphosphine lithum salt.

For the oxazoline routesSEheme 3dthe workup was limited to a neutral workup beeatse

oxazoline itself is acid labile and undergoes rapgning. However, in the reaction with the
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phosphine82 an acidic workup should be possible. Thereforejesd acidic workup

procedures were examined but none of them resultprbduct90.

To change the reactivity of the system, the syighet boron-phosphorus addu88 was
reconsidered using the boronates approach. Thefuses route was selected even though
doubly substituted boronates, such as diphenylisblhoronate64, are less reactive than
their monosubstituted analogs. As describe8cheme 20the ester of borinic aci@4 could

be prepared by the addition of two equivalentstd¥1§Br to triisobutlyboronaté3, followed
either by quenching with aqueous HCI to obtain dipiborinic acid, or by quenching with
gaseous HCI to deliver the borinic acid ester withioreaking the ester bon@dheme 36
The shorter alkyl chain esters are generally legsesand more reactive.

Ph,B—0i-Bu
2 PhMgBr Ph ©0i-Bu HCI (aq) Ph, MeOH , 64
(-BuO)B  ———— B p, T B-OH ——
78°Ctort. PH azeotropic  pp B_ e
63 THE distillation
ate complex 91 92
products mixture
2 PhMgBr Ph © OMe HCI (g) Ph,
(MeO);B —_— _BL —_— B—OMe
78 °C to rt. Ph™ OMe PH
THF

single product

Scheme 36: Preparation of the diphenylborinates from boric acid esters.

Two different borinates4 and92, were prepared as previously describe&aheme 20In

the first reaction sequence, after quenching ofatkecomplex by aqueous HCI and the usual
extraction workup, diphenylborinic acill was esterified with methyl alcohol. A mixture of
esters64 and 92 was obtained, which is difficult to separate bgctional distillation. A
possible reason why a mixture of these products otgined is that borinai® is a quite
stable ester and even treatment by agqueous HClmmdsad exclusively to borinic acil
(which is unstable and is usually not isolated)o#er explanation could be that after workup
iBUOH is still present in the mixture and then cotapan the next step with methanol as a
second alcohol in the esterification reaction, ¢fae leading to the product mixture. For
preparation of borinat82 an alternative synthesis starting from trimethyéte followed by

workup with anhydrous ethereal hydrochloride aclison was then used.
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Esters92 and64 were both used in the reaction with phosphineuithsalt85 in analogy to
the reaction with trialkylborona®3 shown inScheme 35or the following reactionScheme
37) the less nucleophilic protected phosphB¥%was used and also the reactivity of the

borinate64 is lower then reactivity of the monosubstituteddmate63.

ph\$H3 [BulLi, Ph\$H3 . B/O\)\ 1.-78tort, THF Ph /\I|3H3
/P—Me —_— /P—CHZLI + °B P—Ph
i | |
Ph THF, rt Ph B 2. HCI (Et,0 solution) Bh Ph
[N i 0

no product isolated
L

Scheme 37: Reaction of the borane-protected phosphine with diphenylboronate.

The reaction$cheme 37provided quite a clean reaction mixture basedrbhMR analysis,
which contained starting phosphi@& and additional species which could be a desired
product. An approximate ratio of a 2:3 for these species was obtained reproducibly every
time the reaction was done under the same reactinditions. In the phosphorus decoupled
'H NMR spectrum, the new doublet at 2,4 ppm wassfamed into a singlet. This suggested
that the proton signal must come from the phosphoantaining compound and be placed
close to the phosphine due to the coupling constahich was 16 Hz. In thé'B NMR
spectrum of the crude, unquenched, reaction mixdtnesbroad signal with a shift of 0 ppm
was found, which is the typical region for tetraargl boron compounds. After quenching of
the reaction mixture by ethereal HCI, this sigrtafted to 46 ppm. That change indicates the
transformation of the tetravalent boron species atrivalent one. In the phosphorus NMR
spectrum of the crude reaction mixture two spedaies 1:1 ratio were observed. After
guenching the reaction with HCI, the phosphorus NBighal ratio remained basically the
same, but these signals became more separatedf@resignals corresponds &4 and the
second broader signal with a chemical shift 3 ppgghdr and a more complex splitting
pattern was assigned to the expected pro8actThis observation strongly supported the
presence of a second boron atom in the expectetligi®3, which also shows coupling with
the phosphorus nucleus. However, when separationcddymn chromatography was
attempted, only starting phosphiBé was isolated. This observation could be explaibgd
the instability of the product on the column, whishunlikely due to the fact that it had
already survived the HCI workup. From the quenciestttion mixture &H NMR spectrum
was recorded and, after quick filtration over agpbf silica gel, was recorded again. The
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integral of the potential product doublet with aewtical shift of 2.4 ppm in th&H NMR
spectrum was smaller compared to the starting ghiegiB4, but it was still present. This
proved that the column chromatography has sometimegenpact on the tracked compound,
even though the product does not immediately decsmpfter contact with the silica gel.
Another method to prove the presence of prod@&ivas mass spectroscopy but GC-MS

analysis showed only the signal of phospl8de

Li
BH O
Ph 2 Pho~1_° i — el
P-Me . B” P-Ph 4+ N - YO
PH S [  78°Ctort ( lJ
o B By THF PhP N
o an O
\ o0 Bn
BH, H__ 0O
Ph.
Ph 4
Bn
[N ]

Scheme 38: Previous reaction mixture with lithium oxazoline.

Although attempts at characterization of prod@tvere unsuccessful, we decided to test the
subsequent reaction stecheme 38with the previously described reaction mixturenfr
Scheme 37The reactant ratios were based on the expectagasition of the products from
the previous reaction and were in a 1:1 ratio il oxazoline nucleophile. Therefore the
mixture of two phosphine species, including starfpmosphine84 and expected produéB,
were added to the pregenerated lithium oxazolieata78 °C and after warming up the
reaction to room temperature, an NMR spectrum ef dfude mixture was recorded. The
spectrum showed a 1:1 mixture&fand the H-oxazolin87.

This result was surprising because a more comgagtion mixture would be expected from
the mixture of these three reaction components.

The results obtained during the examination of Hwonate approach developed by
Mikhailov suggested that this method cannot beieggio a wider spectrum of substrates.
However, although this approach cannot be appleddésiredP,N-ligands, it was at least
successfully applied in the synthesis of chlorobhesa which are valuable boron building
blocks.
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4.5 Chloroboronate approach

An alternative synthetic strategy using chlorobates as boron building blocks was
proposed. This strategy is still related to the hdikov method using boronates, because he
also transformed certain boronates into chlorobates (by action of Pglin order to reach

higher reactivity of the boron building blocks &svas shown earlier iScheme 22

Lij\ll/\o>

Ph.
Pt
Route A or CH,Li(TMEDA) oh 4
83 RO p-Ph . Bn
| , \/ | Li-(87) .
RO RO RO_ OR
B—Cl (BYO
‘ |
RO Ph,P N\>
. s RQ o} , S 3
R = iBu, CgH, B—( j ~ Bn
Lix__oO RO N7 ppo _
Y Bn “P—CH,Li(TMEDA)
Route B N Ph

83
Li-(87) BN

Reactivity of the boron compounds:
B-F >B-Cl >B-O > B-C

Scheme 39: Synthetic strategy using chloroboranes as boron building blocks.

The use of the chloroboronates would change thetretéc properties of the boron
intermediates in the planned syntheSisHeme 39compared to the previous approaches.
The reactions are analogous to the previous remcegxamined using the chloroboranes as
synthons, but in contrast to those they have twygger atoms directly bound to the boron
instead of carbon substituents and this is refteicteheir reactivity cheme 39

For preparation of the chloroboronates, more cov¢érmmethods than those of Mikhailov
could be chosen for our purpose, such as the osaadi trichloroborane with the
corresponding alcohol. This method could be apgledhe preparation of somewhat simpler
chloroboronates, although it is more limited in peahan the Mikhailov method. Or an
alternative chloroboronate synthesis could be dtlsatstarts from boric acid est&8, which

is transformed into the chloroboron&® upon treating with trichloroborane in the proper

stochiometric ratiogcheme 40
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—= > 2 OBu-B B OiBu—E
-78°C OBu  -78°C OiBu

95 63

2 iBuOH

Scheme 40: Two different pathways for the preparation of chloroboronates.

Both synthetic approaches were examined and trendamethod using boronaéd seemed
to give a cleaner reaction mixture. In the synthedio5 starting from isobutyl alcohol two
molecules of hydrochloric acid are released dutimg reaction and have to be removed,

which makes the preparation less convenient.

\/ Ph oh
iBuO - P—Ph . N
\ BuO P—Ph
B-Cl + [ L~/ 4 e,
iBuO N’ -78 °C to rt., THF . /
/ \ 83 iBuO
95 not observed
iBuQ Ph,
,B—OiBu + IBuOH + /P—CH3
iBuO Ph
81
63

Scheme 41: Reaction of the diisobutylchloroboronate with the Li(TMEDA) salt of the methyl-
diphenylphosphine.

The chloroboronat®5 was then used in the reaction with the phosphymehsn as was
depicted inScheme 3@singRoute A. For this reaction lithium(TMEDA) saB3 was used
and was added as a THF solution to a solution lafrchorane95 at -78 °C. Unfortunately,
no expected product was observed and three compauerk identified from the unusually
clean crude reaction mixture. The first compound e starting phosphir&l and was the
only phosphorus-containing compound, the other weonpounds were isobutanol and
triisobutyl boronaté3 (Scheme 41 The proton NMR spectrum intensities correspanthe
equimolar amount of the starting chloroboron@beand the phosphin@3. The formation of
these species cannot be explained by any simpldanesm, but one possible explanation
could be that during the reaction a boronate com@dormed and further undergoes some
redistribution reactions between the reaction mutiates, thus transferring some
isobutanolate groups to the other boron atom. Waoatid explain the formation of compound

63 and the presence of the isobutyl alcohol in tleetten mixture as a quenched migrating
group.
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To test this hypothesis a control experiment wasfopmed. The reaction of
phenylmagnesium bromide was chosen because thectegpproduct had already been

prepared via a different reaction sequer@ehéme 23

iBuO .
:B—Cl + QMgBr 1 - IBUO\B
-78 °Cto rt., THF

1BuO iBUO
95 66

Scheme 42: Reaction of the chloroboronate with the Grignard reagent as a control experiment.

The reaction of chloroborona@s with phenylmagnesium bromide also did not leadhi®
desired producB6 and, as in the previous reaction, isobutyl alcoka$ also detected in the
reaction mixture $cheme 42 This observation, which was analogous to thevipues
observation from the reaction of the phospH3ginidicated that the undesired behavior is
not due to the presence of the heteroatoms integaaiith boron, but rather the result of a

redistribution reaction, including the transferabdoholates between different boron species.

4.5.1 Aromatic chloroboronate approach

Based on the previous observations further invastigs to change the chloroboronante
species seemed more promising than examimtogite B (Scheme 39with the same
chloroboronate95. As migration of the ester function of the phosghiwas a problem in
previous reactions, chloroboronates with an estactfon derived from diols were chosen.
Two diols were considered as potential candidgigsmcol and catechol. The preparation of
the pinacolchloroborane was described by Bettinge2008°® The synthesis employs the
same synthetic strategy as was describe8cimeme 40but the reaction is accompanied by
formation of the undesired dimeric pinacolboronatbjch lowers the yield of the desired
pinacolchloroborane to 30%. The synthesis of therohatecholboronat86 from catechol
was described b@errardetal. in 1959, as depicted Bcheme 487
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OH BClg, -78 °C \GI )
—_— @ B—Cl
OH CHyCl, o
Scheme 43: Preparation of catecholchloroborane from catechol and BCls.

As opposed to diisobutylchloroborona®®, which is a low boiling liquid, the catechol
derivative96 is a solid and could be isolated by sublimatiopume form. Also, the electronic
properties of the aromatic and aliphatic chlorohesdiffer as shown icheme 43The
difference is in the ability of the aromatic ring accept the electron density of the oxygen
lone pairs and thus weaken the electron donatifectefowards the boron. Therefore the
boron atom in the related chloroboranes is moreid@widic in case of the aromatic esters
then in the aliphatic ones. Bhprotected methylphosphir@s was chosen as the nucleophile

in the reaction 096 (Scheme 44

H3B

B=Cl + LICH~R{ > B Ph
(0] Ph -78°Ctort. 0]

THF

96 85 not observed

Scheme 44: Reaction of catecholchloroborane with the Li salt of methyl diphenylphosphine.

The reaction was carried out by add8@jto 85 or in reverse order so that either phosplBibe
or the chloroboronat®6 were in excess, but both protocols basically teduin the same
product mixture. When thEB NMR spectrum of the crude reaction mixture wasorded
there were at least four different species withnaical shifts ranging from 33 to 7 ppm. These
numbers represent both trivalent and tetravalentpounds, which were present in similar

amounts.

After unsuccessful attempts usiRgute A, we decided to investigaioute B by employing
the chemistry of chlorocatecholboron@& The reaction of chloroborona®® with oxazoline
Li-(87) under standard reaction conditions was performedhiain the desired addition
product97. The reaction proceeded very cleanly and onlyroagr product was observed. In
the proton NMR spectrum all signals matched expleckanges in the chemical shifts and all

integrals fitted with structur®7. After purification of the reaction mixture by cohn
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chromatography &B NMR spectrum was recorded wherein there was on/major boron
signal, as expected, but surprisingly the chensbét of that signal was 5 ppm, which is in
the typical region for tetravalent boron compoundse integral in the aromatic region of the
proton NMR spectrum was higher than anticipate®i6rThis could possibly come from the
phenyl groups of the oxazoline, indicating that greduct of double addition dfi-(87)
might have formed, since chloroboron@tewas added to the pre-generated lithium oxazoline
Li-(87) and so the latter species was in excess duringdbese of the addition. The data
obtained from the MALDI-MS showed a signal corresgiog to the double value of the

molecular mass of produ8¥ (Scheme 456

0] 0] [“BuLi (0] (@]
\ _ Il/ \ j e .
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J
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Scheme 45: Reaction of the catecholchloroborane with the 2-lithium oxazoline leading to the

undesired dimeric product.

Based on all analytical data obtained, struc®Bewvas proposed. Since the product was a
crystalline compound it was attempted to grow @aigsin order to confirm the structure by X-
ray analysis. Even though it was not possible tnawe contaminating catechol from the
sample, crystals suitable for X-ray analysis cdaddorepared. Selected bond lengths from the
crystallographic measurement are showmable 7
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Table 7: Selected bond lengths from the X-ray structure of 98-catechol (Figure 14)

Bond B-N® | B-N"! | B-C(oxaz)® B-C(oxaz)" catOH-0B™ catoH-0B"
Length [A] | 1,545 | 1,547 1,626 1,635 3,260 4,002
Bond | catOH-OB™ | catOH-OB™ | catOH-OB™ | catOH-OB"
Length [A] 2,717 2,796 2,005 1,943

@ closer monomeric fragment, ! remote monomeric fragment

Figure 14: Crystal structure of the dimeric oxazoline-catecholboronates cocrystallized with catechol as

an impurity 98-catechol (hydrogen atoms are omitted for clarity).

The resulting crystallographic structure was ineagnent with the proposed product structure
98, but was cocrystallized with one molecule of cht#¢98-catecho) within the crystal cell
(Figure 14) There are clear hydrogen bonding contacts betwaéecholboronate oxygen
atoms and the hydroxy protons of the cocrystalliz=dechol. The other interesting
observation was that the boron-nitrogen interachias the character of a covalent bond with
a length of 1.54, which is even shorter than the boron-carbon bointhe oxazoline part
(Table 7.

After the crystal structure d8-catecholwas refined there were also separation conditions
found for removing the catechol molecule from 8&catecholwhich had persisted even

after column chromatography or crystallization. @oh chromatography which uses either
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neutral alumina as the stationary phase or dichletbane as an eluent even for
chromatography on silica gel can be used for ismlatf pure98.

Using crystallization conditions that were usedtfoe preparation d8-catecholcrystals for
X-ray analysis provided in case of pl@@just thin fiber crystals which were not suitable fo
crystallographic measurement. However, when a teatyre driven crystallization was
performed instead of the solvent diffusion methadlifferent crystalline form was obtained
and these crystals were suitable for the crystaicsire elucidation. The resulting X-ray
structure is depicted ifrigure 15 and several selected crystallographic bond lengths

compound8 are listed in th@able 8

Table 8: Selected bond lengths from the X-ray structure of 98 (Figure 15)

Bond B-N? | B-N® | B-C(oxaz)® B-C(oxaz)"™ catO-B® catO-B"

Length [A] | 1,548 | 1,546 1,627 1,638 1,487(1,472) | 1,480(1,469)

@ closer monomeric fragment, ! remote monomeric fragment

Figure 15: Crystal structure of the dimeric oxazoline-catecholboronates without cocrystallized

catechol 98 (hydrogen atoms are omitted for clarity).

Comparison of the lengths of the boron-nitrogendsom Table 7and Table 8showed that
the distances between those nuclei in both comp@8and98-catecho) are identical. The
additional coordination of the catechol moleculesloot have any influence on the structure
of the compoun®8. The only significant change in the crystal stowetis that one of the

catecholboronate units has a disordered phenyl fingsupress this dynamic behavior, the
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crystallographic data were recorded at 100 K imst#al23 K but the lower temperature did

not show a positive effect on the disorder of thenyl group.

Even though the product of the lithium oxazollig87) addition to chlorocatecholboronate
96 produced undesired dimeric prod instead of97, the reactivity of the dimer was
examined in order to incorporate the phosphine tfancand to obtain target molecu®®
(Scheme 46
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Scheme 46: Reactivity of the dimer 98 with nucleophiles or with various metal salts.

In this reaction two lithium phosphines, Li(TMEDAplt 83 and Bh-protected lithium
phosphine85, were tested§cheme 46 The addition oB3 to dimer98 as well as the addition
of 98 to 83 left the phosphine unchanged based on*tReNMR spectrum, but at the same
time led to oxazoline ring decomposition. When dlelition of the reagent was performed in
the reverse order there was no conversion obseeved, at low temperature or after 16 hours
at room temperature. Even when $8twas added to a boiling solution of the din®&in
THF and refluxed overnight, no reaction was obsgérve

That no reactivity at the boron center was obsemdtose reactions was in agreement with
the strong covalent B-N bond observed in the chydtacture. Another option to recover the
trivalent boron species would be acidic cleavagethef B-N bond. Unfortunately, this
approach could not be applied to substr@® because it contains acid-labile oxazoline
moieties, which would open up under those acididdmns.

Therefore the use of a Lewis acids was considarsttad and Cu(l), Cu(ll), Co(ll), Ni(ll)
and Ir(l) salts were testeds¢heme 46 Solutions of the selected salts were prepared in
various solvents, dime®8 was added, and after 5 hours the MALDI-MS was néed to
prove the eventual existence of metal complexesveier, although all the metal salts

changed color, the desired masg/zf was not observed. Attempts to identify the metal

72



complexes by X-ray analysis also failed. Unfortehanone of the crystals obtained were of
the desired metal complex.

The two crystal structures as well as the complerattudies with several metal salts and the
experiments with the phosphine nucleophiles cledeinonstrate the low reactivity of dimer
98. For better understanding of the reactivity98fthe charge distribution was modeled by
qguantum chemistry simulations. The method usedth investigation was mapping the
electron density on the structure obtained froma)X-analysis, which should offer a good
image of the charge distribution within the molectlihe electrostatic charge distribution was
calculated using the ChelpG metf8dand it is represented as molecular electrostatic
potential (MEP) density surfacEigure 16.

Figure 16: Molecular electrostatic potential (MEP) for the X-ray structure of 98 (two different views)
calculated in Gaussian 09, B3LYP/6-311g(d,p) by the ChelpG method.

The shell surrounding the molecule represents lgwtren density space and the color range
describes the distribution of the electron denaityng the density surface. The red surface
color stands for the highest electron density &eddlue regions are the ones with the lowest
electron density within the molecule. This is afukéool for predicting the reactivity of
organic molecules by locating their nucleophiliciabectrophilic centers. In the case of dimer
98 this analysis should tell whether the boron at¢ithshould have a tendency to react with
nucleophiles, or if the Lewis acidity of the boreenter was entirely suppressed by the
interaction with the oxazoline N atom. The ansvgedisplayed irFigure 16 (left structure),

where it is clearly visible that the more electrsitige part in this case is the oxazoline ring
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rather than the boron atom. The other attributeclviis nicely represented in both views is
that the places with the highest electron density an the oxygen atoms of the
catecholboronate, namely on the side where theybegibups of the oxazoline are not
present. This is in agreement with the observatibthe structure 098-catecholwhere the
hydrogen bonding is pointing towards those atom&irfher important observation is that the
electron density of the catecholboronate phenyl ria clearly delocalized from the
neighboring oxygen atoms along the entire aromatig (Figure 16 right structure) as was
previously described iBcheme 45This observation explains why the aromatic boresmare

more Lewis acidic than their aliphatic analogs.

4.5.2 Phosphine aliphatic boronate approach

In a further investigation of the boronate approatiphatic boronatelO1 derived from
pinacol were used. The synthesis of the boronaaéogri01 was described by Bourissou in
2010 Scheme 47°® Compoundl01 is basically an analog of the previously used bate

building blocks, but its advantage is that it athgdas the phosphine function incorporated.

OH iPrq 3 hours O, ]
+ B—oipr — ™ /B—O|Pr
OH iPro 115 °C, neat o
-iPrOH 100

nBuLl (\))§<
B-o
B OiPr + 73 °Cto 1. @
PPh
2 THF PPh,

101

Scheme 47: Synthesis of the phosphinopinacol boronate adduct for further investigations.

The pinacolboronate precursbdO could be prepared from pinacol and triisopropyldnate

by a condensation reacti§fl. In the next step, the monobrominated triphenylspihine was
first transformed into the lithium salt, which thaoted as a nucleophile in the addition to the
Lewis acidic boronat&00. After workup producflO1was obtained§cheme 47%°

The pinacolboronat#01 was used in the next reaction with lithium oxazelin(87) where

it was added at low temperatufecheme 43
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Scheme 48: Reaction of the lithium oxazoline with the aromatic pinacolboronate.

The crude reaction mixture was analyzed 'bly P and*'B NMR spectroscopy. Mostly
signals of the starting material, unreacted H-okaed37, and also partially decomposed
phosphine 101 were visible. Part of the reaction mixture wasoalgsed for direct
complexation with [Ir(cod)C}] in order to avoid possible decomposition of pradl@2, as
there is no literature data on the stability offsaompounds. The metal complex with iridium
should be more stable than just the ligand it¢étfwever no changes were observed in the
NMR spectra in particular, the oxazoline protonftshivere unchanged, implying that there
was no desired complexation product present.

The reactivity of the boron compounds is driven mhaby two factors, electronegativity of
the substituents and the steric environment obtiven atom. This might be the reason for the
lack of reactivity of compound01 with the nucleophildLi-(87) (Scheme 48 because the
pinacol ester is a very sterically demanding group.

Based on those facts the next investigation wasctid towards the preparation of different
boronates that would be less sterically demandnag tthe pinacol esters, as well as less
electron rich, if possible. From the general sysithef boronic acidsScheme 21it is known
that after nucleophile addition the boronate isried first and then after acidic workup the
corresponding boronic acid is obtained.

This approach was applied to the bororEdé in order to prepare boronic acld3 which
could be further transformed into different estésacol boronaté01 was then treated with
agueous hydrochloric acid, but only starting matewas obtained, even after heating the
mixture with aqueous HCI to 55 °C for 16 houselieme 49
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Scheme 49: Stability of pinacolboronate 101 under acidic conditions.

Since hydrolysis of produdi01 was not possible, another synthesis was considenexh did

not start from pinacol boronaf®1, but from trimethylboronate to produce the diméthier

of 103 which could be easily hydrolyzed to obtain theidl boronic acid03 This species
can be further transformed into the correspondisgere by condensation with alcohols.
Ethylene glycol was chosen as the diol for the emsdtion because it has less steric demand
than pinacol $cheme 507"

_pH (\)/>
Br MeO, _ mBuli B\OH B-g
+ B—OMe
h MeG 78 Ctort. @i refluxtoluene
PPh, THF, ag. workup PPh,  -H,0 PPh,
104

Scheme 50: Preparation of boronic acid 103 followed by ethylene glycol ester formation.

The reaction of glycolboronat&é04 was performed under standard conditions for the
analogous reaction of pinacolborondl in order to obtain the expected addition product
102 (Scheme 51

‘/> tBULi o, O
B- H o B
o) —H— o)
@ + 1}/\) -78 °C to rt. (:[ D
. THF N

104 87 Bn

Scheme 51: Reaction of the gylcolboronate 104 with the oxazoline 87.

Unfortunately also the ethylenegycol derivati@4 showed to be unreactive as well as the

pinacol derivativel01 and did not produce any desired addition prodGet
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4.6 Aminoborane complexes

In the previous chapters the reactions either wetespecific and mixtures of uncharacterized
products were obtained or the reaction producedititesired dimeric produ®8. The B-N
bond in this dimer was found to be very strong #edbreaking of that bond was not possible
(Scheme 46 The analogous dimeric product was also laterendesl in the reaction of

dipehenylchloroborane with lithium oxazolin@oheme 52

o on, O,
. » — BY g
B N— -78 °C to rt. Ph" 'N=( ‘pp
5 . THF L_0
tBu
62 Li-(28)-tBu 105

Scheme 52: Reaction of the dipehnylchlorobornate 61 with the oxazoline producing undesired

dimeric product.

Li-(28)-tBu was added into the precooled solution of chlorobate62 to ensure that the
chloroboronate is in excess during the additiomvoid formation of the undesired borabox
ligand. Based on th&'B NMR spectrum a tetravalent boron species wasirsdda but the
chemical shifts did not match with the known borabgand®® Therefore the mass spectrum
was recorded, which showed the mass of dimerictsire105

Keeping in mind the inert nature 8, no nucleophile addition trials were then perfodme
Instead, we thought of how to avoid the undesineded formation. An option would be to
reversibly block the fourth substitution positiohtbe boron atom, which would prevent the
undesired dimer formation.

As was shown irBcheme 43the Lewis acidity of the aromatic boronates d#fdue to the
increased back donation of the oxygen lone paigpassed to the aliphatic boronates, where
electron delocalization is not possible. This ddfg electronic behavior can be
experimentally demonstrated by complexation of $bkected boronates with pyridine. The
aromatic boronates form pyridine complexes, whetkasaliphatic ones do n6f! Pyridine
usually forms very stable complexes with bordfféswhich is used for example for the
deprotection of Bhtprotected phosphines, where the newly formed Bédwdbis much
stronger than the B-P bond. Therefore, using pyeidio temporarily block the boron

coordination sphere would not be feasible. Therautgon of the boranes with various amines
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was studied by Mikhailov, where amines like diedmyine, piperidine, pyridine, or gaseous
ammonia were testéf"® He found that the ammonia-boron complexes coultrémted by
gaseous hydrochloric acid to recover the trival&atron compounds. This approach
unfortunately cannot be applied to our previouskpared unreactive compoungs or 105
because treatment of those compounds with thevemidtd lead to oxazoline decomposition.
Since the B-N bonding was dependent on the natutkeoamine and also temperature, we
decided to test weakly coordinating triethylaming warious temperatures with

dicyclohexylchloroboran86 in order to obtain reversibly protected boraBeheme 53

Et3N, -78 °C
T AT T AT
& -EN, 23 °C cl” ‘\NEtS

86 106

Scheme 53: Complexation of dicyclohexylchloroborane with triethylamine at low temperature to form

an insoluble complex 106 in hydrocarbon solvent.

Initially triethylamine was added to the clear meled solution of the chloroborai®é in n-
hexane. The white precipitai®6 already began forming during the triethylamine itoll.
This precipitate was completely dissolved upon wagrthe reaction mixture up to room
temperature and a solution without precipitate vegsin obtained. The-hexane was
evaporated from the reaction mixture and there neagiethylamine present based on thie
NMR spectrum.

This weak coordination could be useful, for examfibe the purification of selected trivalent
boron compounds, because the reversible complexaao be driven just by temperature.
Another application of the ammonium complexes & they could be used even in reactions
with nucleophiled’

We were particularly interested in the reactiorawfino-borane complexes with nucleophiles
and therefore the same complexation aSeheme 53vas investigated, but in the intended
reaction solvent, which was tetrahydrofuran. Themction was performed in deutero-
tetrahydrofuran to allow the changes of the amiomplexation in the variable temperature
'H and''B NMR studies to be tracked. For this purpose attidition of equimolar amounts of
triethylamine to chloroboran®6 was done at room temperature and subsequentlycd Y&

and*'B NMR spectra were recorded at lower temperatufiegite 17 and 138
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Figure 17: Variable temperature 'H NMR experiment displaying complexation of the chloroboronate
86 with triethylamine in THF.

The NMR spectra of chloroborargs were first recorded only in THRsdo see possible
changes after triethylamine addition, such as wdreth would already coordinate to the
borane at room temperature. But this change didogotr, as is visible from the first 2
stacked spectra where neither thienor*'B NMR spectra has changed. The major change in
the 1’B NMR spectrum from 76 ppm to 28 ppm was observéeémthe NMR solvent was
changed from CDGlto THFdg, but no further change after triethylamine additet room
temperature was observegigure 1§. After cooling the sample down to 200 K changes i
the'H NMR were already visible, where the CH signattw cyclohexyl group at 0.75 ppm
moved slightly upfield as well as the signal at3lppm. The positions of the triethylamine
signals were practically unchanged, but the quatahe CH group got broader and lost
multiplicity, while the triplet of the methyl grougmained. In thé'B NMR the boron signal
became broader and moved several ppm upfield. é&udboling to 200 K further enhanced
that effect Figure 189.
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Figure 18: Variable temperature “B NMR experiment displaying complexation of the chloroboronate
86 with triethylamine in THF.

This behavior could be interpreted as an interaatibthe chloroboran86 with the nitrogen
atom of the amine, which is dynamic and the ammeampeting with the surrounding
molecules of tetrahydrofuran. The broadening ofGh& proton signals of the triethylamine
would support this theory, because the ,Gioup would be the one most affected by
complexation and therefore broadened by dynamicga® and at the same time also by
possible remote coupling with the boron atom. Tteabening of the boron signals in tH8
NMR probably results from a complex equilibrium, evl at the lower temperature the more
stable ammonium complex is favored, but the comagah effect of the solvent still allows
competition between the amine and THF.

The initial idea of using weakly coordinated amimssa temporary protecting group was to
avoid the undesired reactions that were observetHR (Schemes 32, 46, and)5Zrom
these complexation experiments we concluded thaptexation of the boranes with amines

could be possibly used in general for purificatiohthe trivalent boron compounds by
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crystallizing them from hydrocarbon solvents at lmnperatures. But using them to avoid
the undesired reactions with other nucleophilesloat temperatures was considered
unreasonable because of the similar complexationitied of triethylamine and

tetrahydrofuranKigure 189.

4.7 Difluoroborates as electrophiles in the nucleophidi substitution reaction

As it was not possible to block the fourth substiuposition at the boron atom by weakly
coordinating nitrogen bases, another strategy wapogsed, which would keep the boron

atom tetravalent during the entire reaction seqaiédcheme 54

Ph
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Scheme 54: Synthetic strategy utilizing difluoroborates in reaction with oxazolines and phosphines.

Diaryldifluoroboratesl07 served as starting materials in the reactions witbleophiles in
order to control the stepwise substitution withth& danger of either multiple substitution or
undesired boron-heteroatom interactions. The didhybroborates are not widely used
reagent$’™ they were almost exclusively used in the Suzukyadia coupling reaction for
transferring aryl groups to substrates via palladiatalyzed reactiod&! The more widely
used analogs in Suzuki-Miyaura reactions are potassifluoroaryl-boranes.

Herein we present the first use of diaryldiflourcdotes as electrophiles in a nucleophilic

substitution reaction.

4.7.1 Preparation of difluoroborates

Several diaryldiflouroboranes were easily prepdreth the corresponding borinic acids by
reaction with potassium hydrogen difluoride. Only faw examples of potassium
diaryldifluoroborates have been reported bef@eheéme 58'® The resulting compounds

107 are moisture and air stable, unlike most of theobocompounds, and their final
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purification could generally be done by crystalliaa from a methanol/diethylether mixture.
Preparation of the diarylborinic acids as precwsstarts from trialkylboronates and was
previously described i8cheme 36

+

K
1) 2eq PhMgBr Ph\B,Ph 3eq KHF, Ph - Ph
(i-BuO)3B _— on —— ¢
2) 1M HCl MeOH
63 01 Ph-107

Scheme 55: Preparation of potassium diphenyldifluoroborate from diphenylborinic acid.

To have a robust synthesis of borinic acids anul thi#uoroboratesl07, their preparation and
purification were investigated. Diphenlylborinicihc1 was chosen as a model starting
substrate. This borinic acid is not stable and ytrblyzes over time to give mainly
phenylboronic acid, therefore it has to be eith@duimmediately after preparation or it can
be converted back to the isobuthylester, which lanpurified by fractional distillation.
Column chromatography &fl is possible, but owing to its instability underdac conditions,

it is not the method of choice. A better method farrification is formation of the
ethanolamine ester of the corresponding borinid.&8uch esters are air and moisture stable
and they can be easily purified by crystallizatidhe high stability of these esters is due to
coordination of the amino group of ethanolaminaulteésy in the tetravalent compourid9
(Scheme 56

H,N  OH
/
i - H,0
Ph_ Ph HoN OH
. N Ph_ Ph iBUOH Ph,
Q NHy ————— B’ _ B-0iBu
|
- H0 OH - H0 Ph
109 o1 64
ﬂ HCI (aq.) HCl (aq.) ﬂ
crystallization distillation

Scheme 56: Preparation of stable derivatives of the diphenylborinic acid suitable for purification.
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The previously prepared isobutylborat can also be directly converted into the
ethanolamine ester. The driving force for the testerification reaction is the formation of
the more stable tetravalent boron spet@®(Scheme 56

As described irscheme 5Xdiphenylborinic acid1 can be converted in®h-107by using an
excess of KHE The starting borinic aciéll can be also released from the ethanolamine ester
109 by treatment with agqueous hydrochloric acid fokalby extractiongcheme 56

Both esters64 and 109 can be used for direct transformation Rb-107 using the same
conditions as for the reaction from borinic aéij but in case of ethanolamine esté8, the
reaction is significantly slower. Therefore, ithstter to first transform the ethanolamine ester
to 91 because the reaction with the borinic acid proseedch faster and is complete in about
15 min Scheme 57

Ph\B,Ph Ph_ Ph o
0" “NH, 1) HCl(aq) B KHF, Ph\@,Ph_| K
J o OH —2 B
tract
109 ) extraction 91 MeOH .
Ph, KHF, T
/B—OiBu
PH MeOH
64

Scheme 57: Preparation of the potassium diphenyldiflouroborane Ph-107 form the ethanolamine ester
109 and isobutylboronate 64.

While ethanolamine est&09is less reactive than the borinic aéitlin the reaction with the
nucleophilic fluorine of KHE, the isobutyl ester reacts even faster than @tidccompanied
by an observable evolution of heat. The reasontiiese different reactivities is obvious.
Amino function of the ethanolamine ester has tst filissociate from the boron center and, as
was described earlier, the B-N bonds are very gtrdrerefore, this transformation requires
more time than the reaction of trivalent precurgssand91. This reaction is nevertheless
possible, probably owing to the driving force oé thewly formed, and also very strong, B-F
bond.
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4.7.2 Reaction of difluoroborates with lithium-oxazolines

The previously prepared difluoroboraih-107 was used for the reaction with lithium-
oxazoline to obtain the substitution proddd@8 Oxazoline87 was selected as the first
nucleophile in the reaction sequen&elfeme S4because it was considered to be a weaker
nucleophile than the lithiated methylphosph8teand therefore the addition should be done
in the first substitution step. The reaction usifg-107 as a reactant was done at low
temperature in order to decrease the reactivityi-8f7, which could possibly form the double
substitution product (borabox ligand) because iplissent in excess during the addition
(Scheme 58

k® o t-BuLi Ph.@,Ph
Ph@,Ph . WJ EE— —BL_q
=B N 78°Ctort. lJ
F : THF, 16 hours N
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Scheme 58: Reaction of difluoroborate Ph-107 with lithium-oxazoline Li-87.

The reaction mixture was warmed to room tempera#tfirer addition and after approx 30
minutes the reaction was discolored. After anothdrours a sample was taken from the
reaction mixture and an NMR analysis was done irfCGDecause the product was expected
to be soluble in chloroform. However, starting mialevas almost exclusively observed. The
reaction mixture was allowed to react additionaiyernight at room temperature and then
was analyzed again. There was a signal intReNMR spectrum with a very low chemical
shift at around -192 ppm, which did not correspamstarting material. ThEB NMR mainly
showed the presence of tetravalent boron, whicldcoot be starting material becaush-
107 was not soluble in the selected NMR solvent. Th&LMI-MS was also recorded to
determine the molecular mass of the product, whietwed the expected mass Rir-108in

the negative mode. The crude product was thenigdrify column chromatography on silica
gel where the product was eluted with methanoliyleacetate. ThéH NMR spectrum after
chromatography looked slightly different than théiRl spectrum of the crude reaction
mixture, especially the signals of the oxazolimgnvere all shifted. Overall the spectrum was

consistent with the protonated formPi-108-H (Scheme 59

84



Ph.@,Ph Ph.O Ph

B silicagel _B
- e} O
F D - F C";Q
N 5% MeOH in EtOAc H,N /
Bn Bn
Ph-108 Ph-108-H

Scheme 59: Protonation of the Ph-108 on the silica gel column.

This behavior is in analogy with the previously gaeed borabox ligands, which can also be
converted from the negatively charged lithium saits the zwitterionic structurd®) The
confirmation of this proposed behavior prompted F¥MB analysis where the mass of the
neutral producPh-108-H was detected as an adduct with the potassiumncatibich came
from the KCI salt intentionally added for the measnent. FAB was selected as a soft
ionization method, as ESI and MALDI had failed &tett the produd®h-108-H mass.

4.7.3 Reaction of oxazolinefluoroborane with the lithiumphosphine

ProductPh-108-H was used in the next step of the planned syntH&ikeme 54 with
lithium phosphine saltsPh-108-H was deprotonated with-butyllithium under the same
conditions as described for the borabox ligdffdsThe deprotonated oxazolifh-108 was

then used in the reaction with phosphine nucleegB and85 (Scheme 60

PhQ Ph LiCH,—PPh,.BH3
B
’ O 85
F D .\ - NO REACTION
N~ or THF, -78 °C to rt.
2 Li(TMEDA)CH,PPh,
Ph
83
Ph-108

Scheme 60: Reaction of Ph-108 with the lithum salt of diphenylmethylphosphine.

However lithium phosphine83 or 85 did not undergo the proposed nucleophilic sulisbitu
with Ph-108 and in both cases only starting material wasvexaa. More forcing conditions,
such as refluxing the reaction mixture in THF for extended time period were also

examined, but no reaction was observed.
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4.7.4 Removing fluorine from diphenyloxazolinefluoroboran

Because of the inert nature of the fluoroborake108it was attempted to cleave the B-F
bond and possibly let the released trivalent baecies react in situ with the nucleophile in
order to avoid possible dimer formatiddicheme 61

Ph
Ph\@/Ph Li—CHaR Ph. @ Ph
Ph Y F YJ r YJ
F, —_— ™  PhP
107 Bn Ph-108 Bn Bn
fluorN /
scavenger Ph/B CHzp
N .
Bn

Scheme 61: Adjusted synthetic strategy using Ph-108 in the reaction with phosphine nucleophiles.

For the cleavage of the fluoride-borane addBhbt108 several reagents were considered
which could possibly form stronger bonds with figer and at the same time not interfere

with the lithium reagents present in the reactioxtane.

The first method selected for the B-F bond cleaviageh-108was the use of the silver salts,
which can remove the fluoride by forming silverdtide, which is basically insoluble in
tetrahydrofurane which is used as a reaction stlvemno silver salts, AgN@and AgPF,
were tested in the reaction with eitheh-108 or Ph-108-H Silver(l) nitrate is not well
soluble in THF, but if the desired silver fluorifemation were to take place then it would
gradually dissolve as the reaction progresses. silier hexafluorophosphate was selected
because of its better solubility in organic solgenh both reactions unidentified mixtures of
products were obtained, which were mostly insolul[EHF. The soluble part did not contain
any oxazoline signals, which suggested that theirsgaPh-108 was transformed into its
silver salt, which was not soluble in THF. Desptlie fact that it was not possible to identify
the reaction intermediates, the reaction mixturetaioing the silver salts was used in the
reaction with lithium(TMEDA) phosphin&3. Instead of the expected substitution product
this reaction produced only starting phosphine #edcorresponding 2H-oxazolin8¢heme
62).
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Ph.o,Ph phopn | A9

0]
B M
. o) . .
F le/J Ag"* F jr} , LI(TMEDAICH,PPh, - N
N z
B2 3 83 THF,-78 °C to rt. Bn
Bn Bn
decomposition
Ph-108 product

Scheme 62: Reaction of Ph-108 with silver salts.

The silver salts oPh-108after the first reaction step still contained thwrine bound to the
tetravalent boron based on the fluorine NMR eveug silver was used in excess. An extra
equivalent of silver salt should guarantee thatethwill still be some free Agfor reaction
with the fluoride. The problem in this case is @bly the low solubility of the silver salts.
When the protonated fornPh-108-H was used, decomposition of the oxazoline was

observed.

As the initial attempts at removing the fluoriderfrPh-108were unsuccessful, we proposed
boron-based fluoride scavengers, such as. BH#F or BR.Et,O. Those boron compounds
should form adducts with the fluoride anion ancetdie the trivalent boron speci€chieme
63).

Ph.o,Ph 5 i
Me,SiCl B0 BF.Et, - o)
oxazoline 3 F T Ph WNT\)
decomposition - Me,SiF 4 - BF,K s
Bn Bn
Ph-108

Scheme 63: Reaction of Ph-108 with BF3.Et,O or with Me;SiCl.

The driving force for the reaction should be forimatof the tetrafluroborate salt, but even
when BR.Et,O was used in excess the characteristic sign&®hef08was still observed in
the fluorine NMR spectrum. When a silicon-baseafflie scavenger was used, either in the
form of M&SiCl or SiCl, only the decomposition of the oxazoline was olesg#ras was also

the case when BHITHF was used.

87



4.7.5 Electronic tuning of the aromatic tetravalent fluaborates

As the reaction oPh-108 with either83 or 85 was not taking place and the removal of
fluoride from Ph-108 was not possible, we decided to tune the elearproperties of the
starting difluoroborates. The phenyl substituentstimse compounds could bear either
electron-withdrawing or electron-donating substitise The substituents were selected based
on theiro Hammett constants in an effort to vary the elegtr@roperties over a wide range.

Thus the following structures were proposg(re 19.

| | CF3 CF3
_N N MeO OMe
T Q0™ 00 D0
£ B~p BN g F-BE FsC B g CF3

Me;N-107 MeO-107 Ph-107 CF3-107

Figure 19: Proposed substituted aromatic difluoroborates for the electronic effect studies.

The synthesis of these nelh-108 analogs was done using the corresponding Grignard
reagents in a reaction with boron&® producing borinic acid esters which were conwkrte
into the difluoroborates by reaction with KEWwithout isolation §cheme 64

. " K®
ArMgBr (2 equiv.) Ary ,Ar  KHF;, (3 equiv.) ArO, Ar
. B /B\F

(i-BuO)3B | ——
-78 °C to rt,, QiBu 2 hours, rt.,
63 THF MeOH
Ar-64 MeO-107: Ar = p-(MeO)CgH4

Ph-107: Ar = Ph
CF3-107: Ar = 3,5-(CF3),CgH3

Scheme 64: Preparation of the potassium difluorodiarylboranes.

The purification of the final difluoroborates igaghtforward and should be applicable to a
wider range of substrates because of their relgtsienilar physical properties. They can be
all crystallized out of the methanolic solution pyecipitation with either diethyl ether or
chloroform. The only compound which was not possitid prepare watMe,;N-107. The
reason for this different behavior could be that dimethylamino groups can interact with the
boron and form some B-N intermediates, which willt llow formation of the desired

difluoroborate, but these intermediates were ntaaled.
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The other two new produckdeO-107 andCF3-107 were successfully prepared and tested in
the reaction with_i-87. The electron-poor difluoroboratéF;-107 was the first tested in the
reaction withLi-87 under the same reaction conditions used for tepgration oPh-108 To

our surprise, only starting difluoroborat&3;-107 and oxazolineé87 were observed and no

other products were detected in the reaction mex@cheme 656

k® o) t-BuLi ARG Ar
Ar @ Ar . WJ —_— £-B_q
£-B< N -78°C to rt. D
F : THF, 16 hours N,
CF5107 87 CFy108 BN

Ar = 3,5-(CF3)2CgH3

Scheme 65: Attempted reaction of CF;-107 with Li-87.

In contrast taCF3-107, the reaction of the electron-rich difluoroborkteO-107 produced the
anticipated productMe-108 This compound had analogous properties to theiqusly
preparedPh-108 and could also be purified by column chromatogyaplihere it was

converted into the protonated forMeO-108 which is a white crystalline soli&¢heme 66

k® o t-BuLi Ar B Ar
Ar@ Ar .\ ||/\) S B0
_B_ N— -78°Ctort. D
FoF 3 THF, 16 hours N
MeO-107 a7 Meo-108 B"

Ar = p-(MeO)CgH,

Scheme 66: Reaction of difluoroborate MeO-107 with Li-87 and subsequent protonation.

Although the protonate#/leO-108 was crystalline, no suitable crystals for X-rayalgsis
could be obtained. FluoroborakeO-108 was also subjected to the reaction with lithium
phosphines33 and 85. The reaction mixture showed a névB signal at -13 ppm and
phosphorus signals at 10 and 15 ppm. Those sigisdppeared after purification attempts
using column chromatography, and mostly startingenl was observed in both cases. The
NMR chemical shifts of the crude reaction mixturgort the existence of the desired
substitution product. Unfortunately successful ficaition conditions were not found. In one
case, when the reaction sequence was started fh@mptotonatedMeO-108 and n-
butyllithium was used to deprotonate the startirggenal prior to the reaction, a compound

with the proposed structure BfeO-108-Buwas observedScheme 67
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ARO, Ar ARG Ar

B . .
4 o n-BuLi (2 equiv.) B o
Tol ) - T
~N N
Ho L
Bn Bn

THF, -78 °C to rt.

MeO-108-H

Ar = p-MeOC H, MeO-108-Bu

Scheme 67: Proposed reaction of n-butyllithium with MeO-108.

This reaction, where the tetravalent boron spesias observed by'B NMR, did not show
starting material in th®F NMR spectrum and in tHél NMR spectrum showed the signals of
then-butyl group. Since the result of this reaction wasreproducible and the initial reaction
was performed only on a small scale, the compolhelO-108-Bu was not fully
characterized. The proposed compoumeO-108-Bu could have also been thebutoxyl
derivative, which may come fromBuOLi traces im-butyllithium. Because the reaction with
n-butyllithium was not reproducible, a reaction wihdium ethoxide was examined to better
examine the reactivity dleO-108-Buin reactions with O-nucleophiles; unfortunatehgere

was no product observed in this reaction.

4.7.6 Computational studies of the electronic propertiesselected fluoroborates

The general reactivities of the tetravalent fluan@bes in the nucleophilic substitution
reactions are not known, as similar reactions hastebeen previously reported. To get a
better understanding of the electronic propertes @activity of fluoroborate®h-108 and
MeO-108, and difluoroborat€F3-107, we carried out quantum chemistry studies.

dissociation
Ar© Ar reaction Ar\B’Ar . F@
F7OF g
reactants products

Ar = Ph, p-MesN(CgHy), p-MeO(CgHy),
3,5+(CF3)2(CgHy)

AGreaCtion = Z AG products - Z AG reactants

Ph BFstd. _ Ph Ar
AAGreaction - AGreaCtion - AGreaCtion

Figure 20: Gibbs free energies for the difluoroborate dissociation reaction, and definition of ANG™™,
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The first task of the theoretical investigation viasalculate the thermochemical data for the
important, and probably rate determining step ef§lil reaction, which is dissociation of the
fluoride from the difluoroborate moleculEigure 20.

From the optimized geometries of the reactantspanducts theAG values were calculated
for all fluoride dissociation reactions, with substnts ranging from electron-donating to
electron-withdrawing. All of th&G”" values obtained were then referenced ta\BE" value

for the Ph-107 reaction to obtain the variabd\G™® (Figure 2Q 2" equation), which should
express the overall difference in the Gibbs freergies between the individual reactions.
TheseAAGS™ values are then presented on the last lirabfe 9

Density functional theory (DFT) calculations werarreed out to obtain the ground state
energies of the selected fluorobordf@sThe corresponding Gibbs free energy corrections

were obtained from a vibrational analysis, whicd ha negative frequencies.

std.

Table 9: Electron charge distributions in difluoroborates, B-F bond lengths, and AAG™ values.
Method p-Me,;NAr,BF, p-MeOAr,BF, Ph,BF, 3,5-(CF3),Ar,BF,

MBS -0,459 -0,457 -0,457 -0,444

NBO -0,577 -0,576 -0,576 -0,564

Merz-Kollman -0,547 -0,524 -0,514 -0,484

ChelpG -0,534 -0,514 -0,509 -0,488

AAG™™ [kcal/mol] 10,1 4,6 0 -27,6

B-F [A] 1,4464 1,4450 1,4447 1,4336

*values calculated using B3LYP/6-311+G(d,p), the charge humbers represent charges on the boron atom

Electron densities on the fluorine atom in ArzBFz(')

040 7

—e— 3,5-(CF3),ArBF,

—s— Ph;BF,

charge

p-MeOAr,BF,

p-Me,NArBF,

060+ - ————— -
MBS NBO Merz-Singh-Kollman ChelpG
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Another electronic property which was calculated duantum chemistry modeling is the
charge distribution within the molecule. In thisygoutational study four different methods for
the charge distribution were examined and appbeti¢ diaryldifluoroborates.

The first method used was Mulliken population asalyusing a minimal basis set (MB$)
This method is based on the coulombic chargeseirtividual atoms and the assumption
that the overlap between orbitals is equally shaaed therefore bond polarization is
neglected.

The second method used was Natural Bond Order siaglyBO}"® based on the localized
orbitals centered on the atoms. Since those twdadstare based on orbital occupancies,
where the charges are localized on the atoms ang@dlarization of the bonds is neglected,
they may not always produce an accurate represamiait the charge distribution, especially
in polarized systems. This was the case in ouresyst where the remote electron
delocalization was not well represented by thes¢hous, because the differences in the
atomic charges that would describe the desiredrel@c trends were too small.

Two methods, Merz-Singh-Kollm&f and Chelp@®® use electrostatic potential projection.
Both methods calculate the distribution of electdmmsities along the atomic radii, which
creates the molecular Van der Waals surface. Tloellated densities describe the electronic
behavior of a molecule very well, because theyasgmt charge distribution as a continuous
function of the electron densities around the atoh®se densities are then fitted onto the
atoms in order to determine the atomic charges.

The data for the charge distribution obtained fralinthese methods are shownTiable 9
they are also displayed on the associated grapbefter comparison of the numerical results.
When we compare the electronic charges obtained both electrostatic potential methods,
the electronic trends correlate very well with theected influence of the electron-donating
or electron-withdrawing groups of the substitutednaatic rings bound to the tetravalent
boron. The calculated charge values also provideitlisa quantitative representation of those
differences. The results from the ESP methods aksdly show thaMeO-107 andPh-107
closely resemble each other in terms of the chargthe fluorine atom. The fluorine charge
in theCF3-107is far more electropositive owing to the electrmithdrawing effect of the two
CFs groups, which makes the B-F bond in this compatmedstrongest among the calculated
compounds. This effect is also supported by theutatied bond length of 1.433G which is

again the shortest.
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The effect of the electron-donating group Me,;N-107 is exactly the opposite. In this case,
the calculated electronic properties cannot be @vatpwith the experimental data since the

para-dimethylamino derivativée,;N-107 could not be prepared.

Me,;N-107 MeO-107

Ph-107 CF3-107

Figure 21: Molecular electrostatic potential (MEP) for selected difluoroborates 107 calculated in
Gaussian 09, at the B3LYP/6-311g(d,p) level of theory by the ChelpG method.

The electronic distribution in difluoroborat#87is not obvious from the molecular structures
because of the electronic effects of the phenylssuwients and the presence of highly
electronegative fluorine in the molecule. Anothargmeter that also influences the electron
density distribution is the overall negative chargk the tetravalent boron, which is
delocalized both on the aromatic ring and betwelea fiuorine atoms. A graphical
representation of the charge distribution in théeeded difluoroborates is shown in the
electrostatic potential maps fiigure 21 The color levels for all molecules are set tosame
range to allow for quantitative comparison betwdem. In the first two structureb)e,;N-
107 and MeO-107, the electrons from the electron-donating grouges delocalized on the
phenyl rings and most of the electron density csited on the electronegative fluorine atoms.
Completely different behavior was observed for @f&-107, where two CE groups on the
phenyl ring compete against two fluorine atomstwnlioron atom and the resulting electron
density is more equally distributed within the nolke.
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The electrostatic charges fitted to the fluorinenatas well as the length of the B-F bonds
should produce a measure for the boron-fluorinedbstrength, which is an important
parameter in the proposegdiSmechanism, where the fluoride has to dissockébevever, the
bond strengths do not necessarily correlate witthlermodynamics of the process. Therefore
the AGieaciion Values for all of the fluorine dissociation reaos have also been calculated
(Figure 20. All of these values had a positive sign, imptyithhat the dissociation reactions
are endothermic, which is expected as the correipgndifluoroborates are much more
stable than the trivalent diarylfluoroborates. ®iwee had the experimental results from the
reaction ofPh-108with theLi-87, the rest of th&Geaciion Values were then referenced to this
value to see the relative differences between var@fluoroboratesifable 9.

From the values aAAG™® obtained, it can be seen that the dissociatioth@fB-F bond in
MeO-107 requires only 4,6 kcal/mol less energy than theagous reaction witPh-107 In
contrast, the dissociation energy required for shorel dissociation i€F3-107 requires 27,6
kcal/mol more energy. This calculated value expldime experimentally observed lack of

reactivity of CF3-107in the reaction with.i-87.

94



4.7.7 An elimination-addition approach with fluoroborates

In the difluoroborate chemistry previously studi@dunimolecular nucleophilic substitution
approach was used with elimination of the fluoriole being the first, rate determining step.
This step could be problematic, as the boron swiestis do not have the right electronic
properties. Therefore, we proposed a syntheticerthdat would eliminate the fluoride first in
order to prepare the diarylfluoroborates in sithjol can then react further with nucleophiles

in the nucleophilic substitution reactiocBdheme 63

@ D Ph.©_Ph
K Me,SiCl Ar__Ar LiCH,—PPh,.BH3 B 0
Ar\(Ba,Af — I? > ( D
F7F - Me;SiF F I PhoP N
Li-87 //Bn

Scheme 68: Synthetic strategy using the difluoroborates in the elimination-addition approach

The reason for this strategy was not only utilatiof the first elimination step by the
irreversible cleavage of the fluorine, but alsotést the reactivity of the fluoroborates in
analogy with the chloroboranes used in previoudiesu Trimethylsilyl chloride was used as
a fluoride scavenger by Schrimpf et al. to elimgnfitiorine from the phenyltrifluoroborate
potassium salt in situ during the preparation dfattoxazaborolidinone™

It would be interesting to see whether fluorobaateuld produce substitution products in
reactions with nucleophiles, as chloroboranes®#6® or if they would instead form addition
products, aPh-108 does. In this context, it would be good to know tictual B-F bond
strengths in the fluoroborates. The properties ipimvide a measure of the bond strengths
in those compounds are the bond lengths and thatidbal frequencies of the B-F bonds,

which were obtained by DFT calculatiorisdure 22.

| | CF3 CF3
° ; ; S
F F F F

v =1247 cm™ v =1242 cm? v =1250 cm? v =1258 cm!
1,367 A 1,362 A 1,356 A 1,346 A

Figure 22: Calculated B-F bond stretching and bond lengths at the B3LYP/6-311+g(d,p) level of
theory for selected fluoroborates.
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The B-F bonds in diarylfluoroborate§igure 22 are generally shorter than bonds in the
corresponding difluoroboratesidble 9. This result suggests that the fluoroborates will
preferentially react with nucleophiles in an aduditireaction, as the fluorine bond will
probably not dissociate to produce the substitutimduct. Therefore, the reaction MEO-
107 was tested first, as it has the best chance tct seigth the second nucleophile in the

substitution reactionrScheme 69

Meo\@\ /©/OM9 Me;SiCl M90\©\ /©/OM9 L. LICHPPhy(BH3) 85 1o qyct mass
_ . " observed
B 78 °C to rt. B 2.Li-78

|

F

°F THF
MeO-107

Scheme 69: Elimination of fluoride from MeO-107 followed by reaction with protected phosphine and
Li-78.

The addition of trimethylsilyl chloride was donelatv temperature and then the reaction was
continued for another hour at room temperatureerAéboling to -78°C35 andLi-78 were
subsequently added, followed by stirring overnightoom temperature. The crude reaction
mixture was then analyzed by NMR, wher&'R signal was observed at -14 ppm and three
signals in theé’P NMR at 15 and 12 ppm. Those chemical shifts'fBrand®'P were also
observed in the previous reactionM&O-108 with 85 (Scheme 67 which was postulated to
give the same product. In the MALDI-MS of the crudaction mixture the mass peak of the
desired product was detected, but it was very weakragment that could come from
fragmentation of the product was also detectedréfbee, the reaction mixture was purified
by column chromatography using silica gel or aluamiout only decomposition products were
observed. Deprotection of the Bidrotected phosphine was attempted in order tdypthe

product by complexation with a metal, such as ir, Zn but these trials were unsuccessful.

\@\ /©/ Me3S|CI MeO. OMe 1. Li(I'MEDA)CHZPPiz product
: : mixture
78 °C to rt. B 2.Li-78
|
F

THF
MeO-107

Scheme 70: Elimination of the fluoride from the MeO-107 followed by reaction with non-protected

phosphine and Li-78.

Since deprotection of the BHbrotected phosphine product was problematic, tarradtive

synthesis using unprotected phosphine was atten{Sttme 70 In this case the reaction
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mixture showed signals at -14 ppm in thB and -22 ppm (starting phosphine -27 ppm) in
the 3P NMR spectra. This crude reaction mixture was thejected to complexation with
ZnCl, in chlorobenzene, but the desired mass was netrads by MALDI-MS.

Another reactive difluoroborate used in reactiothve Li nucleophile in our previous studies

wasPh-107. Hence, we decided to use it in the reaction sepidepicted ischeme 68

1. Li-CH,PPh, 82

Me3S|CI or LiCH3PPh3z(BH43) 82 product
_ 2 Li-78 mixture
“+ -BZ 78 °Ctort. '
K F7OF

THF

Ph-107

Scheme 71: Elimination of fluoride from MeO-107 followed by reaction with protected or unprotected

phosphine 85 and then reaction with Li-78.

When the entire reaction sequence was done aste@picScheme 7keveral species were
observed in thé'B and®'P NMR spectra, including starting materials. Far thaction with
the BHs-protected phosphin®&5 signals were detected that were almost identicathe
previously observed signals usiktgO-107.

Because phosphine deprotection was problematiteiptevious reaction witMeO-107, the
reaction sequence was carried out again, this tisimgy lithium methylenediphenylphosphine
82. Again a tetravalent boron species was detectedBbNMR analysis and a new species
also appeared in tH&P NMR spectrum. Because of these promising ressetgeral metals
were employed to prepare a complex of the expepteduct, which could possibly be
purified by crystallization.

Three different metal sources were selected, [C{., ZnCh, and [Pd(allyl)CIl}. The
complexations were done in refluxing THF and maeitbby NMR spectroscopy. For the
iridium and palladium complexes, all changes in p@sphorus NMR spectrum occurred
within the first 30min of complexation. In the casé zinc chloride, 50% of the starting
material was still observed after 20 hours. MALDEMspectra were recorded of all
complexation mixtures, but desired masse&)(were not observed.

All crystallization attempts were unsuccessful wille exception of an iridium complex.
These crystals were suitable for crystallographeasurement, but the structure could not be
solved due to disorder in the crystal lattice.
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Therefore, purification of the obtained metal coexals by column chromatography was
attempted, as the ligand-metal complexes are ntalgesthan the ligands alone. Only when
[Pd(allyDCI], was used a defined compound could be isolated.ortimfately, after
chromatography all oxazolinBH NMR signals were lost, as well as the tetravalemion
signal. In contrast, the phosphorus signal was amgéd and so other analyses were done in
order to determine the structure of the unknownsphine species. In analyzing tHe NMR
spectrum using a pulse sequence without protonupdiog, a triplet was found, which
suggests the presence of two protons neighboregliosphorus atom. As the signals of one
trimethylsilyl group were still present in the pigd sample, structur&09 was proposed
(Figure 23.

Ph, c1®
Ph—F,

N

—

SiM93

2@ )

109-Pd

Figure 23: Undesired product observed in the reaction sequence shown in Scheme 71.

Based on this observation the spectra of all previgeactions were revisited to find out
whether the precursor of the silylated metal comi@9 was already present in the reaction
mixture before the oxazoline addition. After findinliterature precedents and the
corresponding spectroscopic data for these silylpteosphine€? it was confirmed that the
silylated product was already present after thersg@ceaction step after in situ scavenging of
the fluorine from the difluoroborates and additioh the lithium phosphine83 and 85
(Scheme 71

There could actually be two possible ways for tivadthylsilyl group to be incorporated into
the phosphine backbon8dheme 72

Me,SiCl Ph.__.Ph
Ph.__Ph 3 ]
Path 1: >BZ —_— B +  MegSiF
F F F \
Ph-107 : Ph,
Li—CH,PPh, P siMes
MeJSiCl 82 Ph
Ph.__Ph 3 - /
Path 2: >BZ —_— Ph,B\Ph + MesSiCl 109
F*°F F°°F
unreacted

Scheme 72: Postulated mechanism for the formation of undesired silylated phosphine 109.
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Product109 could be formed is if trimethylsilyl fluoride igik present in the reaction mixture
after the elimination of fluoride frorRh-107 and reacts with lithium phosphi®2 before the
latter can add to diphenylfluoroboran8cheme 72Path 1). Alternatively, trimethylsilyl
chloride, which is still present in the reactionxtare, could react witt82 and deliver the
undesired producScheme 7,2ath 2.

To find out which reaction pathway is actually takiplace, the reaction mixture was
carefully analyzed after elimination of the flua@idThe reaction solvent was carefully
evaporated from the reaction mixture, but not yndss, because diphenylfluroborane has a
boiling point of 42°C / 100 Toff¥! The''B NMR spectrum was then recorded in chloroform
and the trivalent boron species was exclusivelgatet. The insoluble startifth-107 cannot

be seen because it is insoluble in the NMR solvEhis indicates that one of the fluorides
from Ph-107 must have been eliminated. Nd NMR signals from the trimethylsilyl group
were observed, which was expected as the boiling pbtrimethylsilyl fluoride is only 16°C

/ 760 Torr®

Because the starting materRh-107 was not present in the reaction mixture after fires
reaction step, the second proposed pathway camléé out, because it requires unreacted
trimethylsilyl chloride. All of these results suggdhat the preferred reaction pathway was
Path 1 where substrat82 reacts with the low-boiling trimethylsilyl fluored A possible way

to avoid formation of the undesired prodd®9, which most likely comes from the reaction
of trimethylsilyl fluoride with82, was to apply low vacuum to the reaction mixturerder to
evaporate the undesired low-boiling & while preserving the diphenylfluoroborane.
Unfortunately, after applying those conditions e treaction sequence depictedScheme
71, no products were observed and mostly startingnahtvas recovered.

The reaction of potassium phenyltrifluorobordt®0 was also investigateds¢heme 7)3in
order to compare its reactivity with that of diaifluoroboratesl07. The protocol used in this

case was inspired by analogous reaction used émapation of oxazaborolidinon&s.

99



LiCH,PPhs(BHs)
_— a5 T

PRBFK 22 phpr, y STARTING MATERIAL
THF, rt. i_0
110 — D —
N A
Bn
Li-87

Scheme 73: Reaction of potassium phenyltrifuoroborate with Me3SiCl in THF does not produce the

elimination product.

An elimination reaction of fluoride from10 was also used in the preparation of the chiral
oxazaborolidinones, but the reaction solvent in tage was acetonitrile. The reason for using
110 in polar solvents, even in Suzuki coupling reawiois its low solubility, but in our
reactions we were quite limited in the solvent cisd® because of the lithium reagents used.
These reactions were tested anyway, because emeghtlthe solubility ofL10in THF is low,

the anticipated elimination product should be slublowever, only starting material was

observed in both cases us@igandLi-87.
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4.7.8 Potential applications of the fluoroborates

During the experimental and theoretical investmati of fluoroborane chemistry novel

reactions of these compounds were discovered, wivere also supported by quantum
chemistry calculations. Unfortunately, none of #yproaches led to our target molecules,
which bear both a phosphine and a chiral oxazalimieand could serve as a chiral ligands for
metal-catalyzed asymmetric transformations.

Nevertheless, we decided to investigate possilppécabions of difluoroborates as reagents in
nucleophilic substitution reactions and also to lese possible applications of the chiral

productsPh-108andMeO-108

4.7.8.1Application as synthons for zwitterionic metal céemps

Inspired by the facts that boron can form stronly Bonds and that difluoroborates are able
to react in nucleophilic substitution reactions, dexided to investigate these compounds as
easily accessible precursors for the synthesiswitterionic compoundsN,N,NTridentate
pyridinebisimidazoline (pybim) ligands looked to ¢p@od candidates for this investigation, as
they had the desired imidazoline unit incorporat€dese ligands were developed by M.
Beller et al. in 2005 and used for the Ru-catalyasgmmetric epoxidations of olefiffa!
The authors had prepared ligahtil, because they could gain an additional positiontf®
secondary amine) for tuning their properties comgarto the established chiral
pyridinebisoxazoline(pybox) ligands®® They demonstrated this modification in several
examples, substituting the secondary amine poshipmeaction with acid chlorides in the
presence of bases such as NaH or dimethylaminaopgritlVe decided to prepare this ligand
and test it in the reaction with our boron read@m107(Scheme 74
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Scheme 74: Synthetic strategy for the application of Ph-108 as a reagent in the synthesis of

zwitterionic compounds.

The synthesis o111 started from pyridine-2,6-carbodinitrile, which svaonverted into the
corresponding bisimidate in the first step. In tiext step, the bisimidate reacted wikyR-
1,2-dipehenylethylene diamine and formed the fpmaldinebisimidazoline ligand11 This
ligand was then subjected to the reaction With107. We decided to usert-butyllithium as

a sterically hindered base for the deprotonatiothefimidazolines§cheme 756

Ph_- Ph Ph
v N, 2eq. PhyBF,K B N Phg=p
N - N D phaor N N N
Ph;</l N \ wPh - Ph~<// | . Ph
N N N \ N N

Ph ph 2) 2eqtBuli Ph ” Ph
111

Scheme 75: Substitution reaction of potassium diphenyldifluoroborate with the pybim ligand.

THF-dg was used as solvent to allow for tracking of reactprogress by NMR analysis
without any workup. The substitution reaction wasnel at -78 °C, after dissolving 1
equivalent of111 and two equivalents oPh-107 at room temperature, followed by the
addition of 2 equivalents of the base. At that lemperature a white precipitate was formed
and completely dissolved upon warming up to roomperature. The reaction was then
cooled back to -78 °C to see whether it was thelygbor some reaction intermediate that is

insoluble at low temperature. However, when thetiea mixture was cooled down again, no
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precipitation was observed. It may be that Riel107 potassium salt exchanges cations with
thetert-butyllithium present and this product may not brible in THF.

When the crude reaction mixture was analyzed By and *F NMR spectroscopy
immediately after warming up, mostly starting metlewas observed. Therefore, the reaction
was allowed to react for another 4 hours and therNMR analysis was repeated. This time
changes in the boron and phosphorus NMR spectra alezady observable: th#8 signal of
the starting material had moved from 7,9 ppm topghf and thé'F signal from 159,2 ppm
to 171,3 ppm. Those changes in the NMR chemicdtssbiearly support the formation of
112 The'’B NMR showed exclusively one tetravalent specigh widifferent shift than the
starting material, which was no longer visible Ire tspectrum. The full conversion of the
starting material was further supported'# NMR analysis.

As we had obtained a new compound bearing a dmdgative charge, it was necessary to
prepare some zwitterionic complexes to separateligla@d salt112 as a metal complex,
because separation of the dianion would be signiflg more difficult. Therefore 7 was
chosen as a cation to form tde-112 metal complex. Since after complexation additional
coordination sites on the zinc ion would remainefrean additional equivalent of

acetonylacetone (acac) was addedneme 76

Ph__ Ph__

Ph, _ ~ Ph.- on 8 F ] N F-B—Ph

B—F -B—Ph

B F N NN

P:h N ’ | N/ \ N ot ZnCl, acac Ph N/ l\:l \N ~iPh
\\3 N N\g THF, rt. Phs ‘\’Zn2+ Ph

Ph

1 )l\)\

PR N - Ph
.z 2cl
Ph TN Ph
2\N' N
Phm- \ N / Ph
N -
H | H
N
Zn-(111),

Scheme 76: Preparation of the metal complex of 112 by complexation with zinc chloride.
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The resulting reaction mixture was analyzed by MAINIS where one signal of 110R2a
was exclusively observed in the positive mode hiitypical zinc complex isotopic pattern.
By B and'®F NMR analyses traces &h-107 were observed but starting matetidl2 was
not present at all. Based on these results, pratusttureZn-(111), was proposedScheme
76), which is in agreement with all of the analyticdiservations obtained. The observef
ratio for Zn-(111), in the MALDI-MS corresponds to a monocationic ZsHgand complex.
Most likely one of the imidazoline units is depnoéded. Therefore, produdtl2 must have
decomposed during the complexation process with aihoride. The instability o112 could
be due to steric strain induced by the bulky BFgtbups.

Despite this negative result, further investigagiah this approach to synthesize zwitterionic
metal complexes might be worth while.

4.7.8.2Application in the Suzuki-Miyaura reaction

Potassium trifluoroborates are widely used in oogaetallic chemistry because they can
serve as reagents in the Suzuki coupling reaéibSuzuki reaction an important synthetic
transformation which can be applied to a wide rasiggubstrates. In 2010 Prof. Akira Suzuki
was awarded the Nobel Prize in Chemistry for hisitwoutions to the field of the
organometallic chemistry, in which the reactionrireahis name played a significant role.
The difluoroborates discussed in this chapter veése used by Ishino et al. as reactants in
palladium-catalyzed coupling reactidf®.Because of the structural similarity of our sudtgtr
Ph-108to the tri- and difluroborates, where the borammais tetravalent and bears aromatic

substituents, we decided to investigate its redgtin the Suzuki reactiorScheme 77

K+
(PPhg),PdCl, (2 mol %) Ar
Ph.-_Ph " C . 0,
B o +  ArX # - Ar—Ph or \J
F \WJ K,COs, rt. THF N
N—/ Bn
Bn Ar = Ph, 3,5-(CF3)2C6H3
Ph-108 X = Cl, Br

Scheme 77: Possible application of the difluoroborate Ph-108 in the Suzuki coupling reaction

In the proposed reaction, one of the phenyl grozgdd be transferred to either the aryl
halide or the oxazoline moiety. Which of the grogb$h-108will be transferred is difficult
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to predict, as there is no literature data for Eimieactions available. We tested the coupling
reaction under the usual conditions using @pPCL as catalyst, potassium carbonate as the
base, and THF as the reaction solvent at room teanpe with simple aryl halides. However,
no coupling product was observed and only stamiagerial was recovered. We tested two
different substrates, a simple chlorobenzene anse@nd derivative bearing electron-
withdrawing CFE groups in order to vary the electronic propertéshe aryl halide. In both
cases the reaction produced none of the possibjging products (Scheme 77).

Although there was no coupling reaction observeduninvestigation, there is still room for
improvement of the reaction conditions, especidligluding polar solvents, such as

dimethylformamidé®® or alcoholic solvent§® or employing various palladium catalysts.

4.7.8.3Possible application of the oxazoline-fluoroboragesschiral anions

Since we obtained compouné&-108 and MeO-108 which have a tetravalent boron unit
bearing a fluorine atom and also a chiral oxazdtiaekbone, in our previous investigations,
we examined possible applications for these comg®u®ne application would be to use
them as chiral anions for metal complexes to imerdkie selectivity of asymmetric

transformations. An analogous chiral boron aniosedaon BINOL was used by Arndtsen et

al. in a Cu-catalyzed aziridination and cycloprogtion reactionFigure 24.1°%

Ph2_Ph

B0
"ol
HY
R

Ph-108-H

BINOL-boronate

Figure 24: Comparison of structurally similar boron compounds used for asymmetric transformations
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4.8 Aminoboranes as building blocks

In this work reactions of boron compounds with og&n-based reagents were already
described. The first compound of this class wasiaobt when an undesired boron-nitrogen
bond was formed during the synthesis 3 The final dimeric structure, including the

tetravalent boron atom bound to the nitrogen of dkazoline, was very stable and a B-N
bond could not be broken by any of the various washtried. Another example was the
complexation of amines with chloroborane. In thasec the interaction was reversible and
temperature dependent. In general this type ofaotmn of tetravalent boron compounds
with amines can be reversible or irreversible dedpenon the nature of the borane and the
aminel> "

In further investigations we decided to focus oa $iynthesis of trivalent boron compounds
bearing nitrogen substituents. The aminoboranesrdd could be applicable to the synthesis
of tetracoordinated boron compounds substitutedh whiral oxazoline and phosphine to

prepareP,N-ligands, which can be of potential use in asymmetrtalysis Figure 25.

MezN\@,N Mez

B0
VWNTJ

PhyP

115 Bn

Figure 25: Proposed ligand structure based on the aminoborane building block

As described by Peters et dP,P bidentate ligands are obtained by reaction88fwith
chloroboranes®” AnalogousN,N-ligands were also developed by Peters and cowamrR8r
From our previous investigations we knew that thivroboranes are very reactive and it is
not possible to avoid double addition of two nupleites. Therefore, using aminoboranes as
precursors, which are less reactive, might be atisal to this problem.

There are some literature examples describingdhadtion of boron containing phosphines
as shown irscheme 8with the aminoborane motif that could possiblywseaus as a precursor
for our intended transformations. Manners et alscdbed the synthesis of a borane,
methylene-bridged to a Bprotected phosphirf® The synthesis uses chloroborane
complexed with dimethylamin&¢heme 78
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Me,N - LiCl Mezl\i

116

Scheme 78: Synthesis of the aminoboranes bearing phosphine function.

Another synthetic route reported by Garner etd#scribing the preparation of a B-&H
backbone lithium methylenedimethylphosphine anddbisethylamino)chloroboran&16.°?
This product had the scaffold that we wanted useuinattempt to prepare the chiral ligand
115

4.8.1 Preparation of the aminochloroboranes

The preparation of the phosphine aminoborane, testrby Garner et al. starts from
aminochloroboran@16. The method for preparation of this compound deedrby Zeiss et
al. requires neat gaseous reagents, such as babloride and dimethylamin€® Since we
were not planning to use the aminochloroborandarge quantities, we decided to optimize
the synthesis af16for a smaller laboratory scale.

For our preparation df16 we used a commercial solution of boron trichlorilidexanes and
an ethereal solution of dimethylamine freshly predafrom dimethylamine hydrochloride.
The solution of diethylamine was used in excessotopletely convert the boron trichloride
into tris(dimethylamino)boran&l7 (Scheme 79
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Cl—B _— .
\ Me,N™ N7 Y
NMe, dimerization 2 Me’N\MeC|
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Scheme 79: Preparation of bis(dimethylamino)chloroborane from BCl; and Me,NH in solution.

The triaminoborand 17 obtained could be isolated by distillation andrestio When boron
trichloride was added in the proper molar ratiopther ligand exchange reaction between
boron and amine took place and delivefdd This aminochloroborane is a colorless low
boiling liquid that is highly air and moisture séiv& and hydrolyzes very rapidly. The first
samples of this low boiling compound were purifieg fractional distillation and turned
overnight into transparent crystals. Thd4,6 must be prepared fresh frofrl7 for each
reaction using this compound. Analysis of the sangtitained by the transformation 16

into transparent crystals byB NMR showed only one signal in the region expediad
tetravalent boron compounds. This signal was vérs which is not typical for boron
compounds. This sharp signal was very informatbaxause it suggested the presence of a
highly symmetric boron compound. Based on thisrmiation structurel18 was proposed;
this compound is highly symmetrical and the bomotetravalent. Dimeric compourdd8as a
complex with TiC} was previously described by Schram ét4l.

Having identified the undesired product8 we wanted to avoid this dimerization process by
cooling the monomerit¢16in order to avoid the dimerl8 formation. Indeed the liquiti16,
which is completely transformed inid.8 overnight at room temperature, can be kept at 4 °C

for months without any signs of dimerization.
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With those results in hand we could update thel®gis of thel16into a one step synthesis
without the need for the two distillations b7 and116 (Scheme 80

EtzN
BCI + 3 HNMe —_—®
¢ 2 30°C, pentane B(NMe2)s

117

BCI
2 B(NMe,)3 s, 3 Cl-B(NMe,),
EtgN
Summary: BCl3 + 2HNMey; —» CI-B(NMey),

-30°C, pentane
116

Scheme 80: Optimized bis(dimethylamino)chloroborane synthesis.

In this optimized synthesi4,16 can be prepared directly from BCAnd dimethylamine by
mixing those reagents in the desired molar rattas after isolation the product can be stored

at low temperature for further reactions.

4.8.2 Preparation of the phosphine-aminoborane adduct

For the preparation of the desired adduct contginire B-CH-P backbone witHl16 we
combined both the synthesis of Manff8tsand Garne? We then allowed the B
protected phosphin®5 to react with aminochloroboranl6 at low temperature; after

gradually warming up the reaction, the desired pecotil9was obtained§cheme 81

Me,N . BH
e . U7 PRR MeN e~ oy
MeaN BH3 -78°Ctort. | 2
2 THF NMes
116 85 119

Scheme 81: Reaction of bis(dimethylamino)chloroborane with the protected phosphine 85.

Only one boron species was observed infBeNMR of crude reaction mixture after the
reaction was complete. The crude product, afteimopation of the reaction conditions, was
clean and contained only the substitution prodd& As 119 decomposes over time, we tried
to develop a method for purifying samples that wesefreshly prepared. Unfortunately, all
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attempts to purify the sample resulted in furthecaimposition, sa19was prepared fresh for

all subsequent reactions.

4.8.3 Reaction of the phosphine-aminoborane adduct witkeaolines

After the successful preparation of intermedial®, it was then subjected to reaction with
oxazoline87 to prepare the desired target molecld® Therefore, the freshly preparéd6
was added at low temperature to the lithium salbaizolineLi-87, however, after stirring
overnight at room temperature no reaction was olkseand both reactants were detected

completely unchange&theme 82

MezN@NMez
MezN Pris Y
2 \l?/\Pth + \) —H— P D
NMe, Y THF, -78°C 2 /
’B BH3 B
119 Li-87 115 Bn

Scheme 82: Reaction of the aminoborane-phosphine 119 with the oxazoline Li-87.

Since the addition reaction didn’t take place ammaemperature, we decided to increase the
temperature and the mixture was refluxed in THFseveral hours, but only decomposition
products, along with unreacted starting materia@renobserved. 2-methyloxazolid20 was
also used as a nucleophile. This oxazoline wasilyeatitained from the condensation of
acetimidate hydrochloride with the correspondingraralcohol®™ The acidic proton of the
methyl group was easily removed iputyllithium to formLi-120. We added our addugi9

at low temperature and allowed it to react overngghroom temperatur&¢heme 83

BHg
Me,N . i
2%~ >pph,
NMe2 MezN\g’NMez
YO n-BuLi /\/o 119 (
—_—
N\> \) (BH3)PhoP
3 -78°C,THF 7 -0
z , 2 THF, temperature N
tBu %BuU P A
120 Li-120 tBu

Scheme 83: Reaction of the aminoborane-phosphine 119 with the oxazoline Li-120.
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However, no product was observed under these g¢onglitAfter reflux in THF for 48 hours,
NMR spectroscopy showed only addddt9 along with some methylphosphi8d and BH-

deprotected phosphirlel9. The low reactivity of the boron atom 19 can be explained by
conjugation of the nitrogen lone pairs with thedyort* orbital, which strongly reduces the

electrophilicity of the boron center.

4.8.4 Transformation of the aminoborane into the more retive intermediates

As we knew from previous results that esters oftitwnic acids could be used in reactions
with nucleophiles$cheme 23 exchange of the dimethylamino group with alkgxgups was

attempted®® The alcohol of choice for this type of transforfoatwas methanolScheme 84

BH 2 MeOH BH
MeoN, 73 M 3
\ —_—— eO. !
87 PPh, |§/\F>F>h2

Me,N THF or benzene
119

Scheme 84: Reaction of the dimethylaminoborane 119 with the methanol

The reason for this choice was that the methylesi€boronic acids are known to be more
reactive than other alky esters. When aminobofdrsevas treated with methanol in THF, a
mixture of products including methylphosphiBé¢was formed. This means that methanolysis
of aminoborand 19 does not exclusively remove the dimethylamino geylut also cleaves
the boron carbon bond. The result obtained wastipadly the same when the reaction was
performed in benzene instead. A mixture of decontiposproducts was also observed when
other alcohols, such &so-butanol, pinacol, or catechol, were used.

Although, the transformation of aminoboranes towbates by reaction with alcohols seems to
be a generally applicable reaction, it is probaldyy substrate dependent. A similar problem
also experienced by the authors of the previousntianed work using (M&\).BCH,PMe,
(Scheme 85°2
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decomposition
products

Scheme 85: Indirect conversion of aminoboranes into boronates.®

When they carried out the methanolysis directiyhwieN),BCH,PMe, they observed only
mixtures of undesired products. However, transfoionato the dimethylboronate was
possible when the phosphine was coordinated total rf&cheme 85 In our investigations
we had thought that the electron-withdrawing phasplBH; protecting group would have a
similar beneficial effect as the metal. Attemptsus®e chloroboranes prepared frdf9 as

electrophiles also failedscheme 86

1eq. BC|3 MezN\ /\BIH3
temperature
MeoN, . BHs P
B PPh, ]
Me,N BCl; (in excess)
119 or HCI Cly /\I?Hs
———————

B PPh + CIB(NM
solvent CI/ 2 (NMez),
temperature \

Ph, BH3
2eq PhMgBr /B/\PPhZ
Ph

Scheme 86: Postulated reactivity of the aminoborane 119 with the boron trichloride.

4.8.5 Aromatic aminoborane approach

In the previous example of a methanolysis reactiwin (Me;N),BCH,PMe, from

Braunschweig et al., the conversion of the aminaberto the alkoxy derivative was only
possible under certain conditions when the phogphias coordinated to a transition metal
(Scheme 85 In another example, also from Braunschweig, aiswpossible to obtain both

alkoxy and chloro derivatives. These conditiongedifn the reagents used for the particular

transformation $cheme §7°¢
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Scheme 87: Transformation of a bis(dimethylamino)boryl group by Braunschweig et al. [S6e]

The success with these transformations was likelye do the higher stability of
triarylphosphines compoundes to trialkyl phosplitie.Therefore, we decided to test
aminoboran€el20 by converting it to the boron dichloride derivati¥20-Cl with BCl; and
then perform the intended transformation, includimgoduction of the phenyl substituents to
the boron.

The transformation ofl20-Cl into the corresponding diphenylderivative with aig@ard
reagent was possible, but the reaction mixtureainetl many byproducts. However, tHB
and *'P NMR spectra taken after the reaction still showedoupling between boron and
phosphorus, which means that B-P bond is still gesThis would be a problem for our
proposed introduction of another chiral substituebecause the boron is already
tetracoordinated and the B-P bond is usually strong

The other derivatives prepared by Braunschweigl.etware also considered for further
transformations, but their rather difficult prep#ésa led us to abandon this approach in our

investigations.

4.8.6 Reactions of the dimetylaminoboryldichloride

The aminoboranes in our previous investigationsaglaothat the bis(dimethylamino)boryl
group is stable to the action of nucleophiles aricbduction of the fourth substituent into this
system is not possible. Hence we wanted to attathame dimethylamino group to the boron
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atom which would not require its removal and whigbuld form stable trivalent boron

compound124 structurally related to th€,-symmetrical oxazoline box ligands. There are
examples in the literature which describe a tetemtaboron atom with three oxazoline
substituentd 23 (Figure 26.1°"

Rﬁ@@ Me\E,Me
ST oay,

BN Bn
123 124

Figure 26: Structures of the tridentate oxazoline ligand 123 and the proposed structure 124.

Preparation of the aminoborari23 was proposed in analogy to the reaction used for
preparation of diphenyldimethylaminoborah22 The first step in its synthesis is the ligand
redistribution driven by the ratio of the mixturd 8Cl; and HNMe. The resulting
dimethylaminoboryldichloride121 is then converted intol22 by reaction with two

equivalents of phenylmagnesium bromigelfeme 88°.

Et3N
-30°C, pentane

BCl3; + HNMe, Cl,BNMe,

121

Cl,BNMe, + 2PhMgBr ———=
2 2 g 0°C, benzene Ph2BNMe;
122

Scheme 88: Preparation of aminodiarylboranes from corresponding chloroderivative 121.

Aminoboranel22 can serve also as a precursor for the diphenylohtzan€® in a reaction
with BCl; or for diphenylfluoroboraté® treating it with BR.ELO. This route avoids the
uncontrolled substitution of the organometallicgesat to the trihaloboranes by decreasing the
reactivity of the boron center by electron-donattignethylamino groups. This might be
useful synthetic route for preparation of fluorcdtess since direct synthesis from 3Bis
possible just for dimesitylboronfluorid&”

Ligands123were prepared from three equivalents of the Ilithaxazoline and one equivalent
of PhBC), with all there substituents introduced in onectiea step®” In our proposed
structurel24 the fourth substitution step could not take plaeeause of the electronic effect

of the dimethylamino grougiBgtheme 89
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Scheme 89: Reaction of the dimetylaminoboryldichloride with the lihium oxazoline

Compoundl21 was added tdi-87 at low temperature and then stirred for severalrh@t
room temperature, following the conditions for gheeparation ofl22 The crude reaction
mixture contained tetravalent boron species with'BrNMR chemical shift of 2,2 ppm. This
species could not be separated and the possihtdse could not be assigned in the mixture.
Because of this formation of an unexpected tetemtaspecies, we decided to change the
reaction conditions. The reaction d21 with the phenyl Grignard reagent proceeded very
cleanly and produced?22 in good yield. Therefore we thought that changin@7 to the
corresponding Grignard reagent via transmetallatath MgBr, might be beneficial.
Unfortunately, the reaction involving the transntlataon step did not lead to the desired

product either.

4.9 Attempts to prepare B-O-P scaffolds

In the attempts to modify the boron-phosphorusdmg block, the formation of a B-O-P
backbone was also considered. The first step waakblve the deprotonation of
diphenylborinic acid, which would then react in theext step with the
diphenylchlorophosphine to form the desired B-Oaelbone. This adduct can possibly react

with the lithium oxazoline to form the target malée (Scheme 90

. Ph._Ph
Ph, base Ph _ Ph,PCI Ph PPh, Li-ox o B\O
B-OH =—= B0 =— B0 — O
P 91 PH PH N  PPh,

R

Scheme 90: Synthetic strategy using the borinic acids as building blocks for B-O-P bond formation
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For the deprotonation of borinic acdd, KH was the first base examined after treatmett wi
the diphenylchlorophosphine, the reaction mixtuesanalyzed by*P NMR spectroscopy.
The spectrum showed two doublets with shifts ofpp& and -25,5 ppm and a very large
coupling constant of 228 Hz. This pattern was alsiained when other bases, such aS®

in THF or triethylamine were used. Therese sigraaks consistent with the diphosphine
speciesl25a This product was reported to be formed in théhenreaction of MgSiONa with
diphenylphosphine chlorid&* In analogy with this reaction, we propose the diaihg

mechanism for the formation @25ain our boron-based reactioB¢heme 91

Ph_ base Ph  _ PhyPCI Ph.  pph,
/B—OH EE— /B -0 > /B—O
Ph Ph - NaCl Ph
91
Ph,PCI
Ph, ,Ph rearrangement Ph\ ,PPhy
/F:_P\ -+ /P—O + thBC'
Ph"5  Ph Ph
125a

Scheme 91: Proposed mechanism for the reaction of the borinic acid 91 with the diphenyl-

chlorophosphine in the presence of the base.

This mechanism involves a B-O-P intermediate tmateugoes an exchange reaction with the
borinate in the presence of chlorophosphine, whmermeuthe product of this reaction
rearranges into the final diphosphih2sa

To avoid the formation of BR-O-PPh in the third step, the chlorophosphine shouldl®oin
excess and therefore should be added to the deptetb diphenylborinic acid. For the
deprotonation of the borinic acid we instead usdmityllithium at low temperature. In this
case there was no desired B-O-P adduct obseniest edinlyn-butyldiphenylphosphin&25b
was detected. We decided to tsd-butyllithium as a sterically hindered base for éuther
investigations. In the reaction &L with diphenylchlorophosphine diphosphid25c was
formed in contrast to the reaction with NaH, whleld to 125a which had one phosphorus

atom oxidized $cheme 92
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Scheme 92: Teaction of the borinic acid 91 with the various bases.

Another possibility for the formation of the desirbackbone could be the use of phosphine
oxides, which after deprotonation can actGsucleophiles. But the conclusion from our

observations is that even when the desired B-Otérnrediate is possibly formed, it either

undergoes undesired rearrangements or other uadgsioducts are being formed during the
reaction.
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Chapter 5

NeoPHOX ligands in asymmetric catalysis






5. NeoPHOX ligands in asymmetric catalysis

5.1 Asymmetric hydrogenation — Introduction

Asymmetric hydrogenation became an important pdrithe field of enantioselective
transformations in the early 1978%! The popularity of the method arose with the first
industrial application of asymmetric hydrogenationp Monsanto for the preparation obf
DOPA, which is a chemical substance widely useth&dicinal applications as a prodrug of
the neurotransmitters dopamine, noradrenalineadnehaline. This precursor is used because
dopamine itself cannot pass the hematoencephalieband therefore it is delivered as
DOPA, which then undergoes certain biological tfamsations that deliver the desired
dopamine moleculé®® The effects of increased dopamine levels can Ieel is various
applications, for example, for treatment of thekiteon’s disease.

The process developed by Monsanto was initiallpinesl by the Wilkinson rhodium catalyst,
which was the first of its kind that could effe@ly catalyze the hydrogenation of olefins in a
homogenous proce88¥ Then new monodentate chiral phosphine ligands whiplaced
triphenylphosphine in the Wilkinson catalyst wereveloped by Knowles in Monsanto.
Bidentate ligands, which were much more effecthanttheir monodentate analogs, were also
developed. By using the DIPAMP ligand in the asyrrimehydrogenation reaction, the
process was improved to 95 &6 and was immediately turned into a commercial itriis
process with high efficiencys¢cheme 93

This catalytic synthetic approach opened a new famethe discovery of new chiral ligands
for asymmetric transformations. Until that timerigas methods for the separation of racemic
mixtures, mainly based on the co-crystallizatioren&ntiomers with some chiral agent, were
used to obtain enantiopure compounds. These methveds far less effective than the
catalytic process, because a theoretical maximum0&6 yield can be obtained during the
separation of the enantiomers from the racemic urextwhich makes the whole process

uneconomical.
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Scheme 93: Industrial process by Monsanto using a chiral phosphine ligand in a homogenous
hydrogenation reaction for the preparation of L-DOPA.

Asymmetric hydrogenation is still a widely used usttial process for the preparation of
optically active compounds, mainly due to the aronomy, very high enantioselectivities
low catalyst loadings, and high turnover numberthwisually quantitative yields that this
method provide8® The chiral Rh and Ru complexes that are used eénhdrogenation
reactions still have some limits, because, in otdeachieve high enantioselectivities, the
presence of a coordinating group in the substrataecessary. Later on in the group of
Professor Pfaltz, new chiral catalyst based onuindthat can reach high enantioselectivities
in the hydrogenation of unfunctionalized trisuhggtd or even tetrasubstituted olefins, were
developed!®®

The development of new chiral catalysts for homogsmasymmetric hydrogenation is still in
progress in our group, in an effort to also allaw the hydrogenation of various olefins for
which the original systems were ineffective.
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5.2 PHOX ligands

In the early 1990s, a new class of highly selediy@nds was developed independently in the
laboratories of Helmchen, Pfaltz, and WilliaHf¥ These ligands were bidentate and they
combined the concept of the widely us@dsymmetrical bis(oxazolines) ligaritfs's 18- 2% 3L
18] with the very effective bis(phosphine) ligaH8% used in asymmetric hydrogenation
(Figure 27. They were named phosphinooxazolines (abbr. PHi¥)to the presence of the
phosphine and oxazoline ligand within one unit. eatended the possibilities in field of
metal-catalyzed asymmetric transformations for meggactions that were not selective with

the known systems.

Pr @ R

N
v
R

PHOX BOX DUPHOS

Figure 27: Phosphinooxazoline ligands (PHOX) and examples of related BOX and DuPHOS ligands.

Those P,N-ligands were originally designed for #symmetric palladium-catalyzed allylic
substitution, where they were shown to be verycedfit in terms of reactivity and selectivity.
Since the parent ligands were also used in varioostal-catalyzed asymmetric
transformations, over time researchers have foundde range of possible applications for

phosphinooxazoline ligands in the field of asymietatalysis'®

5.2.1 Phosphinooxazoline ligands in the Iridium-catalyzdryydrogenation reactions

The use of P,N ligands in iridium-catalyzed asymmehydrogenation was originally
inspired by Crabtree’s catalyst [(§B)(pyridine)lr(COD)]PE, which consists of two
monodentate ligands, such as phosphine and pyridind which was effective for the
hydrogenation of olefing!!! Therefore an analogous catalyst based on the Plt@Xd was
designed that bears the chiral information in thkazoline moiety and is therefore applicable

for an asymmetric version of homogenous hydrogenatactionsKigure 28.
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Figure 28: Comparison of Ir-PHOX with Crabtree’s catalyst.

In an initial study, this Ir-PHOX was tested ontanslard hydrogenation substratg)-(,2-
diphenyl-1-propene. In this hydrogenation reactbran olefin lacking coordinating groups,

it exhibited very high enantioselectivitg¢heme Y4

Ir-cat., 10-50 bar H, Ph

Ph R
T 1 @Y
CHCly, RT Ir-cat. = oTolup o N

¢ NN
oTol™ <,

S

up to 98 % ee E\ﬁ

Scheme 94: Ir-PHOX in the asymmetric hydrogenation of an unfunctionalized olefin.
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Even though the enantioselectivities using theathirdium PHOX catalyst were excellent,
the turnover numbers were quite low. In order toiévhis undesired behavior, the stability
of the active catalytic species was investigatedl iawas found that Ir-PHOX undergoes the
same deactivation procésd as Crabtree’'s catalyst, in which a catalyticalhadtive
trinuclear species is forméd™ The solution to the deactivation of the catalystswater
found by Andrew Lightfoot in our group. After tasfj various conditions that could possibly
have an impact on the activity of the iridium cgsal it was found that the anion of the
cationic iridium catalyst plays a significant ratethe deactivation process. When a weakly
coordinating anion such as tetrakis[3,5-bis(triflbrmethyl)phenyl]borate (BA) was used,
the problem of the formation of the trinuclear speavas avoided. This could be explained
by the non-interfering behavior of the BAanion which did not slow down the crucial step of
the olefin insertion into the iridium-hydride bold it was shown in kinetic studies of these

complexesd'*® In contrast, for complexation with BFor BF," as anions, which bind more
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strongly to the Ir center or form tighter ion paithe insertion step was slower. This
interesting observation also led us to investigatéterionic metal complexes, which would
provide us with a direct comparison of the builtanion with the ion pair situation. Their
preparation was extensively studied in the previchapter dealing with boron compounds,
and it was also previously investigated by Clembfazet, Valentin Kohler, and Axel
Franzké®® The following chapter will be focused on the prepi@an of new chiral

phosphinooxazoline ligands.

5.3 NeoPHOX ligands - Introduction

Since the development of the first chiral P,N lidann the Pfaltz group, this field was
extensively studied in order to prepare new ligathdd would have the desired properties,
and which would be widely applicable. In contextthwithe development of chiral
hydrogenation catalysts several classes of newliBadds were prepared and applied to a
broad range of olefins, resulting in high seletid. In order to satisfy the needs of potential
industrial applications, it is necessary to notyordach high enantioselectivities, but also to
have low catalyst loadings, in order to produceewnomical process.

The synthesis of a new class of chiral phosphinpolkae ligands called NeoPHOX was
described by Marcus Schrems in our group in 2839The structural motif of the new
ligands was inspired by the previously prepared IRy&hds, which were successfully applied

in the iridium-catalyzed asymmetric hydrogenatidolefins Figure 29.

© R @
_| BArg O_| eBArF Ry $_| BAre ?ﬁ/o @BAr,:
I Q (? | . I\)
J R.P ® N /
"R R

o7 "
i R,P &
R2P |?N Ir \,> R2P I@I\E(\O 277N
3 r .
e 7 R Wy &
PHOX SimplePHO X ThrePHOX NeoPHOX

Figure 29: Structural motifs of different phosphinooxazoline ligands.
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5.3.1 Preparation of NeoPHOX ligands

The retrosynthetic analysis of NeoPHOX ligands Wased on the carbon-phosphorous bond
disconnection in order to combine the phosphine exazoline synthon$™ By further
disconnection, a chiral aminoalcohol and a corredpm carboxylic acid are obtained as the

common precursors of the oxazoline rigglieme 95

>% . Q% e

+

OH
R',PH H2N\~,‘/\
R

NeoPHOX

Scheme 95: Retrosynthetic analysis for the preparation of NeoPHOX ligands.

The second step of the retrosynthetic analysisdibeonnection of the oxazoline ring, is a
trivial step from a synthetic viewpoint, as oxameliformation from these precursors has been
well established. However, the functional grougeiobnversion (FGI) where the phosphine
and chloro-oxazoline should react in order to alithe target NeoPHOX ligand is not so
obvious.

The final step requires a substitution reactiormaareopentyl system, which is the problematic
part. In the case of a substitution reaction viaSath mechanism, the formation of 1,2
rearrangement reaction products (Wagner-Meerweanrargement) could be expected, in
order to stabilize the cation generated after therine dissociatiof*®!

A second mechanism possible would be @8 &action, which, in the case of a neopentyl
system, is disfavored and if it does take place thes usually very slow. However examples
of the reaction of neopentyl halides with phosphkihave been described by several authors
and shown to proceed via a radical mecharist.

Ashby et al. investigated the reactivity of the peatyl halide system with various metal
diphenylphosphidesScheme 96 They found that the reaction outcome dependbath the
structure of the neopentyl halide and the naturéhef phosphide salt. To conclude their
observation, the SET mechanism is favored in cdsth® neopentyl iodide, where the
reaction is complete within one minute, which i mobagreement with thex@ mechanism,
which would be expected to be very slow. Also, winempentyl iodide was used, a cyclic

side product was observed, a result which cannepkined by a simpley@ mechanism. In
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contrast, the cyclic side product was not obsermdtie reaction using neopentyl bromide or
chloride, and these reactions were also much slawan the analogous reaction with
neopentyl iodide. The probability of a SET mechanfer the reaction with neopentyl iodide
or bromide with MPPhfollows the order K > Na > Li. A halogen-metal eange (HME)
does not seem to play a role in this reactitit!

=
Sn2 PPh,
/\>§ HME
+ MPPh, ——— > _= E—
Z - PPh,X
X
X =Cl, Br, | M = Li, Na, K Pthx
PPh,X
lET M

/A>§
/\X PPh e
\ /\>< i or PP

Scheme 96: Plausible mechanism for the phosphide reaction with a neopentyl system by Ashby.[mb]

As a model system for the reaction planned fo thathesis of NeoPHOX ligands, the
reaction of neopentyl chloride in tetrahydrofuramswstudied by Marcus Schréid and
compared to compare the results obtained by Rossi i liquid ammoniagcheme 9717
The reaction in THF was promoted by heat, whereagdaction in ammonia was stimulated

by UV irradiation and followed by an oxidative waogkto obtain the substitution products.

PPh3
lNa/ NH; (1)
KPPh
CI/\K 1) NaPPhy, hv pth/\’< CI/\K 2 thp/\ﬁ
2) [O] o ATHF

97 % yield

Scheme 97: Reaction of neopentyl chloride with diphenylphosphide under different reaction conditions

[117a] [114]

by Rossi and Schrems.
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Marcus Schrems found that the reaction proceedsouitphotoactivation with UV light and
at elevated temperature delivers the desired sutisti product in good yield.

These reaction conditions were then applied tdigflaad synthesis. In the first step, the amide
was formed from 3-chloropivaloyl chloride and th@responding chiral aminoalcohol. In the
second step, a standard ring oxazoline closur¢irgjairom the amide using the Burgess
reagert'® was used for the dehydration st&g. The crucial nucleophilic substitution
proceeded well and afforded the desired NeoPHGalig in good yieldsScheme 98

H,N
\é/\OH Burgess o
: H _reagent KPRz
Cl R N\/\ |\>

—_— I OH R'zp N
cl o Cl O R R
60 - 92 % yields 72 - 98 % yields 71 - 95 % yields
R =iPr, tBu, Bn R = iPr, tBu, Bn

R'= Ph, oTol, Xyl

Scheme 98: Synthesis of 1% generation NeoPHOX ligands by Marcus Schrems.*

The synthesis of new chiral P,N ligands could beedm three steps from readily available
starting materials and all steps of the synthesiwige products in high yields. The final

phosphinooxazoline ligands were stable in air, @uthany significant oxidation of the

phosphine even after several months of storage.ffBeeligands were then complexed with
[Ir(COD)CI], and tested in the asymmetric hydrogenation otsedeolefins Figure 30.1

o T m o

126 127 129
up to 98% ee up to 90% ee up to 96% ee up to 94% ee
eO
130 131 132
up to 96% ee up to 96% ee up to 95% ee

Figure 30: Enantioselectivities of the NeoPHOX iridium complexes in asymmetric hydrogenation

reactions with selected substrates.
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In the hydrogenation of a series of standard satestithe enantioselectivities were 96&or
higher in all cases. With such high enantiosel@ai on for a broad substrate range the
NeoPHOX ligands outperform many related phosphiaaokne ligands. Therefore, the new
NeoPHOX ligands have two important advantages: #reyeasily accessible in a three step
synthesis from commercially available starting mate, and the results achieved in the
asymmetric hydrogenations were excellent. Howetlezre is still one aspect that could be
improved: the cost of the starting materials. Thewmside of the most selective
phosphinooxazoline ligands is that they are alneastusively derived from the amino acid
tert-leucine which is very expensive. In this regamlesal modifications of the NeoPHOX
backbone were done by Marcus Schrems in order ¢oedse the final cost of these very

efficient chiral ligandsKigure 31J).

VRS

7N\

- . 0 — O R

L-tert-leucine ~———= |\> L-valine ———= |\><
— RPN —> R} N/ R
7300 CHF / mol z 200 CHE / mol =
/r /\

Figure 31: Employing L-valine as a starting material plus C5 modification on the oxazoline and a price

comparison with the amino acid tert-leucine.

The initial idea was to introduce sterically demiagdsubstituents into the position C5 of the
oxazoline in order to balance the loss of sterirmdfance incurred when replacing ttest-
butyl group of theert-leucine with the isopropyl group of the valine €Tttifference in cost of
the primary starting material for the NeoPHOX liggoreparation would be almost 40 times
lower in the case of valine. The results of therbgénation screening using the valine-based
NeoPHOX ligand are summarized in fhable 10!
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Table 10: The C5 modified NeoPHOX ligand derived from L-valine compared to the previously tested

NeoPHOX Iigands.[ll4]

o I oy e
x_Ph

Ph MeO

126 130 131 132

R',P I? N~/ "Ph 19% ee (R) 35% ee (S) 84% ee (-) 63% ee (R)
E 93% yield >99% yield >99% vyield 41% yield

RL,P O N| 74% ee (R) 53% ee (S) 88% ee (-) 85% ee (R)
Ir : >99% vyield 89% vyield >99% vyield >99% vyield
7
e
%/ o | BAE
RP @ Nl\) 97% ee (R) 92% ee (S) 83% ee (-) 95% ee (R)
<\_—Ir/7 o >99% yield >99% yield >99% yield >99% yield

Reaction conditions: 50 bar, 2h, 1mol% catalyst, 0,1mmol substrate, 0,5 mL CH,Cl,.

From the results of the hydrogenation screeniragit be seen that changing the amino acid
source from Ltert-leucine to L-valine caused a significant drop mamtioselectivities. When
sterically demanding phenyl substituents were dioed into the C5 position of the
oxazoline, the drop in enantioselectivity was ewagher. Therefore, it was concluded that
modification of the NeoPHOX structure is quite sews to conformational changes in the
oxazoline ring and that this modification cannot umed to prepare a selective, but the

significantly cheaper ligand.
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5.4 2" Generation NeoPHOX ligands

Due to the unsuccessful attempts to prepare NeoPHgaxXds starting from the cheaper
amino acid L-valiné'** we proposed another modification involving the monicids L-
threonine and L-serine as starting materials. Thekamino acid serine was used by Axel
Franzke for modification of the PHOX ligand&” Promising results were obtained and so
we decided evaluate bothserine andL-threonine as starting materials with the goal of
maintaining the selectivity attained by the mogedive tert-leucine NeoPHOX derivatives

but employing a significantly cheaper precursors.

o @BArF o @BArF o @BAr,: ] ®BArF
s S s SR o

I O

RoP O N ) ®N|J

N /,V 7 /’V <\;Ir/7 /L:TOR 7 /T OR
SImpIEPHOx NeoPHOx mPOSin)i;d ZH?ZZ:ngsi(on

Figure 32: Comparison of the phosphinooxazoline ligands with the structural motifs implemented in

the 2" generation NeoPHOX ligands.

Structural motifs of several ligands were considendile designing the second generation
NeoPHOX ligands Kigure 32. The basic idea behind the ligand design wass&vd the
neopentyl backbone interconnecting the phosphirte the oxazoline moieties unchanged
because any changes in this part of the ligand dvptbbably affect the geometry of the 6-
membered iridacycle. The geometry of the metalliEcigcone of the most important factors,
because this part of the catalyst is the closesthéoreaction center. The second most
important factor for stereocontrol through catalygbstrate interaction is the presence of a
adjacent sterically demanding group, which helpsetrict the geometry of the transition

states.
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5.4.1 Retrosynthetic analysis

The first FGI transformation and the second stgpatinection of the oxazoline are analogous
to those used for the®lgeneration NeoPHOX ligands. These transformatiwiis also
include the same synthetic transformations: oxaeolilosure and the neopentyl chloride

substitution reaction with the diarylphosphi&lieme 99

O

HQ
HO
%/O FGI %/OHJ; cl WR EGI HoN R
| R — o R f— + HoN > 2
R,P N Cl N
2 Cl O OH OH
OH OH

R = Me L-threonine
R =H L-serine

Scheme 99: Retrosynthetic analysis of the 2 generation NeoPHOX ligands.

In the next retrosynthetic transformation the buléstiary alcohol substituent originates from

the carbonyl group af-threonine and-serine.

5.4.2 Synthesis of the threonine-derived NeoPHOX ligands

The obvious first step of the synthesis a threocdi@gved NeoPHOX ligand would be the
transformation of_-threonine into the methylest&B83 The ester can then be treated with
methyl Grignard reagent to deliver aminoalcohd4, which would be the reagent of choice

for the condensation with 3-chloropivaloyl chloriggcheme 100

HO HO MeMaX HO
il SOC' '"IIMe excess e g wmi\]e
H,N Me ——"2» HCIH,N ———#——=  H,N
MeOH
OH OMe OH
o) @)
L-threonine 133 134

Scheme 100: Preparation of chiral aminoalcohol 134 via direct reaction of methylester 133 with a

methyl Grignard reagent.
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The direct transformation of est&B3 with an excess of various methyl Grignard reagents
under different reaction conditions did not leadlésired aminoalcohdl34, only mixtures of
unidentified products were obtained.

This result can be explained by the formation afantive intermediates by deprotonation of
the amido and alcohol functions. Therefore the ladt@nd amino groups were protected by
introduction of an oxazoline ringg¢heme 101

HCINH
(')H EGN_ _2ed. MeMgX \O .
(R) 5 COOMe N
NH2 HCl Me OH
133 135 O 136
cl
Cl
Ho HO, %<f ©
6N HCl o Cl O e
\O ani H2N (0] Y cl N
HN -H,0
N OH OH
OH

Scheme 101: Synthetic strategy for NeoPHOX ligand preparation involving temporary oxazoline ring
formation in order to prepare starting aminoalcohol 134.

This synthetic strategy was previously used by &is¢mbricht in our group to obtain a
serine-derived tertiary alcohol analogous to anow®l 134 for the preparation of BOX
ligands!*?Y In our case, protection of the threonine methgies83 proceeded very cleanly
and135was delivered in high yield The following transfation with two equivalents of the
methyl Grignard reagent proceeded also well.

In the case of the serine derivative, the desiredn@alcohol was readily obtained by
hydrolysis with aqueous acitf! However, in the case of the threonine derivativejixture
of partially hydrolyzed oxazolinel37, starting material136 and also the desired

aminoalcoholl34was obtained§cheme 102
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0 0 0 !
\ anl 6 N HCI \ ol + ol + H2N
N N H,N oH
136 OH 136 OH OH

137 134

Scheme 102: Acidic hydrolysis of the threonine-derived phenyloxazoline 136 with hydrochloric acid.

In the case of threonine derivatiie6, the stability of the oxazoline ring towards acidi
conditions was much higher compared to the anakgmrine derivative and it was not
possible to obtain the desired aminoalcod®4, even after applying harsh reaction
conditions, such as elevated temperature, or eg&tenéaction time. Therefore it was
necessary to reconsider the synthetic strat8gh€me 103

OH H OH Burgess Pﬁ/o
/'\‘/COZMe . ><’rCI EtsN MN% reagent 5 Nl\g@-

NH,* HC cl o CHCLRT Cl O CO,Me - H,0 C(ngMe

133 138 140

§ 2 MeMgX

y 00Oy \ B or

€0, S0 ¢ ®

O g Et Ccl O OH

Burgess reagent 139

Scheme 103: Revisited synthetic strategy for the preparation of a threonine-based NeoPHOX ligand.

In the alternative strategy shown$theme 1Q6amidel38is formed from 3-chloropivaloyl
chloride and threonine methyleste33in the first step. Via this reaction the amitig8 was
obtained in 96% yield. We had two options for couiing the synthesis: either to achieve the
oxazoline cyclization first with the Burgess reaiyen to form the tertiary alcohol from the
methylester ofLl38 The second option, which would leadli®9, was not performed because
a similar transformation of the amide was unsudodigsattempted by Marcus Schrems in the
development of the C5-disubstituted NeoPHOX ligayethesis $cheme 104
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Scheme 104: Undesired 4-membered aza-lactone formation by Schrems.™

In this reaction, all of the amide was consumednnundesired cyclization reaction of the
deprotonated amide and therefore no tertiary alcotudd be obtained.

Thus the first option was chosen and oxazolid® was successfully prepared via the
cyclization protocol using the Burgess reagent.réhare three electrophilic centers in the
molecule, the ester group, the oxazolirgystem and the C-Cl bond. To get an estimateeat th
reactivity order of these three centers quanturmmated calculations were carried out. In

nucleophilic substitution the primary interactioncars between the HOMO orbital of the

nucleophile and the LUMO orbital of the electrophilTherefore the orbital analysis of

oxazolinel40in its optimized geometry was calculated using NR.nalysi&® (Figure 33.

LUMO LUMO+1

LUMO+2 MEP

Figure 33: Natural Localized Molecular Orbital analysis and Molecular Electrostatic Potential (MEP)
map by ChelpG calculated in Gaussian 09, B3LYP/6-311+g(d,p) for oxazoline 140.
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The results show that the LUMO orbital is locatedtbe carbonyl group of the methylester
function, which also exhibits the lowest electransity of the analyzed reaction centers. In
the other pictures the LUMO+1 and LUMO+2 orbitale aisplayed as well. The energy
order is retained after the transformation of thethylester into tertiary alcohd41, but due

to the electron density distribution in the molectlie next most reactive center is placed on
the LUMO+2, which is the C-Giorbital that will react further with another nuafghile.

Taking into an account the results from computedefing, the transformation of the ester
function of the oxazolinel40 was preferentially selected for the next step ideo to

successfully complete synthesis of the threonineR¥EOX ligand. With respect to the
possible undesired interaction of neopentyl chindth the methyl Grignard, the addition
was performed at -78 °C, which was expected to Iséil a sufficient temperature for the

reaction with the carbonyl group¢heme 105

%ﬁ/o 2eq MeMgBr %gl/o KPPh, %/o
’ —b

Cl N -78°C to rt. THF, reflux PhaP N

140 CO,Me 141 OH 15 hours 142 OH

Scheme 105: Transformation of the methylester of 140 into a tertiary alcohol followed by the

incorporation of diphenylphosphide

This reaction sequence proceeded as planned amtbsired oxazoliné41 bearing a tertiary
alcohol moiety could be obtained in 80% vyield. Toietained oxazolinel4l was then
subsequently transformed into the phosphinooxagoligand 142 using established
methodd™*® This new threonine-derived NeoPHOX ligadd2 was then evaluated in

asymmetric metal-catalyzed reactions.
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5.4.3 Synthesis of the serine-derived NeoPHOX

Having established the synthesis of the threoneresdd NeoPHOX ligand42, we planned
the synthesis of the serine based NeoPHOX accdydiktpwever, while the formation of
amide 144 from serine methylestet43 worked well as for the threonine analog, the sdcon
step, which involved the cyclization of the amideng the Burgess reagent, did not produce
the desired oxazolink45 (Scheme 106

OH
OH OH H
SOCl, cl EtN H
HzN\H —_— HCI-HZN\H +
MeOH c o DCM, RT
CO,H CO,Me Cl O CO,Me
L-serine 143 144
OH 0.0 %ﬁ/
H %
7 N @
Et
Cl O COyMe Et THF, reflux
4 hours CO,Me
145
TRACES OF
PRODUCT

Scheme 106: Synthetic strategy for the synthesis of the serine-derived NeoPHOX ligand.

After several unsuccessful trials to reproduce éstablished step of the oxazoline ring
closure using the Burgess reagent, a modified syicthpproach was considered. We decided
to employ an extra oxazoline protection step ineor prepare the serine analdgg™*"
However, the reaction af46 with 3-chloropivaloyl chloride was unexpectedlysetective
and a mixture of products was obtained. Thereftinis, approach was abandonegtijeme

107).
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Scheme 107: Revisited synthetic strategy employing an oxazoline protection step e

As a consequence, we decided to continue develdpadjrst synthetic strategy. In order to
solve the problem of the oxazoline ring closure, dexided to use a method employing
diethylaminosulfurtrifluoride (DAST)$cheme 108'2? Using DAST for the oxazoline ring

closure delivered the desired oxazolihé5 within 30 min in more than 90% yield. The next
step was the transformation of the ester group antertiary alcohol. Using low temperature
for this reaction, as was used for the threoninévdtve, led to an unidentified mixture of

products. Surprisingly, increasing the temperafareghe reaction with the Grignard reagent

helped to overcome this issu8cbeme 108

o QM Et F o
N N-S—F |
+ \ DCM, -78°C,

[N
Cl O CO,Me Bt F  30min, K,COj

144 DAST 145  CO2Me
%I/O 2eq MeMgX %ﬂ/o 2eq MeMgX >§I/O
- —_—
Cl
N .78 °C to RT Cl N 0°Ctort <N
147 OH 145 COzMe 147 OH
%QI/O KPPh, %l/o
_—
¢ N THE, reflux 12PN
147 OH 15 hours 148 OH

Scheme 108: Preparation of the serine-derived NeoPHOX ligand 148.

138



Carrying out the Grignard addition at 0°C and sgbsatly warming to room temperature
provided the desired produtd7in 78% yield.

Having resolved all of the problematic parts of segine-based NeoPHOX synthesis, it was
successfully completed, including the last stepoivimg conversion of neopentyl chloride
147into diphenylphosphine derivativiel8 (Scheme 108

5.4.4 Initial hydrogenation tests with the threonine-dered NeoPHOX ligand

The iridium complex required for the hydrogenatstndies were prepared by reactiorld®
with [Ir(COD)CI], under reflux in dichloromethane followed by anexchange with sodium
tetrakis[(35-trifluoromethyl)phenyl]borate (NaBAJ. The corresponding compled42-Ir,
was obtained in almost quantitative yield afteruocoh chromatography on silicag&8dheme
109.

S
o 1) [Ir(cod)Cl]; o) BArg
| DCM, reflux ® |
—_—
PhP N PhoP® N
OH

2) NaBArg M OH

142-Ir

142

Scheme 109: Preparation of iridium complex 142-Ir.

With iridium complex 142-Ir in hand, we selected several standard substrates$) as
unsubstituted olefii49 imine 152 and two olefins with a coordinating groufh0 and151
Those substrates were then subjected to the hyalatiga reaction in the presence of chiral

iridium complex142-Ir under 50 bar of hydrogen pressusetieme 110
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BA,
xR H,, 50 bar, 142-Ir (1 mol %) *_R %l/o F

CH,Cl,, RT, 2 hours Ir
Q7 Aor
substrate chiral product
142-Ir
Substrates:
NPh
149 150 151 152
. . 41% ee 0
no conversion no conversion 10% conv. 7% ee
4% conv.

Scheme 110: Initial hydrogenation screening with the unprotected threonine-derived NeoPHOX ligand

The results of this initial screening showed ongrylow conversions and, in the case of
substrated49and150, no hydrogenated products were observed. Sirdiern complex142-

Ir showed only low catalytic activity it was evidehat there must be an iridium-deactivation
process involved. It had been found by Axel Franzkeour group that the serine-based
PHOX complex153 can undergo an undesired dimerization processruhdenydrogenation
conditions to form a catalytically inactive iridiudinuclear complex§cheme 131'%°"! This
undesired dimerization process likely takes pldter $he cyclooctadiene is hydrogenated off
from precatalysi53 which makes the coordination space on the iriduemter accessible.

1%
F 2®
o H o)
I 0 1 bar H, (N\Y \T /P> ZOBA
r——-1Ir r
Ph,Pp @ N = NG F
Ir CD,Cl,, RT, 45 min H H
<\__/j OMe
154
153

Scheme 111: Deactivation of the methoxy-derived serine-based PHOX ligand by Franzke."*!

The formation of dinuclear complexes similarlt®4 with serine-derived PHOX ligands was
one possible reason for their low reactivitiés
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5.4.5 Derivatization of the threonine- and serine-basece®PHOX ligands, followed by

preparation of the corresponding iridium complexes

In order to avoid this undesired catalyst deadtivaprocess, we decided to protect tertiary
alcohols 142 and 148 with different protecting groups and then stude #ffects of this
substitution. Another argument for the use of défe protecting groups was the possibility of
tuning the steric bulk near the metal center indbeesponding metal complexes and thus
improve the enantioselectivity.

Modified PHOX ligands derived from the amino aciderine were recently prepared in our
group and they were also investigated in the asymenigidium-catalyzed hydrogenation
reaction of olefing'*® These ligands were derivatized with different sihsnts on the
tertiary alcohol via ether or ester bonds. In ortdeform these derivatives potassium hydride
was used for deprotonation of the tertiary alcolotlowed by reaction with alkyl or acyl
halides.

When this method was applied tehreonine-derived NeoPHOX ligaridi2 only unreacted
starting material was recovered. Therefore, weetkseveral alternative bases for the
deprotonation of the tertiary alcohol, namely tngamine, pyridine, and 2,6-lutidine. Of the
amines tested, the only successful one was 2@ireti which was subsequently used for
derivatization of the tertiary alcohol groups ofl al-threonine- andL-serine-derived
NeoPHOX ligands werentheomplexed with bis(1,5-
cyclooctadiene)diiridium(l) dichlorideéScheme 112

ligands. Those derivatized

ROTf or e
o rcoo, -, Dircodcl, %ﬁ/o BAr:
PhP  N_/"R  26dutdne Php N/ R DM, el prpp@ N )~
—_—
Ir
OR! OR!  2) NaBAr
CH.Clp RT " 7 OR’

142 R'= H, R’ = Me

148 R'=H, R?=H

142-TMS R*! = Me;Si, R? = Me
142-TES R! = Et3Si, R? = Me
142-TBDMS R? = tBu(Me),Si, R? = Me
142-OAc R = COMe, R? = Me
148-TBDMS R! = tBu(Me),Si, R? = H

142-Ir-TMS R = Me;Si, R? = Me
142-Ir-TES R! = Et3Si, R? = Me
142-Ir-TBDMS R! = tBu(Me),Si, R? = Me
142-Ir-OAc R = COMe, R? = Me
148-Ir-TBDMS R* = tBu(Me),Si, R? = H

Scheme 112: Derivatization of the 2™ generation NeoPHOX ligands and formation of their iridium

complexes.
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5.4.6 Asymmetric iridium-catalyzed hydrogenations usingh@ generation NeoPHOX

ligands

The new NeoPHOX derivatives af-threonine andL-serine ligands were tested in the
iridium-catalyzed hydrogenation reaction on sekctestandard substrates. Good
enantioselectivities were expected because ththytsdlyl protecting group of the tertiary
alcohol is quite sterically demanding.

After the initial unsuccessful hydrogenation testpéoying threonine-derived NeoPHOX
complex 142-Ir with an unprotected tertiary alcohol function, réethylsilyl protected
derivative 142-Ir-TES was found to exhibit very high enantioselectiatieith standard
substrates149 and 150. These selectivities were comparable with thos@ionbd from the
analogous NeoPHOX ligand derived from thé-leucine Table 1). However, although the

selectivities were around 90 %, the conversiongweite low.
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Keeping in mind the deactivation process showiséheme 111it was considered that this
could also be the reason for lower reactivity obsdrwith our NeoPHOX catalyst. To prove
that the catalyst42-Ir-TES is still active even after the standard reactioretof 2 hours, we
extended the reaction time to 16 hours under otiseridentical reaction conditions. The
outcome of this experiment was quite satisfying. ilVlenantioselectivities remained
unchanged, conversions after the extended reaim@were significantly higher. This shows
that at least part of the catalyst remains actiwend this time.

In order to see the effect of altered steric buikemantioselectivity we prepared the smaller,
trimethylsilyl-derived NeoPHOX142-Ir-TMS. This modification had only a small impact on
the selectivities obtained, but a large impact eactivity in the hydrogenation process.
Phosphino oxazoline iridium complexes were recestiidied by Burgess et al. and it was
found that the corresponding active catalyst, ahuim hydride of the phosphinooxazoline
catalyst, has a significant acidic charat&}. The fact that the iridium hydrides of our
NeoPHOX complexes are acidic could explain theeddht reactivities of our silylated
derivatives. The trimethylsilyl ether is more rdpaieaved by acid than the triethylsilylether.
Cleavage would lead to the tertiary alcohol thaiveh very low activity. We thus prepared
142-Ir-TBDMS, a derivative that should have the superior priggem terms of acid stability
and steric bulk. The results from the hydrogenaggperiment confirmed our expectations
and the conversions of the tested olefins reachatplketion within the standard reaction time
of 2 hours Table 1). No less important was the finding that the atable protecting group
did not have a negative impact on the selectiviiEshe hydrogenation reactions, as they
remained as high as those of the acid-labile ptioiggroups.

For comparison with the previously studied seripenedd PHOX ligand&® threonine-
derived NeoPHOX ligand42-Ac which possesses an acetyl protecting group, wesaped.
This was one of the most effective derivativeshef $erine-derived PHOX2 The obtained
results more less fulfilled our expectations imtsrof reactivity, which was similar to the
serine-PHOX based catalyst, and the enantioseigesivof the olefin hydrogenations were
still high, around 90 %e (Table 1). The serine-derived48-Ir-TBDMS also was highly
active but somewhat less enantioselective tharcoineesponding threonine derived catalyst
142-Ir-TBDMS.

The newly prepared threonine- and serine-derivedFROX ligand with a TBDMS ether
group exhibited very high enantioselectivities Ire thydrogenation of functionalized and

unfunctionalized olefins, similar to the most swssfal first-generatiortert-leucine-derived
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NeoPHOX analogs. It was found that the presen@nadcid-stable alcohol protecting group
IS necessary in order to avoid undesired catalgattivation. The presence of an additional
methyl group on the oxazoline ring in the threorileeived NeoPHOX ligands seemed to

have a positive effect, probably due to the inedagidity of the oxazoline ring.

5.4.7 Crystallographic analysis of Ir NeoPHOX complexes

The three dimensional structures of several thresnand serine-derived NeoPHOX iridium
complexes were determined by X-ray analysis and pemed with known phosphino-
oxazoline complexes. Our interest was to see tffereinces in the steric shielding of the
coordination sphere by protecting groups on thiatgralcohol function and to correlate this
feature with the hydrogenation results. From th&aioled crystal structures, it can bee seen
that the conformations of the threonine- and sedier@ved NeoPHOX iridium complexes are
essentially the same as those of tHig@neration NeoPHOX with respect to the geometry

of the 6-membered iridacycle, which retains a VpgthconformationKigure 34.

142-Ir-TES

142-Ir-TBDMS 148-Ir TBDMS

Figure 34: Crystal structures of 2" generation NeoPHOX iridium complexes. Hydrogen atoms, COD,

and BArg anions omitted for clarity.
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Unlike the methoxy-protected serine-derived PHOXptex described by Axel Franzke, the
protected tertiary alcohol group in these systeoeschot point towards the iridium cenfét.
The interaction of the ether oxygen atom with tiéium center was the reason for the lack of
reactivity of the serine-based PHOX complexes.unaase, the silyl protecting groups are all
more sterically demanding than the methoxy groug this the coordination of the tertiary
alkyl ether group with the iridium center is notspible, as long as the protecting group
survives the acidic reaction conditions. In the rdggcted NeoPHOX ligands, the tertiary
alcohol would be able rotate and coordinate toirildeum center. Unfortunately, we did not
succeed in the preparation of a suitable crystdl4@FIr for crystallographic analysis and so
we could not confirm this assumption.

To compare our new NeoPHOX iridium complexes witte tf' generation versions,
complexesl55, 157, 158 and the structurally related Gilbertson syst582% (prepared by
Marcus Schrems) were compiledTable 12 which contains important crystallographic data

for all these compounds.

Table 12: Crystallographic bond lengths [A] and angles [°] for selected iridium phosphinooxazoline

complexes.
%AC:D osie; %ArFCéD osiet, %A:oo oTBDMS %ArféD OTBDMS
102:0TS 142-1-TES 142-1-TBDMS 148.1-TBOMS
Ir-P 2,280 2,284 2,278 2,281
Ir-N 2,096 2,137 2.107 2,112
Ir-C2 3,430 3,462 3,473 3,459
P-C1 1,816 1,848 1,854 1,839
P-Ir-N 86,76 88,19 88,72 88,64
C1-C2-C3 111,00 110,63 111,64 111,15
Ph_ph
Dl B0 5 T ek
155 156 157 ArFmB
Ir-P 2,274 (2,287) 2,293 2,279 2,284
Ir-N 2,093 (2,099) 2,106 2,112 2,097
Ir-C2 3,458 (3,444) 3,340 3,463 3,425
P-C1 1,850 (1,845) 1,847 1,843 1,851
P-Ir-N 87,1 (86,78) 87,11 86,45 88,4
C1-C2-C3 111,75 (109,54) 111,56 108,82 110,15
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The structural parameters of all these complexesvary similar, so no direct conclusions

with respect to the observed enantioselectivittegpassible.

5.4.8 Palladium-catalyzed allylic substitution employingeophox ligands

As the first phosphinooxazoline ligands were spealify designed for asymmetric palladium-
catalyzed allylic substitutions, we wanted to st new NeoPHOX ligands in this reaction
as well. For comparison with established ligands decided to evaluate liganti$2 and142-
TES on the standard substrateE)-(L,3-diphenylallylacetate 159 The anion of

dimethylmalonate was used as a nucleophile foallgéc substitution Scheme 113

OAc  [allylPdCIl, BSA,L*  MeOOC.__COOMe

NN o *
Ph/\/z\Ph dimethylmalonate ph/\/\[ph

160
> > >
| | |J
L* PPhZ N Pphz N Pphz N
142 OH 142-TES OSiEty 155 /’V
91 % ee 98% ee 95% ee
84 % yield 60 % yield yield n.d.

Scheme 113: Asymmetric palladium-catalyzed allylic substitution with rac-(E)-1,3-diphenylallylacetate
159.

The product of this allylic substitution160, was isolated in good yields, and the
enantioselectivities exceeded 9®é Ligand 142-TES was even more effective thaert-
leucine-derived NeoPHOX ligant’55™** Due to the good results obtained with substrate
159, threonine-derived NeoPHOX ligaridt2-TES was also tested on the more demanding
cyclic substratd 61 (Scheme 114
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MeOOC___COOMe

OBz [allylPdCI],, BSA, L*

*
dimethylmalonate

162
161 %ﬁ/ o
' 70% ee

L*= 90% yield
OSiEt,

142-TES

Scheme 114: Asymmetric palladium-catalyzed allylic substitution with cyclic substrate 161

An encouraging enantioselectivity of 708éin this case was obtained and the substitution
product 162 was isolated in good yield. Our result demonstitiiat the 2 generation

NeoPHOX ligands possess a potential for palladiatatgzed allylic substitutions.

5.4.9 Attempts at modifications of 2nd generation NeoPHOi¥ands

In order to modify the backbone of NeoPHOX ligamgsinvestigated methods that could be
applied to tertiary alcohols. The first intendeddification of NeoPHOX ligand42 was the
transformation of the OH group to fluorine. Thisaolge was expected to impact the electronic
properties of the ligandnd, from a steric point of view, the change wdutter resemble the
isopropyl derivative due to the size of the flueriatom, which is close to the size of a
hydrogen atom. For this process we selected reademwn to be capable of converting
tertiary alcohols into the corresponding fluorinempounds: the Ishikawa fluorinating
reagert?®® and diethylaminosulfurtrifluoride (DASTH? Unfortunately, neither of them
produced the desired fluorinated product from gabs142 (Scheme 115
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F
20 %fo Ishikawa reagent: |:3c)\c'NEt2
e
¥ PhoP N F2
\W
Et
opSt F DAST: N-SF3
of Et
%%O
PhoP N TiCl, Me,zn %/o
— Ty o
OH l

Scheme 115: Iridium-catalyzed allylic substitution with rac-(E)-1,3-diphenylallylacetate 159.

Another transformation considered, was a reacteponted by Manfred Reetz that employs
dimethyltitanium dichloride as a methylation agehhis reagent was used to replace the
hydroxy group of tertiary alcohols with a methybgp™*” However, in this case the desired
tert-butyl-substituted ligand was not formed. Preparatf an ionic ligand by reaction of the
tertiary alcohol with P§BF,K and base also failed¢heme 115

5.5 Conclusion

The phosphinooxazoline ligands successfully usedrious asymmetric transformations can
be divided into several subclasses, for example ¥HSimplePHOX, ¥ generation
NeoPHOX, and others. If we compare the most sutidedsrivatives in individual subclasses
we find a repeating structural motif, the oxazolnrey derived from the amino acidtert-
leucine. The main restriction for the wider uselo$ amino acid is its price, which is about
twenty times higher than the price iothreonine and 40 times higher than that eferine.
Therefore we decided to develop a method for thepamation of a ¥ generation of
NeoPHOX ligands employing the amino acdidgreonine and-serine.

The 29 generation NeoPHOX ligands were tested in asynienetidium-catalyzed
hydrogenation reactions, where they exhibited reghantioselectivities. The strctures were

optimized to achieve good conversions in thesetimmee The presence of an acid-stable
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protecting group for the tertiary alcohol group \ed to be crucial in order to avoid catalyst
deactivation. The™ generation NeoPHOX ligands also exhibited highénaelectivities in
the palladium-catalyzed allylic substitution. Thteustural properties of the"®generation
NeoPHOX ligands were investigated by crystallogi@phnalysis. The " generation

NeoPHOX ligands were part of an industrial pategether with Solvias AG?®!
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Chapter 6

Diels-Alder products as substrates for asymmetrdrdgenation






6. Diels-Alder products as substrates for asymmetnaogenation

6.1 Introduction

The Diels-Alder reaction is one of the most powkethols in organic synthesis used for
construction of the cyclic compounds. This reactias first reported by German chemists
Otto Paul Hermann Diels and Kurt Alder in 198! Since its invention it has become a very
popular synthetic method for the simplicity andsatility and in 1950 both chemists were
awarded the Nobel Prize “for their discovery andaliepoment of the diene synthesis”.

In the Diels-Alder reaction ™ electrons of the diene molecule are interactingh wirt
electrons of the dienophile in a single step viaoacerted mechanism and therefore this
reaction also is called a [4+2] cycloaddition. Hmaplest reaction of this type is a reaction of
1,3-butadiene with ethylene proceeding throughdicyransition state which finally leads to

cyclohexene$cheme 116

200°C, 200-400 atm o T
< - O] — O
N S

cyclic )
diene dienophile transition 18 % yield

state

Scheme 116: Diels-Alder reaction of 1,3-butadiene with ethylene proceeding through a cyclic
transition state.

The reaction of this unsubstituted system requetesated temperature and pressure in order
to proceed even in very low yieldS¢heme 118 However, electron-withdrawing
substituents in the dienophile strongly acceletlagereaction. With aldehydes or esters, e.qg.,
Diels-Alder reactions often proceed even at roommperature. The reactivity can be
furthermore increased by complexation of an eleewdhdrawing substitutent (typically a
carbonyl group) with a Lewis acid. Therefore Leatsds are often used to catalyze the Diels-
Alder reactions. When a chiral Lewis acid is usleel Diels-Alder reaction can be rendered

enantioselective.
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Chiral catalysts used for that purpose are for ¢anthe earlier discussed copper
bis(oxazolines}*" Another efficient approach described by MacMillardeploying a chiral
organocatalyst based on the amino a@dpfoline. This secondary amine catalyst forms a
chiral iminium ion which has essentially the sarffeat on the dienophile as a Lewis acid.
After reaction with diene the product is released Hydrolysis the catalyst is recycled
(Scheme 1732

LUMO-activation:

MO MO + Lewisacid =—= \/%Og—A
1n2
H + NR'R dienophile
N RY .R?
RL R WO ~
N’ H-HCI
cat= H.Hcl
O /
diene M®~R1 H™ "0 Chiral organocatalyst:
N Diels-Alder
R? product

Scheme 117: The enantioselective organocatalyzed Diels-Alder reaction by MacMillan.!**4

Another class of chiral Lewis acids, based on omamaidines was investigated by E.J.
Corey!™® Very strong chiral Lewis acids are formed upon thetonation of the
oxazaborolidines with strong protic acids or by dédination of the AIBy. Very high
enantioselectivities could be achieved by usingehi-activated oxazaborolidines as chiral
Lewis acids in [4+2], [3+2] and [2+2] cycloaddit®Echeme 118

H Ph H Ph H Ph

! lwPh TfOH £ Y..Ph I .Ph
N. ,O -N&,0 N. O
B ~ B s B
| H ya> H T
Me Me OTf o Me
TfO

Scheme 118: Activation of the oxazaborolidines by the triflic acid by E.J. Corey™**?

Due to the weak coordination of the triflate ionth@ boron, equilibrium exists between the
borate complex and the trivalent boron species kban act as a chiral Lewis acid in the
Diels-Alder reaction.

In this project we wanted to use chiral enantiaetrad Diels-Alder products as substrates for

the asymmetric iridium-catalyzed hydrogenation tieac If we use a diene substituted at
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C(2), the product will contain a trisubstituted 8ta bond which can be then
diastereoselectively hydrogenat&tlieme 119

V EWG - +« EWG « EWG
/L;; + ﬂ: enantioselective /[:::I; diastereoselective " "
R R' Diels-Alder R R hydrogenation R R'

reaction

Scheme 119: Concept of the diastereoselective hydrogenation of Diels-Alder products.

If we take into an account that there could beaalyetwo stereocenters formed via the Diels-
Alder reaction we can easily incorporate the thinge by applying a diastreoselective
hydrogenation. Therefore by using this approach aeeld possibly implement three
stereocenters into a molecule within just two reacsteps.

The concept of the stereoselective hydrogenatiddiels-Alder products has some literature
precedence in the synthesis of the biologicalljvactompound&>? Hence we decided to
test iridium-based catalysts developed in our groumrder to develop an effective and

reliable method for those synthetically useful sfanmations.

6.2 Initial screening of a model substrate

In order to optimize the conditions for the diasteselective hydrogenation reaction of Diels-
Alder products we decided to use a model subsfirate As the chiral precursor of the model
substrate we selected limonene. This molecule dyréaars a stereogenic center and it also
has a substituted double bond which can be diastelectively hydrogenated. Because of the
directing effect in homogenous hydrogenation oaterl cyclohexene substrates which were
previously studied by Crabree we decided to implantkee ligating group into our model
substraté®®® The transformation which was necessary to perfaomimplement the
coordinating group was the cleavage of the exocydtuble bond of the limonene. This
transformation was done by the selective ozonoligdiewed by a reductive workup in one

pot two step synthesiS¢heme 12033
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1) MCPBA, DCM 0
k 2)05 -78°C ]\
3) Kl, Zn dust, HOAc
—_—
163 164
(R) or (S)-limonene No loss in ee

~30% overall yield

Scheme 120: Ozonolysis of the limonene exocyclic double bond.

The substraté64 was then used for and initial screening of varichisal iridium catalysts in
the hydrogenation reactiomgble 13.1**"]

Table 13: Catalyst screening in the diastereoselective hydrogenation reaction.**”)

Catalyst,

o)
/O.“\\”\ 100 bar Hg O Q Catalysts:
CH2CI2 RT _|®BAI’;:

(R)-163 cis-164 trans-164 [IrPy (PCy3)] BArg | o)
o 165 Pth\@,N\)

o
Catalyst, PH IIr
100 bar Hz COD
CHCLRT - @\( “|eeare ~ [Peare

. (0] (0]
cis-164 trans-164 OX/
(Sy163 s s Ph~P@ON_) Ph-p © N
2T 167 /P‘ 7 e
Ph l'r iPr Phi I[ iBu 168
Conversion of . Conversion of ) COD CcoD
Catalyst
atalys (R)-163 164 (cis/trans) (S)163 164 (cis/trans)
)
165 >99% 05 : 995 97% 0.6 : 99.4 Bn Bn :—|eBArF “®[®BAr
Yy N
166 95% 1:097 94% 1:46 Oy tBud
e - Ph~R® N~ R NF 4
ot I N 169 gy Y
167 76%* 1:234%  14% 1:38 cop Ph cop ™M
168 5% 1: 47 68% 49 : 1
169 51% 1:162 >99% 28 :1 ‘D\OBArF
N
170 >99% 751 >99% 1:9.1 tBU\IC-D) ,\} P 171
Ve N
N Ir
171 >9906+* 26 1% >99% 1:45 tBu cop PN

Standard conditions: 1 mol% catalyst, 0.4M substrate conc., overnight reaction time.
** Reactions run with 3 mol% catalyst, 0.14M substrate conc.

When the non-chiral iridium catalyst$5 and166 were used the diastreoselectivities of the
hydrogenation reactions favored tinans products and good conversions were reached. The
differentcigtrans ratios for the R)-163 and §)-163 for catalystl66 can be explained by the
different enantio purity of the commerci@){ and §-lemonene. Using chiral Ir-PHOX67

and Ir-SimplePHOX168 only moderate diastereoselectivites and low cmiers were
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reached. In case of the Ir-ThreoPHQBO9 either gooctigtransratio but low conversion was
obtained or high conversion and laig/trans selectivity. The best performing catalyst was
the pyridine-phosphinite derived compl&X0 which gave good diastereselectivities and full
conversion. The stereoselectivity is strongly gatatontrolled as shown by the reaction of
the R)-enantiomer which leads to tles product overriding substrate control which favors
thetransproduct. Catalyst 71 also gave full conversion but lower diastereodsiiy.

Whereas in the case of achiral catalys& and 166 the disastereoselectivity of the Ir-
catalyzed hydrogenation was driven mainly by tgatlon effect of the carbonyl group 163
(trans product preferred), in the case of chiral cataly#d cis selectivity for R)-163 was

preferred.

6.3 Diastereoselective hydrogenation of Diels-Alder pructs

Based on the results obtained from the initial excieg we decided to test the most efficient
catalyst170 in the hydrogenation of substrates obtained fraxangoselective Diels-Alder
reactions. For this purpose we selected severalpocands, structurally related th63

(Scheme 121
(0] H 0
L (oo o P
O_kph
7

+

*

4 _
NS O ] ield 99 %
173 ¢ g~ CF3SO2)oN y 177
172 H€ (CF3S802)2 98 % ee

178

0 H
O
N® o

BI’3A|" B” yield 99 %
©

172 174 ©/ 97 % ee

Ph Ph -~
\( | - . \O\ 179
+
~ H o Me CHO
o N>< yield 75 %
175 176 N 90 % ee
H
Ph -HCI

Scheme 121: Syntheses of the hydrogenation substrates via Diels-Alder reaction.*3213
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The cyclohexene derivative$77-179 were prepared using methods described by E.J.
Corey**¥ and MacMillant*?

Due to the directing effect of the catalyistO with chiral substratesR)-163 and §)-163
observed in the initial screening we wanted to wéether it is also possible to control
selectivity of the hydrogenation process by usiifteent enantiomers of the chiral catalyst
170. The results obtained in the hydrogenation uswoifp lenantiomers of the catalysiO are
shown inTable 14

O
o H OBAre
H Hoy, 50 bar, cat. O/\CFs w
o > cF, ———* Q" YT
3 _ t-Bu~p® N__~
CH.Clp, RT cat. = AR

tBu I
180 \4 Ph
177 cob
(R)-170
/UCHO H,, 50 bar, cat. ﬁCHO
——
CH,Cl,, RT _|@
BArg
178 181 M
tBUSP@ N~
tBu If Ph
Ph o H,, 50 bar, cat. Ph B COoD
- (S)-170
CHO CH,Cl,, RT CHO
179 182
Table 14: Diastereoselective hydrogenation of Diels-Alder products 177-179.
cat. (R)-170 cat. (S)-170
hydrogenated R) )
product
ds conv. [%] ds conv. [%]
180 98:2 full 2:98 full
181 95:5 full n.d. 0
182 89:11 10 4:96 10

In the diastereoselective hydrogenation of cyclemexd77, full conversion to product80
was achieved and opposite diastereomers were ebtéiom catalystsR)-170 and §-170
with the equal diastereoselectivities of 98:2. Sastratel 78 only catalystR)-170led to the
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desired hydrogenated produ@1 while the opposite enantiomes){170did not produce any
product181 and only startindl78 was observed. The same result was obtained when th
hydrogenation ofL78 was performed at 90 bar of,Hinder the same conditions. For the
substratel 79 the reaction was selective that each enantiomt#reotatalysii70 delivered the
opposite diastereomer @82, but only with low conversion. A possible explaoatifor this

low reactivity might be an undesired interactiortlod aldehyde functional group with the Ir-
catalyst. The reaction was also performed withlgsits167, 168 and 171 but without any

improvement.

6.4 Conclusion

We have shown that products of the enantiosele&ligts-Alder reaction can be converted to
saturated cyclohexene derivatives by asymmetridium-catalyzed hydrogenation with
excellent diastereoselectivities of up to 98:2. Tdiastereoselectivity of the reaction is
strongly catalyst-controlled, so it is possibleotiiain each of the two diastereomeric products
with high selectivity using either th&®)- or (§-catalyst. It was found that the most effective
catalyst in terms of diastereoselectivity and redgtwas the pyridine-phosphinite derived

complex170.
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7. Summary

Borabox ligands proved to be efficient ligandsdontrolling the enantioselectivity of various

metal-catalyzed reactions. Therefore modificatidnaa existing borabox backbone was
implemented and new borabox ligands modified on) @sition of the oxazoline ring were

prepared and tested in the copper-catalyzed asymenegtlopropanation. In this study high

stereocontrol of the reaction was observed. Howéverpresence of sterically demanding
groups at position C(5) did not improve the resglbsnpared to the C(5) non-substituted
analogs fFigure 35.

S R.g-R . R. R

" D " o D o
RXJ s q x
R" N N R" N _.N

H 3 H 2

Rl Rl R' R'

Figure 35: Borabox ligands — C(5) substituted (left), C(5) unsubstituted (right).

The synthesis of analogous boron-bridged phospbxazolines was attempted via several

synthetic approaches in order to prepare new awattie N,P-ligands $cheme 1292

R R

~n~

1 + CH3_PR"2
X

R\B/R o-_H

OT —w — \||/ +
N, PR S/N

R’ R

Scheme 122: Retrosynthetic analysis of N,P-zwitterionic ligands.
The simple stepwise substitution by subsequentiaddaf lithiated oxazoline and phosphine

was not possible. It either led to borabox ligand$o undesired dimeric species, which were

inert towards reaction with other nucleophil8slieme 123

| O/w"'” ,
0B o R-%R Rige=N, R
NN D * — R ON=( ")
H” 2 O \\\.&/O
) ¥ )
borabox N 2 non reactive
‘R' dimer

Scheme 123: Reaction of chloroboranes with lithiated oxazolines.

165



We decided to tune the electronic properties of ibeon compound by variation of the

substituents in order to avoid multiple substitatior undesired dimer formation. Therefore
aminochloroborates were examined due to their lawactivity compared to chloroboranes
or chloroborates. A derivative with a phosphine+aoborate backbone was prepared but
unfortunately the decreased reactivity of the gigmo-substituted boron center did not allow

another nucleophilic addition of the oxazoline nipigigure 36.

MeoN 9Ha

eoN. .

2 B/\Pth + oxazollng
[ nucleophile
NM92

unreactive

Figure 36: Unreactive aminoborate with lithiated oxazolines.

In order to avoid dimer formation the reactivity pbtassium diaryldifluoroborates was
investigated. These tetrasubstituted boron compouwadcted with lithium oxazolines and

provided products of nucleophilic substitutionte boron centeiScheme 124

Li Ar\g)/Ar

moak® TN o

.B< + N N
FF H
R R

Scheme 124: Nucleophilic substitution using potassium diaryldifluoroborates.

The resulting oxazoline-substituted fluoroboratesild be isolated as zwitterions after
protonation of the oxazoline nitrogen atom. Howevke second intended substitution with
the phosphine moiety failed. In addition, quantumeraistry calculations were carried out to

support the experimental studies.

The synthesis of new NeoPHOX ligands derived fraexpensive chiral aminoacidsserine
and L-threonine was developed. These chiral ligands wesed in the iridium-catalyzed

asymmetric hydrogenation and palladium-catalyzgdi@asubstitution Figure 37).
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BATF

Ir-catalyzed I O 1 Pd-catalyzed
hydrogenation Ph,P + N R allylic substitution
- Ir =

Q7 AR

Figure 37: L-serine and L-threonine derived ligands and their applications.

In both reactions the enantioselectivities achiewede excellent for most of the substrates
tested. In the iridium catalyzed hydrogenation &swound that presence of an acid-stable
protecting group of tertiary alcohol $Ris necessary in order to achieve full conversidite
enantioselectivities obtained in the catalytic asyetric hydrogenation and allylic substitution
with the L-serine and.-threonine derived ligands were almost identicalhtose reported for
tert-butyl-substituted NeoPHOX ligands, which are dediirom very expensive amino acid

tert-leucine.

The use of Ir catalysts for the diastereoseledtiy@grogenation of Diels-Alder products was
investigated. The best results were obtained witlpyadine-phosphinite complex that
afforded the saturated cyclohexane derivatives wdigistereoselectivities of up to 98:2 and
full conversion. The reaction is strongly catalgetitrolled, so it is possible to obtain each of
the two diastereomeric products with high selettiusing eitherR)- or (S-catalyst Scheme
125).

Q H2 cat. /\
fonas

2 98
e OBAr,
®) _\ BATF o F
O\\‘
- t- BU\ ®
cat = tBu p@N/ P N/
By !r

Scheme 125: Diastereoselective hydrogenation controlled by enantiomer of Ir-catalyst.
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8. Experimental part

8.1Working techniques and reagents

Synthetic procedures involving manipulation underi atmosphere were performed in the
dried glassware under positive argon pressure ustagdard Schlenk techniques. For
handling moisture and air sensitive compounds vgas glove box (MBraun Labmaster 130).
Commercially available reagents were purchased ffamos, Aldrich, Flourochem, Strem
and used without further purification. Triethylaraiwas distilled from calcium hydride, 2,6-
lutidine was distilled under reduced pressure goarse.

Solvents were distilled from sodium/(benzophenddethylether, pentane, tetrahydrofurane,
toluene), obtained from the purification activat@dmina columns system under nitrogen
(PureSolv, Innovative Technology Inc) or obtaineshi Aldich or Fluka in a septum-sealed
bottles under inert atmosphere and over molecuées. The oxygen free solvents were
prepared by freeze-pump-thaw degassing technique

Column chromatography was performed on silica §el06040-0.063 mm) or neutral alumina
obtained from Aldrich or Merck. The reagents welréechnical grade and were distilled prior

to use.

8.2 Analytical methods

NMR-Spectroscopy:NMR spectra were recorded either on a Bruker Agat@0 (400 MHz,
BBO probe head) or a Bruker Avance DRX 500 (500 MBRO or BBI probe heads) NMR
spectrometers. Chemical shifisare given in ppm and they are referenced for GIR&CF.26
ppm ¢H-NMR) and 77,16 ppm*{C-NMR) for GsDs to 7.16 ppm’H-NMR) and 128.1 ppm
(**C-NMR) and for THF-g to 3.58 ppm’H-NMR) or to internal standard TMS 0 ppfiP-
NMR spectra were calibrated to an external standarma phosphoric acid (85%) to O ppm.
F-NMR spectra were calibrated to the chemical sififthe most downfield isotopomer of
external CFQ to 0 ppm.*'B-NMR spectra were calibrated to 0 ppm with theyB&O as an
external standard. The assignmenttfand**C-NMR signals was accomplished with help of
DEPT135 NMR experiments or by using 2D-NMR expenise(COSY, HMQC, HSQC,
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HMBC). Multiplets were assigned as s (singlet), dbublet), dd (doublet of doublet), t
(triplet), g (quartet), m (multiplet) and br s (absinglet).

Mass Spectrometry:El (Electron Impact) and FAB (Fast atom bombardinerass spectra
were recorded by Dr. Heinz Nadig (Department of i@is&y, University of Basel). Electron
Impact ionization spectra were recorded on VG70-Zp@ctrometer and Fast Atom
Bombardment spectra were recoded on Finnigan MAR@(l? 3-nitrobenzyl alcohol (NBA)
as matrix. Electron spray ionization (ESI) was meed on Varian 1200L Triple Quad
MS/MS spectrometer with the sample concentratioatvéen 13 and 1 M (40 psi
nebulizing gas, 4.9 kV spray voltage, 18 psi drygag at 200 °C, 38-75 V capillary voltage,
1300-1500 V detector voltage) by Dr. |. FlieschéWlALDI (Matrix-assisted laser
desorption/ionization) spectra were recorded onadgey-DE-Pro or Bruker Microflex witp-
nitroaniline or 2,5-dihydroxybenzoic acid as matgx

The signals are given in mass-to-charge ratiw@ (with the relative intensities in brackets.

Elementar Analysis: Elementar analyses were measured by Mr. W. Ki(Bapartment of

Chemistry, University of Basel) on Lenco CHN-90@GeTdata are indicated in mass percent.

Melting Points: Melting points were determined on Bichi 535 meltpoint apparatus and

they are uncorrected.

Optical Rotations ([¢]’): Optical rotations were measured on a Perkin ElIR@arimeter

341 in cuvettel(= 1 dm) at 20 °C at 589 nm (sodium lamp). The eotrationc is given in
0/100 mL.

Infrared Spectroscopy: Infrared spectra were recorded on a Perkin EImé0 Xeries FTIR
spectrometer or on Shimadzu FTIR-8400S spectronf@@den Gate ATR). Liquid samples
were measured as a thin layer between two sodidaridé plates and solid samples were
compressed into potassium bromide pellets. Therptisn bands are given in wavenumbers
(7 [cm™]). The peak intensity is described as s (stromgjmedium), w (weak). The index br

stands for broad.

Gas Chromatography: Gas chromatograms were recorded on Carlo Elba HR{&Ga2

Series 800 (HRGS Mega 2) instruments. Achiral separs were performed on a Restek Rtx-
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1710 column (30 mx 0.25 mmx 0.25um) and for chiral separatiofs andy- cyclodextrine

columns (30 nx 0.25 mmx 0.25um) were used.

Gas Chromatography with Mass Spectrum detectionHP6890 gas chromatogram with
Macherey-Nagel OPTIMA1 Me2Si (25 m 0.2 mmx 0.35um, 20 psi, split ca. 20:1, carrier
gas: 1 mL/min helium) with HP5970A mass detectol).(Ehimadzu GC-MS-QP2010 SE
equipped with Rtx-5MS (30 m 0.25 mmx 0.25um, 100 kPa, split ca. 40:1, carrier gas: 3

mL/min).

High-performance Liquid Chromatography: HPLC analyses were measured on Shimadzu
systems with SCL-10A system controller, CTO-10AQuom oven, LC10AD pump system,
DGU-14a degasser. Chiracel brand chiral columns finacel Cheical Industries were used

with models OD-H, OJ-H, AD-H in 4.8 250 mm size.

Thin Layer Chromatography: TLC plates were purchased from Macherey-Nagely@am

SIL G/UV3s4, 0.2mm silicas with fluorescence indicator,>480 mm).
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8.3Borabox ligands

(S)-methyl 3,3-dimethyl-2-(2,2,2-trifluoroacetamido)utanoate %! (BB-01)

O t-Bu

FgcJ\H/V\COOMe

Triflouroacetic anhydride (1.14 mL, 8.22 mmol, £€.) was added dropwise to a solution of
L-tert-Leucine methylester ( 1.194 g, 8.22 mmol, 1.0 @ triethylamin (1.26 mL, 9.05
mmol, 1.1 eq.) in CECl, (25 mL) at -78 °C over 5 min. After complete adxfitthe reaction
mixture was stirred at -78 °C for another 1h, thheenched with saturated aqueous NakHCO
solution (10 mL) and allowed to warm to room tengpere. Reaction mixture was then
extracted with ChLCl, (3 x 15 mL), combined organic extracts were washid brine (1 x
25 mL) and dried over MgSQOConcentration of the filtrate afforded slightlglpw oil which
was then subjected to vacuum distillation (bp. 68 4 Torr) to provide 1,56 g (79% yield)

trifluoroacetamide as a colorless'‘Sil

'H-NMR (400.1 MHz, CDG, 300K): (ppm) 6.80(br s, 1H, NH), 4.49 (d, 1H] = 9.3 Hz,
CH), 3.78 (s, 3H, COOCH), 1.00 (s, 9H, (Ch)s).
F{1H}-NMR (376.5 MHz, CDGJ, 300K): J(ppm) -76.9.

(S)-N-(4-ethyl-4-hydroxy-2,2-dimethylhexan-3-yl)-2,2,2+ifluoroacetamide (BB-02)

(0] t-Bu

L JXOH

F4C N
H Bt Et

A solution of trifluoroacetamid&B-01 (1,56 g, 6,5 mmol, 1 eq.) in THF (8 mL) was added
dropwise to ethylamagnesium bromide (1,66 M igCEt19,5 mL, 32,3 mmol, 5,0 eq.) in 10
mL of THF over 1 h. The reaction mixture was heatdeflux for 6 hours and then was
cooled to 0°C, quenched with saturated aqueougCNEblution (9 mL) and extracted with
TBME (4 x 10 mL). The combined organic extracts everashed with brine (25 mL) and
dried over MgSQ@ Concentration of the filtrate gave a yellow oihish was bulb to bulb

distilled (bp. 65-70 °C / 6 Torr) to provide whifmaste which was further purified by
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crystallization fromn-hexane. It was obtained 1.3 g (75 % yield) of gneduct as white

crystals.

'H-NMR (400.1 MHz, CDGJ, 300K): J(ppm) 6.90 (d, 1H,J = 7.3 Hz, NH), 3.82 (d, 1H,
J=10.2 Hz, N-CH), 1.78 (m, 2H, GH 1.41 (m, 2H, Ch), 1.07 (s, 9H, (Ch)3), 0.92(t, 3H,
J =7.3 Hz, CH), 0.83(t, 3HJ = 7.3 Hz, CH).

3C{*H}-NMR (100.6 MHz, CDGJ, 300K): d(ppm) 157.4 (q,Jce= 36 Hz, C=0), 116.7 (q,
Jor = 288 Hz, CR), 79.5 (C-OH), 60.4 (CH), 36.7C(CHs)s), 30.0 (CH), 29.2 (CH), 29.1
(C(CHg)), 8.6 (CH), 8.3 (CH).

F{1H}-NMR (376.5 MHz, CDGJ, 300K): J(ppm) -76.9.

MS (FAB) m/z (%) 270 ([M+H], 18), 271 (3), 252 (100), 196 (26), 137 (60).

IR (7 [cm™]) 3465m, 3397m, 2979m, 1718s, 1541m, 1484w, 139346m, 1270m, 1223s,
1150s, 1036w, 971w, 931w, 899w, 872w, 772w, 713G

Elementar analysisfor C;2H2oF3NO, (269.30) calcd %: C, 53.52; H, 8.23; N, 5.20; fou@,
53.83; H, 7.96; N, 5.05.

[2]°= -25.8° (c=1.00, CHG)

M.p. 83.7 - 84.5 °C

(S)-4-amino-3-ethyl-5,5-dimethylhexan-3-ol (58)

t-Bu

OH
H,N

Et Et
To deprotect TFA protected aminolcohol BB-02 afidrours reflux in 5% methanolic NaOH
solution overnight was observed only 50% conversiafier additional 16h reflux was
conversion around 90%. Therefore formation of tn@naalcohol BB-03 was performed
without N-protection of Ltert-leucine methylester.
To a precooled solution of EtMgBr (6,2 mL, 8,6 mjmg4 M in EtO, 5 eq.) in 3 mL THF
was dropwise added tert-Leucine methylester hydrochloride (0,25 g, 1,7 mriceq.) in 4
mL THF at -40°C within 20 min. After the additionag complete the reaction mixture was
warmed to r.t. and refluxed overnight. The reactias quenched by sat. solution )NH at
0°C and followed by addition of 10% HCI until clesolution was obtained. Product was

extracted from the mixture using TBME (6 x 15 mldacombined organic extracts were
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washed by 10 mL brine and dried over,8@,. After concentrating extracts was resulting
yellow oil purified by vacuum distillation (55°C/A% Torr) to provide 284 mg (95% vyield) of
the product as a colorless oil.

'H-NMR (400.1 MHz, CDQ, 300K): d(ppm) 2.53(s, 1H, OH), 1,76 (m, 1H, CH), 1.46 (m,
2H, CHp), 1.43 (m, 2H, Ch), 1.00 (s, 9H, (Ch)3), 0.91 (t, 3H,J = 7.3 Hz, CH), 0.89 (t, 3H,
J=7.3Hz, CH).

¥3C{’H}-NMR (100.6 MHz, CDGJ, 300K): d(ppm) 75.6 (C-OH), 62.9 (CH), 35.5
(C(CHa)3), 29.8 (CH), 29.7 (CH), 29.1 (CCH2)3), 8.5 (CH), 8.3 (CH).

MS (FAB) m/z (%) 174 ([M+H], 100), 175 (12), 100 (75), 57 (53).

IR (7 [cm™]) 3412m, 3332m, 2961s, 2882s, 2361w, 1617w, 146888m, 1369m, 1262w,
1218w, 1146m, 1038w, 950m, 893m, 833m, 755m.

Elementar analysisfor C;0H23NO (173.30) calcd %: C, 69.31; H, 13.38; N, 8.@&rfd: C,
69.03; H, 13.09; N, 7.92.

[a]°= -26.4° (c=0.99, CHG).

(S)-4-(tert-butyl)-5,5-diethyl-4,5-dihydrooxazole (59)

HON
f%—-t-Bu
Et

Et

The oven dried three neck flask equipped with #flix condenser and magnetic stir bar was
charged under the inert atmosphere with aminoalc¢b®50 g, 6,1 mmol, leq.), ethyl
formimidate hydrochloride (0,796 g, 7,3 mmol, 1¢R)eand dissolved in 100 mL GAI, and
refluxed overnight under the inert atmosphere. Ttnethylamine (4,22 ml, 30,3 mmol, 5 eq.)
was carefully added to a reaction mixture via gifollowed by addition of 60 mL sat. sol.
NaHCG;. After the extraction with 3 x 20 mL GBI, were the combined organic extracts
dried over NaSQO, and after evaporation of the volatiles in vacuuaswbtained 1,198 g of
the yellowish oil as a crude product which was saotgd to vacuum distillation (38 °C / 0,1
Torr) to obtain 650 mg (59%) of the product as lidess oil.
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'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 6.79 (d, J= 2.1 Hz, 1H, H-C=N), 3.47 (d,
J=2.3 Hz, 1H, CH-N), 1.93 (m, 1H, GH 1.72 (m, 2H, CB), 1.57 (m, 1H, Ch), 1.02 (s,
9H, (CH)3), 0.95 (t, 3H,J = 7.3 Hz, CH), 0.86 (t, 3H,J = 7.3 Hz, CH).

13C{’H}-NMR (100.6 MHz, CDGJ, 300K): d(ppm) 153.3 (HC=N), 91.6 (C-BY, 78.9
(CHtBuU), 34.4 C(CHs)3), 29.6 (CH), 28.5 (CCH3)3), 25.9 (CH), 8.9 (CH;), 8.2 (CH).

MS (FAB) m/z (%) 184 ([M+H], 100), 83 (66), 57 (93).

IR (7 [cm™]) 3067w, 2968s, 2883s, 1638s, 1463m, 1365m, 129160m, 1100s, 1026w,
926m, 885w.

Elementar analysisfor C;1H2;NO (183,29) calcd %: C, 72.08; H, 11.55; N, 7.@urfd:

C, 71.72; H, 11.25; N, 7.63.

[a]°=-72.2° (c=0.93, CHG).

Bis (2,2-diethyl-(S)-tert-butyl-oxazoline)dicyclohexylborane (579)
Cy. Cy
o--B~ 0
Et \|(+ \f\)<Et
Et N., N~/ "Et
t-Bu t-Bu

To a precooled solution of th&)¢4-(tert-butyl)-5,5-diethyl-4,5-dihydrooxazok00 mg, 1,64
mmol, 2 eq.) in 100 mL THF was dropwise add&iiLi (1,1 mL 1,7 M, 2,2 eq) at -78°C and
stirred for 30 min during which the colorless saintturned yellow. Then was premixed
solution of the dicyclohexylchloroborane (0,82 milM in hexane, leq) in toluene (5 mL)
added via cannula to the reaction mixture. Theingddath was immediately removed and the
reaction was leaved warm to room temperature ogbtniAll volatiles were removed and
resulting white foam was transferred on a columrb (8 SiQ) end eluted by
Hexane/EtOAc/EN (10:1:0,5) mixture. The product is decomposingirmy the column
chromatography, therefore second purification iedael on the neutral aluminium oxide

column (R=0.85,n-pentane) stained by PMA solution.

'H-NMR (400.1 MHz, CDGJ, 300K): (ppmm) 3.49 (s, 2H, CHN), 1.93-1.88 (m, 4H, &H),
1.88-1.80 (M, 4H, Chky), 1.66-1.58 (m, 8H, k), 1.44-1.40 (m, 2H, H,), 1,17-1,11 (m, 6H,
Hgy), 1,05 (s, 18H 2 tBu), 1.04 (tJ = 3.9 Hz, 6H, CHg), 1.01 (t,J= 3.9 Hz, 6H, CHg),
0,94-0.89 (M, 4H, 1,), 0.63-0.57 (M, 2H, H)).
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BC{*H}-NMR (100.6 MHz, CDGJ, 300K): d(ppm) 92.3 (2C, OCE), 74.5 (2C, CHBu),
33.9 (2C,C(CHg)z), 31.9 (4C, CH¢y), 31.7 (2C, CMg), 29.8 (CH gy, 29.7 (CH gy, 29,3
(2C, CH¢,) 28.9 (2C, CH (,),28.8 (4C, CH ), 27.7 (6C, OCHa)3), 23.5 (2C, CH), 8.9
(CH3 gy, 8.2 (CH E.

YB8{1H} NMR (160.8 MHz, CDGJ, 295K): 5(ppm) -11.8.

MS (FAB) m/z (%) 543 ([M+H], 100), 542 (24), 544 (36), 278 (16), 196 (38)(B4).
Elementar analysisfor C34He3BN2O, (542.69) calcd %: C, 75.25; H, 11.70; N, 5.16;fdu
C, 75.27; H, 11.55; N, 5.05.

[a]?= -13.4° (c=0.32, CHG).

Bis(3,5-bis(trifluoromethyl)phenyl)dimethylstannane (60)

CF; CF;
\Sn/CI - /@\ /@\
~n.
Cl F3C /Sn\ CF3

This compound was prepared according to the litezaproceduf®”. Oven dried three
necked flask was equipped with magnetic stir baypping funnel and reflux condenser and it
was cooled to room temperature under positive pressf argon and then charged with the
oven dried magnesium turnings (1,68 g, 69 mmol,efj which were then activated by a
small crystal of 4. Solution of 3,5-bis(trifluoromethyl)phenylbromidé3,5 g, 46 mmol, 1
eg.) in 20 mL dry diethylether was added from thep@ing funnel over course of 20 minutes
in a rate to mantain gentle reflux of the reactioixture. After the reaction heat ceased the
solution of a Grignard reagent was helfédto a reflux for another 1 hour and stirred in
addition overnight at room temperature. Then wassiblution filtered under positive argon
pressure through the glasswool plug over cannulantther reaction vessel for following
reaction. Concentration of the final Grignard siointwas recalculated according to the
amount of the Mg turnings residue washed by aceaftee filtration.

To a precooled solution of (3,5-bis(trifluorometipfienyl)magnesium bromide (25 mL, 1,8
M in Et,O, 46 mmol, 2 eq.) was added solid dimethyltinddciale (5g, 23 mmol, 1 egNote!
Me,SnC} is highly toxic. Use appropriate precautions whemdling this materialat -78°C
and stirred 2 hours and then was the reaction maxtwarmed to RT and stirred overnight.

The clear colorless solution was concentrated cuwm and it was obtained 12,6 g (96 %
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yield) of a white crystalline solff® which was used in the next experiment withoutHfert

purification.
'H-NMR (400.1 MHz, CDGQ, 300K): 5(ppm) 0.72 (s, 6HJ4.sn117, 115 58.1,

55.5 Hz, CH), 7.94, 7.88, 7.83 (m, Cii6 H).
YF{1H}-NMR (376.5 MHz, CDGJ, 300K): d(ppm) -64.0.

Bis(3,5-bis(trifluoromethyl)phenyl)chloroborane (61)

CF CF
CF4 CFs 3 3
——
FiC B CF3
F3C /Sn\ CF3 él

The oven dried thick-walled glass 100 mL Schlengset equipped with the magnetic stir bar
and rubber septum was after cooling to room tentperaharged with the crystalline bis(3,5-
bis(trifluoromethyl)phenyl)dimethylstannane (6,314, mmol, 1 eq.) and dm-heptane (25
mL). The solution of BGI (11,0 mL, 1.0 M inn-heptane, 1 eq.) was added dropwise via
syringe at rt and solution was stirred for addiéibh hour. Then was rubber septum replaced
by the glass stopper equipped with the Teflon @-amd the V-shaped metal clamp. The
Schlenk flask was placed into the oil bath and asvineated to 100 °C for 48 hours. After
cooling to rt was the reaction solvent removed umdduced pressure on the Schlenk line by
using distillation apparatus connected to the tdditeonal cooling traps to trap traces of the
regenerated volatile dimethyltindichloriddote! MeSnC} is highly toxic. Use appropriate
precautions when handling this materidhe crude slightly shadow solid was then conrmecte
to the bulb to bulb distillation apparatus (alsoipged with two additional cooling traps) and
Me,SnCh was then sublimed (40°C / 1 Torr) from the solidde. The residue after the
sublimation was then purified by a high vacuum soation on a diffusion pump (55°C /
5.10° mbar) and it was obtained 2.858 g (55 % yieldhefproduct*® as a white solid.

'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 8.06 (br s, 2H, CK), 7.92 (br s, 4H, CK).
YF{1H}-NMR (376.5 MHz, CDGJ, 300K): d(ppm) -63.9.
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Bis(2,2-diethyl-(S)-tert-butyl-oxazoline)bis(3,5-bis(trifluoromethyl)phenyl)borane (57h)

CF; F;C
FsC CF3
B
(@] ud O
Et Et
T \f\)<
Et N- N Et
Ho
t-Bu t-Bu

To a precooled solution of theS){4-(tert-butyl)-5,5-diethyl-4,5-dihydrooxazol¢100 mg,
546 pumol, 2 eq.) in 30 mL THF was dropwise ad@@dLi (0.35 mL, 1.7 M imn-hexane, 2.2
eq.) at -78°C and reaction mixture was stirred30rmin while the solution turned yellow.
Then Bis(3,5-bis(trifluoromethyl)phenyl)chlorobosafil129 mg, 273 umol, 1 eq.) in benzene
(3 mL) was added via cannula. After addition was complete)ing bath was removed and
the reaction mixture was stirred overnight at . Volatiles were evaporated and resulting
white foam was transferred on to a column (25 &aiel, Hex:EtOAc:EN (10:1:0,5),
Rf=0.94). After the column chromatography was aledi 100mg of the product with small
amounts of impurities, therefore chromatography pexr$ormed again using the same solvent
mixture on silica. It was obtained 40 mg (18%) loé fproduct as a white wax. The product
seemed to be unstable and it was probably decongpdsiring the chromatography therefore
it could not be obtained as an analytically pumaga and it was used in the next experiments

without being fully characterized.

'H-NMR (400.1 MHz, CDGJ, 300K): 5(ppm) 8.75 (br s, 1H, N-H), 7.78 (br s, 4H, Asklo),
7.69 (br s, 2H, Arbh), 3.55 (s, 2H, CHN), 2.01-1.91 (m, 2H, &), 1.88-1.78 (m, 2H,
CH, &), 1.71-1.60 (m, 4H, Chty), 1.04 (s, 18H 2 %Bu), 0.95 (tJ = 7.6 Hz, 6H, CHg), 0.82
(t, J=7.6 Hz, 6H, CHg).

YF{1H}-NMR (376.5 MHz, CDGJ, 300K): d(ppm) -63.8.

MS (MALDI) m/z (%) 803 ([M+H]', 100).
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General procedure for the conversion protonated babox ligands into their lithium

saltd®®

n-BuLi (48 ul, 77 umol) was added at 0°C to a solution of pnated borabox compleBB-
05 (40 mg, 74 umol) in 4 ml of THF. After 2 hours afditional stirring at room temperature,
the volatiles were removed under reduce pressunereTwas isolated lithiated borabox

complex BB-05)-Li (40 mg, 73 pmol, 99 % yield) which was used inftiiéher reactions.

General procedure for the cyclopropanation reactiof®

Ligand BB-05)-Li (7 mg, 0.012 mmol) and Cu[(OEP0.5(CGHe) (2.5 mg, 0.005 mmol)
were dissolved in 1 mL 1,2-dichlorethane (degassethe ultrasonic bath) and resulting
solution was stirred at room temperature for 30utaa before styrene (1138, 1 mmol,
freeze-pump-thaw degassed) was then added. Afidrefu30 minutes solution of thert-
butyl diazoacetate (171 mg, 1€, 1.2 mmol) in 1 mL 1,2-dichlorethane was addee@rov
course of ~6 hours via a syringe pump. After thditemh was complete the reaction was
stirred for an additional 12 hours. The reactioxtare was then concentrated in vacuum to
afford crude product (226 mg). Flash chromatograpising hexanes-ethylacetate (9:1)
(cis/trans product with R0.5, and fumarate and maleate with Rf=~0,3) a#drdcis/trans
mixture (160 mg) of the cyclopropane carboxylatésom this mixture was recorded 1H
NMR and GC (1,5°/min, 50-180°C).; Br cis/transproducts was 69,85 min and 73,74 min
(fumarate and maleate R 54,54 min and 56,62 min). From GC determinesdransratio of

cyclopropane isomers was same as frontithBIMR.

Transesterification of the cyclopropanation producs into the corresponding
ethylester$**!!

The crude reaction mixture from cyclopropanatioractemn was dissolved in a neat

CRCOOH and stirred 10 minutes at rt. ThesCBOH was evaporated in vacuum and

distillation residue was furthermore several timedistilled with toluene. The crude product
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was dissolved in DCM and separated by filtratioonfrfumaric and maleic acid to afford a
mixture ofcis/transcyclopropyl acids.

To a solution of cyclopropyl acids (100 mg, 617 @meere added Pyridine (3,3 mL, 0,25 M
in Toluene), SOGI (3,3 ml 0,7M in Toluene) and EtOH (3,3 ml 1,4 M Tioluene). The
reaction mixture was stirred at 100°C for 1 houlytdd with E;O and extracted 3 times with
0,1 M phosphate buffer (prepared form NBBy and (1:5) HCI in ratio 40:1 to pH = 3),
followed by sat. solution NaHGO After drying with MgSQ, solvent was removed in
vacuum. GC was recorded on Beta-cyclodextrine DEBB(SE54) 100-130°C (0,5°C/min).
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8.4 Non-symetrically substituted boron compounds

Triisobutyl borate (63)

iBuQ
/B—OiBu
iBuO
In the two necked round-bottomed flask fitted witban-Stark apparatus, boric acid 20g (323
mmol, 1eq.) was dissolved in isobutanol 97 mL (1,0%0l, 3,25 eq.) and refluxed under Ar
for 5 hours. After removal of 17,5 ml of water wasess of the isobutanol (7,5 mL) distilled
off at atmospheric pressure (bp. 108°C) and thenthwe reaction mixture distilled in vacuum

(58°C / 3 Torr) to produce 68 g (95% vyield) of thesobutylborates3 as a colorless liquid.

C12H26BO; (238,15 gnol™)
'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 3.56 (d,J = 6.5 Hz, 6H, Ch), 1.77 (m, 3H,
CH), 0.88 (dJ = 6.7 Hz, 18H, CH).

Diisobutyl phenylboronate (66)

/O—iBu

O—iBu
To as solution of 24 mL (48 mmol, 1.1 eq., 2 M in@® of phenylmagnesium bromide in 50
mL of diethylether was added 10 g (44 mmol, 1 ex.)triisobutylborate in 20 mL of
diethylether at -78°C in course of 30-40 minutdse Teaction mixture was then leaved warm
up to room temperature and stirred overnight. Aftglrs was reaction flask place into the oil
bath and refluxed for 2 hours. After cooling to moéemperature was reaction flask plugged
to a source of gaseous hydrochloric acid which dsged through the reaction mixture for 1
hour. Diethylether was evaporated, the white pretg was filtered off and washed with
benzene. The filtrate was then fractionally diedllin vacuum (68°C/4 Torr"2fraction) to
obtain 6,32 g (64 % yield) of produg6 as colorless liquid.®ifraction 56°C/5 Torr contained

starting material (510mg) and®3fraction 61°C/0,07 Torr (0,732 g) containing isohu
dipehnylborate.
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C14H23BO, (234.14 gnol™)

'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 7.69-7.67 (m, 2H, ArH), 7.43-7.38 (m, 3H,
ArH), 3.86 (d,J = 6.5 Hz, 4H, CH), 1,95-1.89 (m, 2H, CH), 0.99 (d= 6.7 Hz, 12H, Ch).
13c{*H}-NMR (100.6 MHz, CDGJ, 300K): d (ppm) 134.0 (Gn), 130.0 (Geri), 128.1 (G,
71.4 (CH), 30.6 (CH), 19.4 (CB).

IR (7 [cm™]) 3052w, 2957s, 2878s, 2360m, 1601m, 1470s, 1438kls, 1324s, 1258s,
1173w, 1130m, 1072w, 1025s, 951w, 910w, 826w, 75®0m, 651m.

Elementar analysisfor C;gH16CINO;3 (234.14) calcd %: C, 71.82; H, 9.90; found: C,640.
H, 9.65.

(4-chlorophenyl)(isobutoxy)(phenyl)borane (73)

The diisobutylphenylboronateés§) 0,827g (3.53 mmol, 1.0 eq.) was dissolved in 3 ofiL
diethyl ether and then was added with syringe pualmpng 2 hour of Grignard reagent 3,9
mL (3.89 mmol, 1M, 1.1 eq.) at -78°C. After additizvas complete, the reaction mixture was
stirred at the same temperature for another 5 handsthen leaved warm overnight in the
cooling bath. Reaction was quenched with 3 mL of 3880, and extracted with 3 x 25 mL
of diethylether. Solvent was distilled off and 5 mLiBuOH was added to the residue and co-
distilled with 5 x 5 mL ofiBUuOH. The crude product (960mg) was then fractipmkbdtilled
(68°C/0,06 Torr) to obtain 570 mg (60% yield) bétproduc73 as a colorless liquid.

C16H1gBCIO (272.58 gnol™)

'H-NMR (400.1 MHz, CDG, 300K): d(ppm) 7.63-7.60 (m, 4H, ArH), 7.49-7.39 (m, 5H,
ArH), 3.94 (d,J = 6.4 Hz, 2H, CH), 2.02-1.95 (m, 1H, CH), 1.00 (d= 6.7 Hz, 6H, CH).
13C{*H}-NMR (100.6 MHz, CDGJ, 300K): d(ppm) 136.9 (G,), 136.3 (Gi+), 134.3 (G,
130.5 (Gvh), 128.3 (Gun), 128.1 (Gyr), 74.8 (CH), 30.7 (CH), 19.4 (Cb).

MS (El, 70 eV): m/z (%): 272 (12, &, 199 (29), 139 (48), 105 (64), 91 (25), 78 (3,
(100), 41 (21).
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IR (V'[cm™]) 3050w, 2959s, 2877m, 2361w, 1587s, 1469m, 143385m, 1331s, 1260s,
1180w, 1130w, 1089m, 997w, 945w, 895w, 822m, 70a46w.

Elementar analysisfor C;6H1sBCIO (272.58) calcd %: C, 70.50; H, 6.66; found:69,35; H,
6.85.

Isobutoxydiphenylborane (64)

To a solution of 5 g (21.72 mmol, leq.) triisobbtylate in 20 mL of ERO, 23.9 mL of
PhMgBr (47.79 mmol, 2M in ED, 2.2 eq.) was added during 2 hours via syringappat -
78°C and stirred at this temperature for additidnaburs and then leaved warm overnight in
the cooling bath to room temprature. Following aegs the reaction mixture refluxed for 4
hours and then quenched with 25 mL of 5% HCI (@l extracted with diethyl ether.
Solvent was removed in vacuum and residue was stokell with 3 x 10 mL of isobutanol.
The crude mixture was distilled on Kugelrohr at A5@.1 Torr to obtain 4.764g (92% vyield)

of product64 as colorless oil.

Ci16H19BO (238.13 gnol™?)

'H-NMR (400.1 MHz, CDGJ, 300K): (ppm) 7.68-7.65 (m, 2H, ArH), 7.49-7.41 (m, 6H,
ArH), 3.95 (d,J = 6.4 Hz, 2H, CH), 2.04-1.94 (m, 1H, CH), 1.00 (d= 6.7 Hz, 6H, CH).
13c{*H}-NMR (100.6 MHz, CDGJ, 300K): d (ppm) 134.7 (Gn), 130.5 (Geri), 128.0 (G,
74.8 (CH), 30.8 (CH), 19.5 (C¥).

MS (El, 70 eV): m/z (%): 238 (4, ), 182 (98), 154 (24), 105 (100), 78 (92), 56 (35).

Chlorodiphenylborane (62)
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1.5 g (6.3 mmol, 1leq.) of isobutyl diphenylboronaies dissolved in 10 mL DCM and colled
to 0°C then 1,38 g (6.3 mmol, 95%, 1 eq.) of P@s added in two portions. During addition
the reaction was accompanied by evolution of thet.h&fter 15 min was the cooling bath
removed and stired for another 30 minutes. Theusddhloride (b.p. 69°C) and POgL(b.p.

107°C) were removed by reduced pressure distilatvith an additional cooling trap. The
chlorodiphenylborane was distilled (80°C/0.06 Taw)obtain 0,836 g (66% vyield) of the
product as an transparent oil. By recrystallizatimm 4 mL of n-heptane at -35°C was

obtained 640mg a white crystalline solid.

C12H10BCl (200.47 gnol ™)

'H-NMR (400.1 MHz, CDG, 300K): J(ppr) 8.06-8.02 (m, 4H, ArH), 7.68-7.62 (m, 2H,
ArH), 7.56-7.50 (m, 4H, ArH).

YB-NMR (160.5 MHz, CDG, 300K): 5(ppm) 62.8.

Lithim(TMEDA)methylenedipehnylphosphine (83)°*
NV
N
Ph,PCH,Li j

N
7\

A solution of 3.12 mL oh-BuLi (1.6M in hexane) was diluted with 3 mL ofpentane and
0.580 g (5 mmol, 0.75 mLd=0.775 of N,N,N,N-tetramethylethylen-1,2-diamine was
dropwise added. After 15 min stirring of the reawstimixture at room temperature, 1g (5
mmol, d=1.079 of methyldiphenylphosphine was added and contiratiering for another 48
hours. The precipitated yellow product was filtel®dusing Schlenk filtration apparatus and
washed with 3 x 5 mL ofi-pentane. Filtrate was then dryed in the vacuumiak obtained
0.968g (60% yield) o83 as a yellow solid.
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(R)-4-benzyl-4,5-dihydrooxazole (87)

H\NWJ

Ph/

(9-Phenylaninol 1.3 g (8.60 mmol, 1 eq.) was dissdlin 100 mL of dry dichloromethane
and 1.0369g (9.45 mmol, 1.01eq) of ethylformimidayerochloride was added in one portion.
Reaction was refluxed overnight and after coolmgaom temperature 6 mL of triethylamine
was added. The reaction mixture was then dilutetd W@ mL of sat. sol. NaHCTollowed
by the extraction with 3 x 30 mL of diethyletherrganic extracts were dried over J$&;
and solvent was evaporated in vacuum to obtainecprdduct (1.305 g). By distillation on

Kugelrohr (110°C/0.1 Torr) was obtained 1.150 g%8%eld) of the produc87 as colorless
oil 140!

Ci0H1:NO (161.2 gnol™?)

'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 7.34-7.28 (m, 2H, ArH), 7.25-7.19 (m, 3H,
ArH), 6.81 (d,J = 1.7 Hz, 1H, HG;), 4.44-4.34 (m, 1H, NCH), 4.16 (dd,= 9.1 Hz, 1H,
OCH,), 3.92 (dd,J = 8.0 Hz, 1H, OCH) 3.08 (ddJ = 13.8, 5.8 Hz, 1H, CHPh), 2.68 (dd) =
13.8, 8.2 Hz, 1H).

Bis(dimethylamino)chloroborane (116)

BCl,

2 B(NMeZ)S 3 ClB(NMez)Z

To a precooled solution of 1.411 g (9.86 mmol, Pef§B(NMe,); in 20 mL ofn-pentane was
dropwise added 4.93 mL of B£I1M solution inn-hexane, 1eq.) at -20°C. Reaction mixture
was warmed to room temperature and stirred fortaaa@l 1 hour. Then the solvent was
removed in vacuum and crude reaction mixture (1.9BWwas fractionally distilled. It was
obtained 0.836 g (42% vyield) of the prod@a6 as colorless air sensitive liquitiL6 has to be
stored below 4°C otherwise it dimerizes to whitédsfMe,NBCl,], with *'B-NMR shift of
10.5 ppm (in CDG).
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C4H1,BCIN; (134.42 gnol ™)

'H-NMR (400.1 MHz, CDGQ, 300K): d(ppm) 2.72 (s, 12H, CH.

YB-NMR (160.5 MHz, CDG, 300K): 5 (ppm) 27.8.

MS (El, 70 eV): m/z (%): 134 (89, ), 119 (53), 99 (80), 90 (81), 71 (67), 57 (57),(480).

Tris(dimethylamino)borane (117)142

Preparation of 1,5 M etheral solution of dimethylae

The saturated solution of NaOH (approx. 12 g Na®H2 mL HO) in Erlemayer flask was
overlayed with 100 mL of diethylether and it waleal to 0°C. Then 12.233 g &f, N
dimethylamine hydorchloride was added in severaligus as a solid. The solution was after
2 hours decanted and dried overnight over KOH énftillge and used as a stock solution.

To a precooled solution of 4.12 mL (310.727, 29.7 mmol) of BN in 16 mL ofn-pentane
was dropwise added 9.9 mL (9.9 mmol, 1Mnihexane) of boron trichoride at -20°C. Then
was the resulting suspension well stirred at roemperature for 5-10 minutes and recooled
back to -20°C. In course of 2 hours 20 mL (1.5M,m3&ol) of dimethylamine in EO was
dropwise added and then slowly (1,5 hour) warmedomm temperature. The reaction
mixture was refluxed for 1 hour and then the volumnis white precipitate was filtered off
under nitrogen. The filtration cake was severakesmvashed witim-pentane. The combined
filtrates were freed of solvent and distilled incuam (bp. 44°C/15 Torr). It was obtained

1,4119 (33% vyield) of the product as a colorlessansitive liquid.

CsH1gBN3 (143.04 gnol™)

'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 2.52 (s, 18H, CH).
13C{*H}-NMR (100.6 MHz, CDG, 300K): (ppm) 39.6 (CH3).
YB-NMR (160.5 MHz, CDG, 300K): 3(ppm) 27.4.
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1-((diphenylphosphino(borane))methyl)N,N,N',N'-tetramethylboranediamine (119)

159 mg (0.74 mmol) of MePRBH3; 84 was dissolved in 2.5 mL of THF and cooled to 0°C,
then 0.51 mL oih-buthyllithium (1.6M in hexane, 1.1 eq.) was dropaviadded via syringe.
The reaction mixture was stirred for 30 min at @il then warmed to room temperature and
stirred for another 90min to obtaBb. Afterwards was the reaction cooled to -78 °C and
solution of 100 mg (0.74 mmol) of the (M¥),BCl in 1 mL ofn-pentane was dropwise added
via syringe. Cooling bath was removed, reactiontan&xdiscolored while warming up to the
room temperature and continued stirring overnighe solvent was removed in vacuum and

223 mg (96% yield) of the produti9was obtained as colorless oil.

Ci/H27B2NLP (312.01 gnol™)

'H-NMR (500.1 MHz, CDGQ, 295K): d(ppm) 7.68 (ddJ = 9.8, 8.3 Hz, 4H, ArH), 7.47 —
7.38 (m, 6H, ArH), 2.38 (s, 12H, GH 1.83 (d,J = 15.5 Hz, 2H, Ch) 1.02 (br g, 3H, Bh).
13C{’H}-NMR (125.8 MHz, CDQ, 295K): d(ppm) 132.3 (dJ = 9.1 Hz, Gi), 132.0 (G,
130.6 (d,J=2.4 Hz, Gn), 128.4 (dJ = 9.7 Hz, Gi), 40.3 (CH).

YB-NMR (160.5 MHz, CDQ, 295K): 5(ppm) 31.2 (B-N), -37.5 (m, B-P).

3P_NMR (202.5 MHz, CDGCJ, 295K): d(ppm) 16.8 (m, P-B).

MS (El, 70 eV): m/z (%): 298 (20, M BHs), 200.1 (100), 183 (49), 132 (18), 111 (20), 91
(13), 44 (13).

(2-(diphenylphosphino)benzyl)lithium(TMEDA) °¢¢!
W
Li
P
@f /\
PPh,
Solution of 0.68 mL ofn-buthyllithium (1,6M inn-hexane) was diluted with 3 mL oF

pentane and treated with 0.163 mL (1.09 mmal=0.775) of N,N,N',N-
tetramethylethylendiamine at room temperature dined for 15 minutes. Then 0.300 g (1.09
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mmol) of diphenyl(o-tolyl)phosphine in 2 mL of-pentane was added and the reaction
mixture was stirred for 48 hours. The yellow préeite 120 was isolated by filtration under
Ar followed by washing with 2 x 10 mL af-pentane to obtain 290 mg (67% vyield) of the

orange powder as produt20which was stored in the glovebox for further tfansations.

1-(2-(diphenylphosphino)benzyl)N,N,N',N'-tetramethylboranediamind®®® (120)

/NMeZ
B
\

©\/ NMe,
PPh,

98 mg of the chloroborane in 5 mL ofpentane was added to a solution 290 mg of
Li(TMEDA) salt in 5 ml THF at -78°C. The reactionixture was warmed up to room
temperature (from dark brown to brownish during 80mafter heating to rt.) and volatiles
were removed under high vacuum. The residue waaa&tl with 2 x 10ml of pentane and

purified by crystallization at -30°C.

CasH2sBNLP (374.27 gnol ™)

'H-NMR (500.1 MHz, CDQ, 295K): d(ppm) 7.40 — 7.25 (m, 11H, ArH), 7.10-7.07 (m, 2H,
ArH), 6.84-6.82 (m, 1H, ArH), 2.57 (s, 12H, @H2.38 (s, 2H, Ch).

YB-NMR (160.5 MHz, CDQ, 295K): 5 (ppm) 34.5.

3P_NMR (202.5 MHz, CDGCJ, 295K): o (ppm) -13.7.

MS (El, 70 eV): m/z (%): 330 (100, W NMe, ), 275 (8), 197 (6), 183 (8), 165 (5), 99 (9), 56
(6).

Dimethylaminoborane dichloride (121)
|

N.__Cl
-8
cl

Dimethylamine 13.3 mL (20 mmol, 1,5M solution in,8) was dropwise added to the
precooled solution 20 mL (1M in hexane, 20 mmolB@fl; in 20 mL ofn-pentane at -20°C.
After warming up to room temperature and stirring XI5 min was the reaction recooled back

to -20°C and 2.78 mL (20 mmal=0.727) of triethylamine in 8 mL of-pentane was added.
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Then slowly warmed up a stirred at room temperatwernight. The white precipitate was
filtered off and washed with-pentane. After removing the solvent in vacuum wescrude
mixture fractinally distilled at 51-53°C/90 Torr tobtain 1.02 g (41% vyield) o121 as

colorless air sensitive liquid.

C,HeBCI:N (125.79 gnol™)
'H-NMR (400.1 MHz, CDGCJ, 300K): d(ppm) 2.94 (s, 6H, Ch.
YB-NMR (160.5 MHz, CDG, 300K): 5 (ppm) 30.5.

N,N-dimethyl-1,1-diphenylboranamine (122)
|

N.g-Ph
|

Ph
Dimethylaminoboron dichlorid&21510 mg (4.05 mmol) was dissolved in 10 mL of berze
and 4.05 mL (2M solution in ED) of PhMgBr was dropwise added at 0°C. Coolinchbat
removed and reaction mixture was stirred overnightoom temperature. Then was the

solvent removed in vacuum and after fractionalilthsion at 75°C / 0,08 Torr was obtained
376 mg (44 % yield) of the produt®2 as a transparent liquid.

C1H16BN (209.09 gnol™)

'H-NMR (500.1 MHz, CDGJ, 295K): d(ppm) 7.28-7.26 (m, 4H, ArH), 7.22 — 7.18 (m, 6H,
ArH), 2.88 (s, 12H, Ch).

13C{’H}-NMR (125.8 MHz, CDGJ, 295K): d (ppm) 133.2 (Gn), 127.6 (Gen1), 127.3 (Gor),
41.7 (CH).

YB-NMR (160.5 MHz, CDQ, 295K): (ppm) 41.8 (B-N).

Diphenylborinic acid (91)

Ph_ Ph

N 7

OH

191



Dipehnylborinic acid was prepared by quenching isokydiphenylboran€64) by 20 mL of

1M HCI (aq.). Followed by extraction with 3 x 15 maf diethylether was obtained
diphenylborinic acidd1 which was used for further transformations withany additional
purification. The diphenylborinic acid is unstalled therefore it was prepared from its esters

freshly before use.

C1H1:BO (182.03 gnol™?)

'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 7.94 (ddJ = 8.1, 1.4, 4H), 7.59 — 7.51 (m,
2H), 7.51 — 7.43 (m, 4H).

YB-NMR (160.5 MHz, CDQ, 295K): 5(ppm) 45.9.

Potassium diflurodipehnylborate (Ph-107)

T
K

Ph,— Ph

/\F

F

1.5 g (8.24 mmol, 1eq.) of diphenylborinic aétl was dissolved in 10 mL of methanol and
cooled to 0°C. Solid KHF1.93 g (24.72 mmol, 3eq.) was added in one pordéiod the
reaction was stirred for 1 hour at 0°C. Methanokwaen evaporated in vacuum and the
residual solid was dissolved in the acetone. Inugyaalts were decanted and sample was
concentrated in vacuum. By addition of diethylettwethis solution the product precipitated
out. Crystals were filtered off, washed with 2 x& of ELO and dried in vacuum. It was
obtained 1.753 g (88% yield) of the prod&tt-107as a white crystalline solid.

C12H10BF2K (242.11 gmol™)

'H-NMR (500.1 MHz, DMSO-¢ 295K): d(ppm) 7.33 (d,) = 6.8 Hz, 2H, ArH), 7.01 (1) =
7.4 Hz, 2H, ArH), 6.93 () = 7.3 Hz, 1H, ArH).

YB-NMR (160.5 MHz, DMSO-¢ 295K): 5(ppm) 6.9 (br s).

F-NMR (376.5 MHz, DMSO-g¢ 300K): (ppm) -158.0.

IR (V[cm™]) 3048w, 2995w, 1593w, 1429s, 1312w, 1266w, 1193059s, 994w, 942s,
901s, 873s, 756s, 737s, 711s, 624s.
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Potassium §)-(4-benzyl-4,5-dihydrooxazol-2-yl)fluorodiphenylbaate (Ph-108)

+
Ph, Ph K

N/

B.
OT_ F
N
Ph

To 100 mg (0.62 mmol) of oxazolirg/ in 20 mL of THF was-BuLi 0.37 mL (1,7 M
solution inn-hexane) dropwise added at -78°C and stirred fom8@ Then 150 mg (0.62
mmol) of PhBF.,K in 3 mL THF was added and leaved warm in the iogobath overnight.
Reaction progress was tracked by NMR and the wagtias complete in 16 hours. Residue
was dissolved in benzene to remove inorganic $ate product by filtration. Filtrate was
concentrated and-pentane was added in order to precipitate theymtogthich was filtered
and washed with 3 x 5 mL ofpentane. It was obtained 173 mg (72% vyieldPbf108 as

colorless semi solid.

Ca2H20BFKNO (383.31 gnol™)

'H-NMR (500.1 MHz, CDGJ, 295K): d(ppm) 7.28-7.02 (m, 15H, ArH), 4.10 (m, 2H,
OCHy), 3.79-3.78 (m, 1H, NCH), 2.71-2.68 (m, 1H, §H2.51-2.46 (m, 1H, CH.

YB-NMR (160.5 MHz, CDQ, 295K): &(ppm) 2.6 (br s).

F-NMR (376.5 MHz, CDGJ, 300K): J(ppm) -190.8.

MS (MALDI-TOF) m/z (%): 344 (IM—(K")]", 100).

Protonated (S)-(4-benzyl-4,5-dihydrooxazol-2-yl)fluorodiphenylbaate (Ph-108-H)

Ph-108was transferred on a silicagel column and elutetiéx/EtOAc (9:1). The resulting
colorless 0ilPh-108-H was obtained in ca. 20% vyield. The prodétt-108-H mass was
observed as adduct with KCI by using FAB for iotiza.
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C,oH2:BFNO (345.22 gnol ™)

'H-NMR (400.1 MHz, CDG, 295K): 5(ppm) 10.33 (s, 1H, N-H), 7.61 — 7.40 (m, 4H, ArH),
7.40 — 7.16 (m, 9H,ArH), 7.03 (dd= 7.4, 1.9 Hz, 2H, ArH), 4.56 (8,= 9.8 Hz, 1H, OCH),
4.41 (dd,J = 9.7, 7.0 Hz, 1H, OC}), 4.00 — 3.87 (m, 1H, NCH), 2.91 (d#i= 13.9, 5.3 Hz,
1H, CHp), 2.67 (dd,J = 13.9, 8.2 Hz, 1H, CH.

YF-NMR (376.5 MHz, CDGJ, 300K): 5 (ppm) -196.6.

MS (FAB NBA + KCI) m/z (%): 384 ([M+(K)], 13), 326 ([M-(F)], 100), 268 ([M-(Ph)]
61), 200 (8), 165 (9), 117 (34), 107 (20), 91 (BY,(25).

2-Aminoethyl diphenylborinate (109)

O/\_,\NHZ

Ph/B\Ph
Phenylmagnesium bromide 15 mL (1,86M in@&t 2eq.) was diluted with 15 mL THF and
solution of 2,9 g (12.6 mmol, 1 eq.) triisobutylbte in 8 mL of THF was added at 0°C then
continued stirring at room temperature overnighd aompleted with 4 hours reflux. After
cooling to room temperature was the reaction mé&tyuenched with 25 mL of 5% HCI (aq.).
After extraction with 3 x 20 mL with diethyether svéhe solvent volume reduced to 15 mL
and ethanolamine 0.95 mL (15.75 mmol, 1.25 eqg.10nml of 50% ethanol was added.
Reaction with ethanolamine was accompanied by éwolwf head and during cooling back
to room temperature the white crystals were formweith were allowed to crystallize for 4
hours. Crystals were then filtered of and washedibthylether to obtain 1.922 g (68% vyield)
of the productL09as fine white crystals.
This 2-aminoethyl diphenylborinate was used asyysgr of preparation of dihenylborinic
acid. Apropriate amount df09 was hydrolyzed by extraction with agq. HCI in@t Solution

of the released diphenylborinic add was dried over N&O, and then BEO was evaporated.

CaoH21BFNO (345.22 gnol™)

'H-NMR (500.1 MHz, DMSO-¢ 295K):8 7.40 (d,J = 7.2 Hz, 4H, ArH), 7.13 (t] = 7.4 Hz,
4H, ArH), 7.03 (tJ = 7.2 Hz, 2H), 6.07 (br s, 2H, NH 3.76 (t,J = 6.4 Hz, 2H, Ch)), 2.83
(dd,J = 12.4, 6.2 Hz, 2H, CH.OI

YB-NMR (160.5 MHz, DMSO-g 295K): 5(ppm) 9.2 (br s).
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(4S)-4-(tert-butyl)-2-methyl-2-oxazolind®® (120)

Me 0

b
%‘—Bu
To a stirred solution of ethyl acetimidate hydradtie 1.91g (15.46 mmol, 1.25 eq.) in 5 mL
of methylene chloride at 0°C was added 1.45 g @#&ol, 1 eq.) of9-tert-leucinol in 10
mL of DCM and allowed to slowly warm to room temgkere and stirred overnight. Then
was the reaction mixture was poured into 20 mL afew and extracted with 3 x 20 mL of
DCM. By distillation on Kugelrohr (80°C/50 Torr) waobtained 1.491 g (86% vyield) of

product as transparent liquid.

CaoH21BFNO (345.22 gnol™)
'H-NMR (400.1 MHz, CDGCJ, 300K) & 4.19 — 4.09 (m, 1H, CHi 4.06 — 3.94 (m, 1H, CH{
3.88 — 3.73 (m, 1H, NCH), 1.96 (m, 3H, §H0.87 (s, 9H{BuU).

Potassium phenyl trifluoroborate (110)

©/BF3K

Phenylboronic acid 500 mg (4.10 mmol, 1 eq.) wasalved in 7 mL of MeOH and cooled to
0°C and then 960 mg (12.3 mmol, 3eq.) of solid KM#&s added and stirred 2 hours at 0°C.
Methanol was evaporated and the residual solid dissolved in acetone and decanted in
order to remove inorganic salts. Acetone was rem@veracuum and it was obtained 720 mg
(94% yield) of110as white solid.

CesHsBFsK (184.01 gnol?)

'H-NMR (500.1 MHz, CRCN, 295K)$ 7.47 (d,J = 7.0 Hz, 2H, ArH), 7.20 (t) = 7.3 Hz,
2H, ArH), 7.14 (dd,) = 8.5, 6.0 Hz, 1H, ArH).

YB-NMR (160.5 MHz, CRCN, 295K)s 3.50 (q, 55 Hz).

%F-NMR (376.5 MHz, CRCN, 300K)& 143.50 (q, 49 Hz).
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B-Chlorocatecholborane (96)

O\
B—Cl
0

Catechol 500 mg (4.54 mmol, 1 eq.) was dissolveddmimL of dry dichloromethane and

added to a precooled solution of 0 5,2 mL B@M in hexane, 1.15 eq.) at -78°C. Reaction
was stirred for 30 minutes and then was warmedotamr temperature and solvent was
removed in vacuum. Crude grey solid was then résell at 65°C/40 Torr to obtain 490 mg

(70% vyield) of 96 as white air sensitive needi&¥!

CsH4BCIO; (154.36 gnol™)
'H-NMR (500 MHz, CDC}, 295K)$ 7.31-7.28 (m, 2H, ArH), 7.21- 7.14 (m, 2H, ArH).
YB-NMR (160.5 MHz, CDGJ, 295K)5 28.9.

(9)-2-(benzof][1,3,2]dioxaborol-2-yl)-4-benzyl-4,5-dihydrooxazat dimer (98)
@: O/—R "Bn

t-BuLi 0.37 mL (1.7 M inn-hexane) was dropwise added to a solution of 100r&2 mmol)

of oxazoline87 in 10 mL of THF at -78°C and stirred for 30 mirol&ion of 96 mg (0.62
mmol) B-Chlorocatecholboran@6 in 2 mL THF was dropwise added at -78°C warmed up
and stirred overnight at room temperature. Afteapmration of the THF, the residual
yellowish solid was redissolved in dichloromethaaed column chromatography was
performed in neat DCM to obtain 83 mg (46% yielfl}ree productd8 as a white crystalline
solid. Crystals for X-ray analysis were prepareddissolving product in a small amount of
DCM and chloroform then overlayed witltheptane and the flask inlet was covered with

paper tissue and in 20 hours were obtained X-raitgcrystals 098,
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CazH26B2N20g (558.20 gnol™)

'H-NMR (500.1 MHz, GDs, 295K)5 7.14 (d,J = 7.5 Hz, 1H), 7.01 (d] = 7.4 Hz, 1H), 6.98
— 6.88 (M, 3H), 6.84 () = 7.4 Hz, 1H), 6.79 (t) = 7.5 Hz, 1H), 6.58 (d] = 7.0 Hz, 2H),
4.13 — 4.04 (m, 1H), 3.59 (dd,= 9.4, 6.7 Hz, 1H), 3.29 (dd,= 9.6 Hz, 1H), 3.06 (dd] =
13.8, 3.3 Hz, 1H), 2.35 (dd,= 13.7, 10.0 Hz, 1H).

BC{’H}-NMR (125.8 MHz, GDs, 295K): d(ppm) 152.7 (&), 151.9 (G,), 135.8 (G.),
129.3 (Gur), 128.8 (Gen), 128.2 (Gen), 127.1 (Gun), 120.4 (Gin), 120.3 (Gy), 110.5
(Cam), 110.2 (Gen), 75.0 (OCH), 60.7 (NCH), 39.2 (CH).

YB-NMR (160.5 MHz, CDGJ, 295K)5 5.4.

MS (MALDI-TOF) m/z (%): 559 ([M+(H)], 80), 280 ([M/2+(H)], 100).

Bis(3,5-bis(trifluoromethyl)phenyl)(isobutoxy)borane (CF;-64)

CFs CFs
F30©\§/©\CF3
B

From the3,5(CFs).PhBr 1.96 g (6.69 mmol, 2.4 eq.) and 203 mg (8.870m3 eq.) of Mg
turnings was prepared 0.5M Grignard reagent in THRis Grignard solution was cooled to -
78°C and 642mg (2.79 mmol, 1 eq) oB{O):B was added in 4 mL THF dropwise via
syringe. Reaction mixture was then warmed to roemperature and stirred overnight. After
30 min stirring at 60°C was the cooled reactiontome quenched by 5% HCI (ag.). Then was
performed extraction with 3 x 20 mL of &t and the organic phase dried over MgSthe
crude reaction mixture was codistilled with 3 x dfl of isobuthanol at 40°C. Then by
distillation on kugelrohr (120°C/0.08 Torr) the duxt 1.3 g (91% vyield) was obtained as
colorless oil.

Ci10H15BF1,0 (510.12 gnol™)

'H-NMR (400.1 MHz, CDGQ, 300K): &(ppm) 8.02 (s, 6H, ArH), 3.87 (br s, 2H, @H1.99
(br s, 1H, CH), 0.98 (d] = 6.6 Hz, 6H).

YF-NMR (376.5 MHz, CQCN, 300K)3 -64.14.
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Potassium bis(3,5-bis(trifluoromethyl)phenyl)(isobtioxy)difluoroborane (CF3-107)

CF5 CF; K+
F c@fé\/@\w
3 Bae 3

Following the protocol for preparation Bh-107it was used 1.3 g (2.55 mmol, 1eq.) 8%
(CRs)2Ph)BOIBu CF3-64 and 0.597 g of KHFin 10 mL of methanol. It was obtained 1.232
g (94% vyield) ofCF3-107 as white solid.

Ci6HeBF14K (514.11 gmol™)

'H-NMR (400.1 MHz, DMSO-¢ 300K): 5(ppm) 7.8 (s, 4H, ArH), 7.68 (s, 2H, ArH).
YB-NMR (160.5 MHz, DMSO-¢ 295K)$ 4.0 (br s).

YF-NMR (376.5 MHz, DMSO-g, 300K)§ -62.42, -164.1.

Potassium difluoro(3-methoxyphenyl)(4-methoxyphenyborate (MeO-107)
MeO OMe
-BX
F7°F

Following the protocol for preparatidPh-107 was used 1 g (4.34 mmol, leq.) BO)B

and 10.5 mL (M in THF)p-MeOPhMgBr. It was prepared estbteO-64 which was
hydrolyzed to borinic acid by column chromatograpby silicagel (EtOAc/Hex 1:2).
Colorless oil was dissolved in MeOH and leavedtreath 1.02 g (13.03 mmol, 3eq.) KHF
Recrystallization from chloroform/ED afforded 900 mg (69% yield) of tideO-107 as a

white solid.

C14H14BF-KO; (302.17 gnol™)

'H-NMR (400.1 MHz, DMSO-g¢ 300K): d(ppm) 7.16 (d,) = 8.3 Hz, 4H, ArH), 6.58 (d] =
8.3 Hz, 4H, ArH), 3.62 (s, 6H, MeO).

F-.NMR (376.5 MHz, DMSO-g¢ 300K)3& -155.64.

IR (V' [cm™]) 3016w, 2954w, 1652s, 1604s, 1512m, 1463m, 133280m, 1238m, 1213m,
1199m, 1110s, 1031m, 1012m, 985s, 904s, 821s, 7829m, 663m.
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Protonated (S)-(4-benzyl-4,5-dihydrooxazol-2-yl)fluorobis(4-metloxyphenyl)borate
(MeO-108-H)

Following procedure foiPh-108-H 50 mg (0.31 mmol, 1 eq.) of the oxazoliB& was
dissolved in 5 mL of THF and 0.19 mL (1.7M mrhexane, 1.05 eqtert-butyllithium was
added at -78°C. Followed by addition of 94 mg (018tol, 1eq.) oMeO-107in 2 mL THF .
Then the reaction mixture was leaved warm overnightthe cooling bath to room
temperature. After column chromatography on sije& (n-hexane/EtOAc 2:1) was obtained
86 mg (62% vyield) of the produbteO-108-H as a white thin needles crystals which were not

suitable for X-ray analysis.

C4H25BFNO; (405.19 gnol™)

'H-NMR (500.1 MHz, CDGJ, 300K): d(ppm) 10.11 (br s, 1H, N-H), 7.39 — 7.32 (m, 4H,
ArH), 7.32 — 7.23 (m, 3H, ArH), 7.07 — 7.01 (m, 2AtH), 6.84 (dd,J = 8.5, 7.1 Hz, 4H,
ArH), 4.61 (dd,J = 9.8 Hz, 1H, OCHh), 4.43 (ddJ = 9.7, 7.1 Hz, 1H, OC}), 4.05 — 3.95 (m,
1H, NCH), 3.78 (s, 3H, OMe), 3.78 (s, 3H, OMe),12(8d,J = 13.9, 5.5 Hz, 1H, C}), 2.70
(dd,J = 13.9, 8.2 Hz, 1H, CH).

13C{’H}-NMR (125.8 MHz, CDGJ, 295K): d(ppm) 158.3 (dJ = 6.4 Hz), 134.3 (§), 133.2
(d,J = 4.4 Hz, Ge), 133.1 (dJ = 5.1 Hz, Gen), 129.2 (Gen), 129.1 (Ger), 127.64 (Gen),
113.0 (dJ = 8.0 Hz, Gin), 76.3 (OCH), 57.1 (NCH), 55.1 (OMe), 55.0 (OMe), 39.7 (§H
YB-NMR (160.5 MHz, CDGJ, 295K)5 1.9 (br s).

F-.NMR (376.5 MHz, CDGJ, 300K)& -194.13.

MS (El, 70 eV, 100°C): m/z (%): 244 (100,"Moxaz), 131 (13), 91 (52), 43 (5).

MS (El, 70 eV, 250°C): m/z (%): 386 (6,M F), 296 (28), 227 (100), 176 (24), 88 (22).
MS (FAB NBA + KCI) m/z (%): 444 (IM+(K)] , 17), 386 ([M-(F)], 71), 298 ([M-(Ar)],
100), 256 (26), 222 (12), 137 (11), 91 (35), 39)(44
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(S)-(4-benzyl-4,5-dihydrooxazol-2-yl)fluorobis(4-metloxyphenyl)butylborate (MeO-108-

Bu)
5
% \
N+

Ph

10 mg (24.67umol) of MeO-108-H was dissolved in 2 mL of THF and 34 (1.6M in n-
hexane) oh-BuLi was added at -78°C and warmed to room teatpes. After warming up
the reaction mixture was stirred for 10 min. Durihgs time color change from colorless to
ocher and after quenching by methanplitl discolored again. This result was not
reproducible and from the very small amount of $henple obtained in the first experiment

was not possible to perform further analysis than'B and**F NMR.

CogH33BDNO; (444.39 gnol™)

'H-NMR (500.1 MHz, CDGJ, 300K): 3(ppm) 7.35 — 7.27 (m, 4H, ArH), 7.25 — 7.19 (m, 3H,
ArH), 6.84 — 6.78 (m, 3H, ArH), 4.16 (di,= 14.5, 7.2 Hz, 1H, OCH, 4.03 (t,J = 8.9 Hz,
1H, OCHp), 3.79 (s, 3H, OCH), 3.77 (s, 3H, OCH), 3.77 — 3.71 (m, 1H, NCH), 3.60 @t=
6.6 Hz, 2H, CH(BU)), 2.81 (ddJ = 13.8, 7.2 Hz, 1H, CKBU)), 2.68 (ddJ = 13.8, 7.2 Hz,
1H, CHy(BU)), 1.53 (dgJ = 8.3, 7.0 Hz, 1H, Ck{BU)), 1.37 (ddd,) = 17.0, 13.7, 7.3 Hz, 2H,
CHa(BU)), 0.92 (t,J = 7.4 Hz, 3H, CH(BU)).

YB-NMR (160.5 MHz, CDGJ, 295K)5 6.7.

((Diphenylphosphino)methyl)lithium® (82)

Ph. )
FI>/\L|

Ph
To methyldiphenylphosphine 2 g (10 mmol, 1,86 miP0 mL of E4O was dropwise added
6.24 mL (1,6Mn-hexane solution) af-BuLi at room temperature and stirred 72 hours.nThe
was the resulting suspension filtered under Ar waghed with 12 mL of dry-pentane to

obtain 404 mg (26% yield) of produg®? as a highly hygroscopic white crystals.
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((Diphenylphosphino(BHs))methyl)trimethylsilane (109)
PhoP(BH;)CH,SiMes

To a solution of 100 mg (461mol) MePPh.BH3 in 1.5 mL THF was added 0.32 mL (1,6M
in n-hexane, 1.1eq.n-BuLi at 0°C stirred 0.5h then continued for 1.5uhaat room
temperature. M&SICIl 65ul (514 pumol 1,1eq,d=0.856) was added and the reaction mixture
was stirred for 30 minutes at room temperature clR@amixture was quenched with sat. sol.
NH,4CI and product was extracted inta®}f washed with brine and dried over MgS® was

obtained 126 mg of the product as white solid.

C14H24BPSi (286.23 gnol™)

'H-NMR (500 MHz, CDC4, 295K) & ppm 7.69 (m, 4H, ArH), 7.42 (m, 6H, ArH), 1.57 (d,
J=15.8 Hz, 2H, Ch)), -0.01 (s, 9H, MeSi).

¥C-NMR (126 MHz, CDC}, 295K) 3 ppm 132.47 (dJ = 55.0 Hz, quart. &), 131.36 (d,) =
9.8 Hz, Gyn), 130.40 (dJ = 2.5 Hz, G), 128.58 (dJ = 9.8 Hz, Gy), 12.50 (dJ=25.0 Hz,
CHy,), 0.36 (s, Me)

3P_.NMR (202 MHz, CDC}, 295K)d ppm 13.63 (qJ = 55.0 Hz).

MS (El, 70 eV): m/z (%): 272 (100, I BH3), 181 (7), 135 (34), 121 (8), 73 (18).

((Diphenylphosphino)methyl)trimethylsilane palladium, allyl chloride complex 109-Pd

S]
Cl
Ph_ o~
Ph/Pl. ®S|ME3
y

Pd

200 mg (826umol) of PhBF.,K was dissolved in 5 mL THF and 90 mg (82®ol, 104ul)
MesSiCl was added at -78°C via syringe and stirredlfdrour. Then solution of 170 mg
LICH,PPh (826 umol) in 2.5 mL THF was added at -78°C. Solutiorl66 mg (826umol,
leq.) of the oxazolin87 was dissolved in 10 mL THF and 0.57 maBuLi (1,7M in hexane,
leq.) was added at -78°C and stirred for 30 mirenTine reaction mixture containing.BF
and phosphine was dropwise added via cannula aamedewarm in the cooling bath

overnight. 15 mg (82fimol, 1eq.) of [Pd(allyl)CH was added to the reaction mixture and this
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mixture was stirred for 30 min at 65°C. After colunthromatography on silica gel
(hexane/EtOAc 3:1->1:1) was afforded 83 md.09-Pd

C,:H3CIPPdSi (502.46 ol ™)

'H-NMR (500.1 MHz, CDGCJ, 300K): d(ppm) 7.63 (dd) = 18.8, 11.4 Hz, 4H, ArH), 7.43
(d,J =5.4 Hz, 6H, ArH), 5.62 — 5.48 (m, 1H, CH), 4(f2) = 7.3 Hz, 1H, CH), 3.67 (ddJ =
13.7, 10.0 Hz, 1H, C§), 3.59 (dJ = 6.4 Hz, 1H, Ch), 2.73 (d,J = 12.0 Hz, 1H, Ch), 2.11 —
2.01 (t,J = 14.1 Hz, 1H, CkP), 1.94 (tJ = 14.1 Hz, 1H, CkP), -0.05 (s, 9H, Me3Si).
BC{H}-NMR (125.8 MHz, CDQ, 300K): d(ppm) 135.22 (dd) = 42.9, 40.2 Hz, &),
132.14 (ddJ = 35.8, 12.5 Hz, &), 129.69 (dJ = 19.1 Hz, G), 128.07 (dJ = 10.1 Hz,
Carn), 116.49 (CH), 78.48 (d, = 31.9 Hz, CH), 56.77 (CH), 14.17 (dJ = 12.0 Hz, CHP), -
0.01 (SiMe).

3p{H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) 17.2.

MS (ESI): m/z (%): 422 (100, k4 CI).

(S)-4-(tert-butyl)-2-(diphenylboryl)-4,5-dihydrooxazole dimer (105)

O/w,,,”tBu
\—=
Ph N, _Ph

N

PH \N:<B\Ph
L0

tBU

0.91 mL (1,7 M imn-hexane}-BuLi was dropwise added to 196 mg (1,54 mmol)adzmline
284Bu in 40 mL THF at -78°C and stirred 30 min. Thiswsmn was added via precooled
cannula to a precooled solution of the 309 mg gBEhin 5 mL of toluene at -78°C. Then
was reaction the reaction leaved warm in coolinth lmvernight. Solvent from the reaction
mixture was evaporated and residue was redissalvésl ml of benzene. Precipitate was
filtered over celite and benzene was evaporatedbtain 240mg of slightly orange foam.
After chromatography on 16g of silica gel was ataiin 3 fraction 42 mg white solid05

CagHa4B2N20; (502.39 gnol ™)

'H-NMR (500.1 MHz, GDs, 300K): d(ppm) 7.49-7.28 (m, 10H, ArH), 3.71-3.68 (m, 1H,
CHy), 3.49-3.46 (m, 1H, NCH), 3.20-3.17(m, 1H, §H0.36 (s, 9H, C(CH).

YB-NMR (160.5 MHz, CDG, 295K)6 3.9.

MS (El, 70 eV): m/z (%): 582 (4, K}, 505 (43, M-Ph), 345 (12, M-Ph-oxaz.).
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2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolag’® (100)

\rO\B\/O

A mixture of 12 mL of triisopropylborate (52 mmal=0.818) and 6 g of dry pinacol (52
mmol) was heated for 3 h under stirring at 115°@e Tsopropanol was distilled off and the
residue was distilled at 174°C at atmosferic predsuobtain 8.772 g (90% yield) @D0 as

colorless liquid.

CoH19BO3 (186.06 gnol™)

'H-NMR (500.1 MHz, CDGCJ, 300K):5 (ppm) 1.17 (dd, 6H), 1.23 (s, 12H), 4.31 (sept).1
13C{1H}-NMR (125.8 MHz, CDCJ, 300K): 5 (ppm) 82.5 C(CHs),), 67.4 (CH), 24.4 (CH),
24.6 (CHy),.

Diphenyl(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolar-yl)phenyl)phosphiné®® (101)

L,
PPh, O\f
Solution of o-lithiated triphenylphosphine was prepared from 26§ (0.73 mmol) of (2-
bromophenyl)-diphenylphosphine which was dissolvefl mL THF and 0.5 mL (1,6M in-
hexane, 1.1egh-BuLi was added at -78°C and stirred for 15 min. thes pregenerated
lithium salt was added 0.26 mL (0.81 mmd$0.916, 2eq.) of isopropylpinacolbora®©80
and leaved warm overnight in the cooling bath. fdetion solvent was removed in vaccum
and the residual solid was washed with 3 x 5 mIEgD at -30°C to obtain 160 mg (56%
yield) of 101as white solid.

Co4H26BO,P (388.25 gnol ™)

'H-NMR (500.1 MHz, CDGJ, 300K): 3 (ppm) 7.82 - 7.74 (m, 1H, ArH), 7.34 - 7.12 (m,
12H, ArH), 6.78 - 6.68 (m, 1H, ArH), 1.05 (s, 12EHs3).

YB-NMR (160.5 MHz, CDG, 295K)5 31.0.

3p{IH}-NMR (202.5 MHz, CDGJ, 300K): o (ppm) -4.0.
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(2-(1,3,2-dioxaborolan-2-yl)phenyl)diphenylphosphie ! (104)

oo
Ph~p

O]
Ph

Solution of o-lithiated triphenylphosphine was prepared from 209 (0.59 mmol) of (2-
bromophenyl)-diphenylphosphine which was dissolvefl mL THF and 0.4 mL (1,6M in-
hexane, 1.1leg)p-BuLi was added at -78°C and stirred for 15 min.tfs lithium salt was
added 0.81 mL (0.81 mmad=0.811, 6eq.) of triisopropylborane and leaved wakmrnight

in the cooling bath. Reaction was quenched withewdbllowd by extraction with
dicholomethane. Dry crude product was redissolve@ mL of glykol/toluene (1:5) mixture
and stirred for 2 hours at 100°C. Toluene layer s@esparated and evaporated. White solid
residue was washed 2 x 5 mL,@tat -78°C to obtain 70 mg (34% vyield) b4 as white

solid.

CooH1sBOsP (332.14 gnol ™)

'H-NMR (500.1 MHz, CDGCJ, 300K): & (ppm) 7.84 - 7.81 (m, 1H, ArH), 7.36 - 7.29 (m,
12H, ArH), 6.93 - 6.90 (m, 1H, ArH), 4.14 (s, 4HHS).

YB-NMR (160.5 MHz, CDQ, 295K)5 32.3.

3p{IH}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) -3.9.
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8.5NeoPHOX ligands

(4S,5R)-methyl 5-methyl-2-phenyl-4,5-dihydrooxazole-4-cavoxylate** (135)

s\ O R)l\
N

(S)

OMe
0]

To the solution of threoninemethylester hydroclderilOg (58.96 mmol, 1 eq.) in 50 mL
DCM was added 12 g (64.86 mmol, 1.1 eq.) of egiingnylimidatehydrochloride and 9 mL
(64.86 mmol, 1.1 eq.) of Btl. Reaction mixture was stirred at room temperator&8 hours
and then all solids were filtered of and the fitravas poured into a NaHG@nd extracted
with DCM. On order to remove excess of ethylbenzdhiere was performed distillation
under reduced pressure on Kugelrohr (90°C/0.08Tdpistillation was continued at
125°C/0.08 Torr where product was obtained as Edsiiquid 10.502 g (87% vyield).

C1,H1aNO;3 (219.24 gnol™)

'H-NMR (400.1 MHz, CDGJ, 300K): d(ppm) 7.97 (dd,J = 5.2, 3.3 Hz, 2H, ArH), 7.52 —
7.45 (m, 1H, ArH), 7.44 — 7.35 (m, 2H, ArH), 4.98(J = 12.6, 6.3 Hz, 1H, OCH), 4.46 (d,
J=7.5Hz, 1H, NCH), 3.80 (s, 3H, OMe), 1.52 Jc& 6.3 Hz, 3H, CITH;).

2-((4S,5R)-5-methyl-2-phenyl-4,5-dihydrooxazol-4-yl)propan-2ol*** (136)

(o
\ o
N
ﬁ\OH

35.7 mL (3M in E£O, 2,5eq) MeMgBr was dropwise added to a refluxsotution of the
starting 9,4 g (42.88 mmol) oxazolid85 and then refluxed for 3 hours. After cooling to
room temperature the reaction mixture was quendlyebH,Cl (sat. sol.) and followed by
extraction with 3 x 20 mL of ED. All volatiles were removed under reduced pressaor
obtain 6.327 g (67% vyield) ol36 as slightly ochre oil. This was used for the next

experiments without further purification.
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C13H17/NO; (219.28 gnol?)

'H-NMR (500.1 MHz, CDGJ, 300K): 5(ppm) 8.05 — 7.90 (m, 2H, ArH), 7.59 — 7.36 (m, 3H,
ArH), 4.70 (p,J = 6.4 Hz, 1H, OCH), 3.73 (d} = 6.9 Hz, 1H, NCH), 2.22 (br s, 1H, OH),
1.46 (d,J = 6.3 Hz, 3H, CKCHs), 1.34 (s, 3H, Ch), 1.21 (s, 3H, Cbh).

(2S,3R)-methyl 2-(3-chloro-2,2-dimethylpropanamido)-3-hydoxybutanoate (138)

o OoH

Cl O COOMe

5 g (29.48mmol) methylthreonine hydrochloride wassdlved in 50 mL DCM and 12.5 mL
(88.44 mmol, 3eq.) of Bl was added at 0°C then 3,8 mL (29.48 mmndel].199) of the 3-
chlorpivaloyl chloride was dropwise added and stirovernight at room temperature. Then
was the reaction mixture poured into the 10 mL N@h(sat. solution) diluted by ED and
then water layer was extracted with 3 x 30 mL giCEand combined organic phases were
dried over MgS@ and distilled on the Kugelrohr (170°C/0.1 Tort)wlas obtained 7,125 g
(96% vyield) of the colorless oily product. Analylg pure sample could be obtained by
column chromatography on silicagel EtOAGXBR.45), stained by KMn©

'H-NMR (400.1 MHz, CDGJ, 300K): d (ppm) 6.51(d, 1H,J = 8.3 Hz, NH), 4.61 (d, 1H] =
8.6 Hz, N-CH), 4.38 (m, 1H, CH-O), 3.77 (s, 3H, CO®), 3.71 (d, 1H,J = 10.6 Hz,
CH.CI), 3.57 (d, 1H,) = 10.6 Hz, CHCI), 1.37 (s, 3H, CH), 1.33 (s, 3H, Ch), 1.23 (d, 3H,J

= 6,6 Hz, CH)).

BC{H}-NMR (125.8 MHz, CDGJ, 300K): d(ppm) 175.4 (C=0), 171.5 (COO), 68.0
(CHOH), 57.2 (CH), 52.7 (COOGH 52.6 (CHCI), 44.5 (C(CH),), 23.8 (C(CH),), 23.2
(C(CHg)2), 20.1 (CH).

[a]?% -7.0 € 1.01, CHCY)

MS (FAB) m/z (%) 254 (33), 253 (13), 252 ([M+H]100), 234 (16), 202 (8), 192 (12), 119
(7), 116 (10), 102 (22), 93 (8), 91 (22)

IR (V[cm™]) 3387m, 2974m, 2956m, 2936w, 2875w, 1744s, 164883m, 1475w, 1437m,
1391w, 1349w, 1290m, 1208m, 1083w, 1021w, 997wyn8E 1w, 731w.

Elementar analysisfor C;0H1sCINO,4 (251.71) calcd %: C, 47.72; H, 7.21; N, 5,56; fdu€,
47.47;H, 7.12; N, 5.54.
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(4S,5S)-methyl2-(1-chloro-2-methylpropan-2-yl)-5-methyl-45-dihydrooxazole-4-
carboxylate (140)

>

Ccl N
COOMe

1.121 g (4.45 mmol, 1eq.) of the amitid8 and 1.380g (5.79 mmol, 1.3eq.) of the Burgess
reagent were dissolved in 40 mL THF and refluxed4fdours, then the THF was removed
under reduced pressure and residue was redissmviedO and all solids were filtered off.
Residual yellowish oil 1.203 g was distilled on tgelrohr (110°C/0.08 Torr) to obtain 924
mg (89% vyield) of the product as colorless oil. &sing DAST for oxazoline closure the
obtained yield is 93%. Product could be purifiedcbjumn chromatography EtOAc/Hex (1.5,
Ri= 0.25).

'H-NMR (500.1 MHz, CDQ, 300K): 5(ppm) 4.88(m, 1H, OCH), 4.76 (d, 1H] = 10.0 Hz,
N-CH), 3.73 (s, 3H, COOC#H, 3.63 (m, 2H, CKLCl), 1.33 (s, 6H, 2xCh}, 1.26 (d, 3HJ =
6.5 Hz, CH(CH)).

BC{H}-NMR (125.8 MHz, CDGJ, 300K): d(ppm) 173.2 (C(quart)), 170.3 (COO), 77.8
(OCH), 71.3 (NCH), 52.2 (C4l), 52.0 (COOCH), 39.0 (C(CH),), 23.6 (C(CH),), 23.6
(C(CHy)2), 16.0 (CH).

MS (El, 70 eV): m/z (%): 233 (1, K}, 198 (22, [M—CI]), 174 (100, [M—(COOMe}), 140
(9), 84 (65), 55 (15)

[a]?% +51,7° € 1,12, CHCY)

IR (V[cm ) 2984m, 2957m, 1736s, 1655s, 1439m, 1386m, 1363@1w, 1290w, 1253w,
1196s, 1174s, 1141w, 1118m, 1044s, 1000w, 973wy 9857w, 892w, 832m, 751w, 634w.
Elementar analysisfor CyoH16CINO;3 (233.69) calcd %: C, 51.40; H, 6.90; N, 5.99; fou@,
51.22; H, 6.82; N, 6.11.
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2-((4S,5S)-2-(1-chloro-2-methylpropan-2-yl)-5-methyl-4,5-ditydrooxazol-4-yl)propan-2-

ol (141)
>
|

Cl N
OH

Method 1:300 mg (1.28mmol) of the oxazolidd0was dissolved in 7 mL ED and 0.86 mL
of MeMgl (3M in THF 2eq.) was added at -78°C analvied warm overnight in the cooling
bath. The reaction mixture was quenched byGIHsat. sol.) and then extracted with 3 x 15
mL of ELO dried over Ng5O, and solvent was evaporated. Afterwards was thyenodterial
distilled on Kugelrohr (110°C/0.1 Torr) to obtai2 mg of the trude product. Then was
performed column chromatography on silica, EtOA& Ktk 1) which afforded 110 mg (37%
yield) of the produci4las colorless ail.

Method 2:2 g (8.58 mmol, 1eq.) of the oxazolibdO was dissolved in 30 mL THF and 5.7
mL (3M in THF, 2 eq.) MeMgCl was dropwise added78°C and leaved slowly warm in the
dry ice cooling bath overnight. The reaction migtuwas quenched by NBI and then
extracted with BO dried over Ng5QO,. After solvent evaporation was obtained 1.882 thef
crude product. Then distillation on Kugelrohr (1G00.2 Torr) afforded 1.600 g (80%) of the
productl4l

'H-NMR (500.1 MHz, CDG, 300K): d(ppm) 4.75 (m, 1H, OCH), 3.89 (d, 1H] = 9.0 Hz,
N-CH), 3.63 (d, 2H,) = 2.5 Hz CHCI), 1.46 (d, 3H,) = 7.0 Hz, CH(CH), 1.34 (s, 3H, Ch),
1.31 (s, 3H, Ch), 1.30 (s, 3H, Ch), 1.27 (s, 3H, CH).

BC{*H}-NMR (125.8 MHz, CDQ, 300K): d(ppm) 171.0 (C(quart.)), 79.4 (OCH), 71.8
(NCH), 71.8 (COH(quart.)), 52.6 (GBI), 39.0 (C(CH). (quart.)), 28.4 (C(Ch),), 26.2
(C(CHg)2), 23.7 (C(CH)2), 23.7 (C(CH)o), 16.1 (CH).

MS (FAB) m/z (%) 237 (5), 236 (32), 235 (13), 234 (M]*, 100), 218 (13), 216 (10), 174
(15), 91 (16), 59 (12), 55 (14).

[a]®% +22.6° € 1,15, CHCY)

IR (Vv [cm™]) 3449m, 2977s, 2939m, 2873m, 2353w, 2343w, 171667s, 1468m, 1444m,
1383m, 1364m, 1284m, 1227w, 1180m, 1137m, 1118M6WN1019m, 948m, 924w, 882w,
825w, 792w, 745w.
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2-((4S,59)-2-(1-(diphenylphosphino)-2-methylpropan-2-yl)-5-nethyl-4,5-dihydrooxazol-

4-yl)propan-2-ol (142)
> o
|

PhP N
OH

107 mg (457umol) of neopentyl chloridd41 was dissolved in 5 mL THF and 0.29 mL
BuLi (1.6M in n-hexane, 1leq.) was added at 0°C followed by additit0.92 mL KPPk
(0.5M in THF, 1 eq.) then was the reaction mixtwagmed to room temperature and refluxed
overnight (15 hours). The solvent was evaporatecasuum and residue was redissolved in
20 mL MTBE and 6 mL NECI (sat. sol.) was added. Phases were separatethanater
layer was extracted with 3 x 10 mL of MTBE then lwitrine and dried under B&O,.
Chromatography on silica EtOAc/Hex (1:2) afforde2DImg (68% yield) of the product as

transparent oil which solidifed in the fridge withiew days.

'H-NMR (500.1 MHz, CDGJ, 300K): J(ppm) 7.50(m, 2H, ArH), 7.41(m, 2H,
ArH), 7.31 (m, 6H, ArH), 4.52 (m, 1H, OCH), 3.74 (d, 1H] = 9.1 Hz, N-CH), 2.72 (s, 1H,
OH), 2.55 (dd, 1H) = 14.3, 4.9 Hz, CbCl), 2.37 (dd, 1H,) = 14.4, 3.3 Hz, Ch), 1.49 (d,
3H, J = 6.6 Hz, CH(CH), 1.32 (s, 3H, CH), 1.29 (s, 3H, Ch), 1.27 (s, 3H, Ch), 1.24 (s,
3H, CHp).

BC{*H}-NMR (125.8 MHz, CDGJ, 300K): d(ppm) 173.2 (C=N), 140.0 (dJ = 11.0 Hz,
Ca), 139.0 (dJ=11.0 Hz, G/, 133.3 (dJ = 20 Hz, HG,), 132.8 (dJ = 20 Hz, HG,),
128.7 (Gyn), 128.45 (Gen), 128.4 (dJ = 2 Hz, Gyn), 128.3 (dJ = 2 Hz, Gu), 79.2 (OCH),
75.6 (NCH), 72.2 (COH), 41.0 (d, = 15 Hz, CH), 37.2 (d,J = 18 Hz, C(CHs),), 29.0
(HOC(CHa)y), 27.7 (dJ = 8 Hz, CCH3),), 27.4 (d,J = 10 Hz, CCHs),), 26.15 (HOCCHa),),
16.1 (CHCH).

31p{!H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) -21.3.

MS (FAB) m/z (%) 386 (4), 385 (25), 384 ([M+H]100), 326 (2), 325 (13), 324 (43), 306
(11), 285 (17), 284 (32), 228 (6), 227 (38), 20Q), 201 (18), 199 (11), 185 (27), 183 (13),
136 (7), 91 (6).

[a]?% 16.1 € 1.00, CHCY).
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(142-1r)

"BArE

Ph,P + N
Ir

T /\OH

30 mg (78 uymol) of the free ligand142 with 26 mg (39 pumol) of bis(1,5-
cyclooctadiene)diiridium(l) dichloride dissoved .hhmL DCM was refluxed for 2.5 hours.
After that was 90 mg (1.3eq.) of NaBAand stirred for another 30 min at room temperature
The reaction mixutre was imobillized on silica gmatted on column, washed with 100 mL
Et,O and then switched to DCM and in one fraction vea¢ated producfi42-Ir as orange
solid. Sample was several times codistilled withGIHn order to remove moisture from the

sample. It was obtained 119 mg (99% yield) of thepct142-Ir as orange solid.

'H-NMR (500.1 MHz, CDG, 300K): d(ppm) 7.82 (dd,J = 11.0, 7.3 Hz, 2H, ArH), 7.72 (s,
8H, Harro), 7.62-7,54 (m, 3H, ArH), 7.53 (s, 4HaM,), 7.39 (m, 3H, ArH), 7.05-7.01 (m,
2H, ArH), 5.27 (m, 1H, COD-CH), 4.84 (m, 1H, COD-LH.82 (m, 1H, OCH), 3.78 (d,=
8.8 Hz, 1H, NCH), 3.50 (dd] = 7.1, 3.3 Hz, 1H, COD-CH), 2.61 (m, 3H, COD-H, COD
CH,), 2.55 (d,J = 10 Hz, CHP), 2.32 (m, 2H, COD-CH, 2.21 (s, 3H, C(CH), 2.13 (m,
1H, COD-CH), 2.01 (s, 1H, OH), 1.89 (m, 1H, COD-@H1.64 (m, 1H, COD-CH, 1.57 (d,
J=6.9 Hz, 3H, CHCH), 1.49 (dJ = 2.5 Hz, 3H, C(Ch),), 1.43 (m, 1H, COD-C}), 1.10 (s,
3H, OC(CH)2), 0.56 (s, 3H, OC(CH®).

BC{*H}-NMR (125.8 MHz, CDGJ, 300K):8 (ppm) 180.3 (C=N), 161.7 (d,= 50 Hz, Gri),
134.9 (Gy), 134.8 (FCarr-0), 132.8 (Gyn), 132.5 (dJ = 55 Hz, G,), 131.3 (G.), 131.2 (d,
J =10 Hz, Gw), 130.0 (dJ = 11 Hz, Gn), 129.1 (qgJ = 3 Hz,J = 32 Hz, HGr.m), 129.1
(Cam), 128.3 (dJ = 54 Hz, G/), 124.6 (qJ = 273 Hz, CE) 117.5 (HGrp), 96.1 (d,J = 12
Hz, COD-CH), 94.2 (dJ = 12 Hz, COD-CH), 82.8 (OCH), 75.00 (NCH), 70.7Q(@Hs)),
63.6 (COD-CH), 60.8 (COD-CH), 38.9C(CHs),), 36.3 (COD-CH), 33.9 (d,J = 6 Hz,
C(CHs),), 33.5 (d,J = 32 Hz, CHP), 32.0 (COD-CH), 28.5 (COD-CH), 26.9 (d,J = 12 Hz,
C(CHs),), 26.4 (OCCHs),), 26.1 (COD-CH), 24.5 (OCCHs3),), 14.8 (CHCH3).[d
3p{'H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) 9.5.

YF{'H}-NMR (376.5 MHz, CDG, 300K): J (ppm) -62.6.
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MS (MALDI-TOF) m/z (%): 684 ([M—(BAR)]*, 100).

[a]?% 1.3 € 0.70, CHCY).

IR (V[cm™]) 2971w, 1610w, 1439w, 1353m, 1271s, 1110s, 1Q0886m, 838m, 744w,
711m, 681m, 667m

2-((4S,55)-2-(1-(diphenylphosphino)-2-methylpropan-2-yl)-5-nethyl-4,5-dihydrooxazol-
4-yl)propan-2-yl acetate (142-OAc)

50 mg (0.13 mmol, 1 eq.) of ligaridt2 was dissolved in 3 mL DCM and {6(0.65 mmaol,

70 mg, 5 eq.) of 2,6-lutidine was dropwise addedC followed by 2Qul (0.29 mmol, 2.2
eg.) AcCl and then stirred overnight (16 hoursjcatm temperature. Solvents were removed
in vakuum and the column chromatography on silieh (EtOAc/Hex 1:4) afforded 42mg
(76% yield) of142-Acas colorless oil.

'H-NMR (400 MHz, CDC}, 295K): 3 (ppm) 7.45 (m, 4H, ArH), 7.31 (m, 6H, ArH), 4.30(
1H, OCH), 4.08 (dJ = 9.1 Hz, 1H, NCH), 2.45 (ddd,= 52.9, 14.3, 3.8 Hz, 2H, GH 1.96
(s, 3H, CH), 1.60 (s, 3H, Ch), 1.45 (s, 3H, Ch), 1.40 (d,J = 6.8 Hz, 3H, CHCH), 1.32 (s,
3H, CHy), 1.28 (s, 3H, Ch).

3p{IH}-NMR (162 MHz, CDC}, 295K): o (ppm) 22.08.

MS (El, 70 eV): m/z (%): 425 (1, K, 366 (13), 324 (31), 284 (95), 227 (100), 183)(3@1
(20), 91 (5).

(142-1r-OAc)

"BArF
%%O

PhP = N
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Following the general procedure as for preparalid@-Ir. Complexation of the 42 mg (99
pmol) of the ligandl42-OAc with 67 mg (99umol) of bis(1,5-cyclooctadiene)diiridium(l)
dichloride in 3 mL DCM and 113 mg (128nol, 1.3 eq.) of NaBAtrresulted in 128 mg (82%
yield) of the produci42-Ir-OAc as orange solid.

'H-NMR (500.1 MHz, CDGJ, 300K): d(ppm) 7.76 (ddJ = 11.0, 7.6 Hz, 2H, ArH), 7.72 (s,
8H, Haro), 7.60 (m, 1H), 7.53 (m, 6H, ArH, A&#,), 7.38 (m, 3H, ArH), 7.02 (m, 2H, ArH),
4.94 (m, 1H, COD-CH), 4.87 (m, 1H, OCH), 4.81 (btlkl, COD-CH), 4.56 (dJ = 8.2 Hz,
1H, NCH), 3.62 (br s, 1H, COD-CH), 2.57 (m, 5H, £ COD-CH, COD-CH), 2.31 (m,
2H, COD-CH), 2.20 (s, 3H, C(CH>), 2.12 (m, 1H, COD-CbJ, 1.93 (s, 3H, Ac), 1.88 (m,
1H, COD-CH), 1.65 (s, 3H, OC(Ch),, , 1H, COD-CH), 1.61 (d,J = 7.3 Hz, 3H, CHCH),
1.49 (d,J = 2.8 Hz, 3H, CH, CHCH), 1.40 (m, 1H, COD-Cb}, 0.82 (s, 3H, OC(CH5).
3C{’H}-NMR (125.8 MHz, CDQ, 300K): d(ppm) 181.0 (C=N), 170.1 (C=0) 161.7 &=
50 Hz, Gyri), 134,9 (Gen), 134.8 (FCarro), 132.8 (d,J = 3 Hz, Gn), 131.9 (d,J = 55 Hz,
Car), 131.3 (d,J = 3 Hz, Gyn), 131.2 (Gen), 131.1 (Gen), 129.7 (dJ = 11 Hz, Gn), 129.2
(d, J =11 Hz, G), 128.9 (9qJ = 3 Hz,J = 32 Hz, HGr.m), 124.6 (q,J = 273 Hz, CBk),
117.5 (HGyrp), 94.7 (d,J = 11 Hz, COD-CH), 93.5 (dl = 13 Hz, COD-CH), 83.9 (OCH),
80.9 (OC(CHa)2), 70.3 (NCH), 63.7 (COD-CH), 60.6 (COD-CH), 39d) { = 2 Hz,C(CHa)2),
36.5 (d,J = 5 Hz, COD-CH), 33.4 (d,J = 6 Hz, CCHs),), 33.1 (d,J = 32 Hz, CHP), 32.3
(COD-CH,), 28.3 (COD-CH), 27.0 (d,J = 12 Hz, CCHs),), 25.8 (COD-CH), 25.5
(OC(CHa)y), 22.1 (C=QCH3), 21.9 (OCCHz),), 14.7 (CHCHS).

MS (MALDI-TOF) m/z (%): 726 ((M—(BAR)]*, 100).

3p{H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) 9.1.

YF{'H}-NMR (376.5 MHz, CDGQ, 300K): J (ppm) -62.6.

B-NMR (160.5 MHz, CDQ, 300K): 5(ppm) -6.6.

[a]*D -15.6 € 1.00, CHCY).

IR (V[ecm™]) 2972w, 1739m, 1609w, 1582w, 1474w, 1437w, 133252s, 1114s, 1049w,
1020w, 1000w, 938w, 886m, 838m, 736m, 710m, 68BANG

Elementar analysisfor CesHssNO3sBF24PIr (1589.13) calcd %: C, 49.13; H, 3.55; N, 0.88;
found: C, 48.86; H, 3.50; N, 0.93
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(4S,55)-2-(1-(diphenylphosphino)-2-methylpropan-2-yl)-5-nethyl-4-(2-
((trimethylsilyl)oxy)propan-2-yl)-4,5-dihydrooxazole (142-TMS)

>

PhP N
OTMS

50 mg (0.13 mmol, 1 eq.) of the starting alcoh4P was dissolved in 3 ml DCM and {6
(0.65 mmol, 5 eq.) of 2,6-lutidine was dropwise ediéit 20°C. Then if (0.26 mmol, 2eq,
58 mg,d=0,859) of TMSOTf was added and stirred for 1 h&wlvent was evaporated on
high vacuum and residue redissolved igEtthe precipitate was filtered off and sample was
dried in high vacuum. After column chromatography silica EtOAc/Hex/EiN (1:10:0,5)
was obtained 40 mg (67% vyield) of the prodi42-TMS as colorless oil.

'H-NMR (400.1 MHz, CDGJ, 300K): 3(ppm) 7.47 (m, 4H, ArH), 7.31 (m, 6H, ArH), 4.28
(m, 1H, OCH), 3.63 (dJ = 9.1 Hz, 1H, NCH), 2.46 (ddd,= 51.0, 14.3, 3.7 Hz, 2H, GM
1.47 (d,J = 6.8 Hz, 3H, CH(CH)), 1.34 (s, 3 H), 1.32 (s, 3 H), 1.29 (s, 3 HR3L(s, 3 H),
0.11 (s, 9 H).

3p{'H}-NMR (162.0 MHz, CDGJ, 300K): o (ppm) -22.3.

(142-Ir-TMS)

"BArF

M O/SiMe3
Following the general procedure as for preparalié@-Ir. From 15 mg of the ligand42-
TMS (33 umol, 1 eq.), 11 mg of [Ir(cod)CGI|(16 umol, 0.5 eq.) in 3 mL DCM and 37 mg of
NaBAr: (42 umol, 1.3 eq.) was obtained 43 mg (80% yieldL42-Ir-TMS as orange solid.
By crystallization of the produd42-Ir-TMS in CHCL solution which was overlayed by

heptane were obtained crystals suitable for X-Reahais.

'H-NMR (500.1 MHz, CDG, 300K): 5(ppm) 7.75 (m, 10H, ArH), 7.58 (m, 7H, ArH), 7.37
(m, 3H, ArH), 7.01 (m, 2H, ArH), 4.80 (m, 3H, GHOCH), 3.56 (m,) = 8.6 Hz, 2H, NCH,
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COD-CH), 2.55 (m, 5H, COD), 2.28 (br s, 2H, COD-CBOD-CH), 2.17 (s, 3H, C(CG#),
2.08 (m, 1H, COD-Ch), 1.85 (m, 1H, COD-Ch), 1.70 (d,J = 7.1 Hz, 3H, CHCH), 1.61 (m,
1H, COD-CH), 1.51 (d,J = 2.8 Hz, 3H, C(CHh),), 1.39 (s, 3H, O-C(Ck),), 1.30 (m, 1H,
COD-CH,), 0.85 (s, 3H, O-C(Ch)), -0.10 (s, 9H, Si(Ch-)

B3C{*H}-NMR (125.8 MHz, CDGJ, 300K): 5(ppm) 180.3 (C=N), 161.7 (g} = 50 Hz, G.r),
135.0 (d, J = 11 Hz, &), 134.8 (FCarr-0), 132.6 (Gvn), 131.2 (d, J = 5 Hz, Gu), 131.1
(Cam), 129.6 (d,J = 11 Hz), 129.1 (&n), 128.8 (g.J = 32 Hz, HG/r.m), 124.6 (qJ = 273
Hz, CR), 117.5 (HGrp), 94.2 (d,J = 12 Hz, COD-CH), 93.1 (d} = 12 Hz, COD-CH), 84.2
(OCH), 74.4 (Si@(CHs),), 74.2 (NCH), 63.0 (COD-CH), 59.7 (COD-CH), 38@&(CHa)2),
36.3 (COD-CH), 33.3 (CCHa3)2), 32.9 (COD-CH) 32.2 (d,J = 32 Hz, CHP), 29.7
(SiIOC(CHs),), 28.3 (COD-CH), 27.1 (C(CH),), 26.6 CH3COSi), 25.8 (COD-Ch), 15.2
(CHsCH), 1.08 (SiMe).

3p{H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) 8.8.

YF{*"H}-NMR (376.5 MHz, CDG, 300K): 5(ppm) -62.6.

MS (MALDI-TOF) m/z (%): 756 ([M—(BAR)]", 100).

[a]*% -17.0 €0.69, CHCY).

IR (V[cm™]) 2971w, 2903w, 1610w, 1588w, 1438w, 1351m, 1224$9m, 1117s, 1047w,
1028w, 989m, 886m, 837m, 744w, 715m, 681m, 667s

Elementar analysisfor CeeHe2NO2BF24SiPIr (1619.27) calcd %: C, 48.96; H, 3.86; N, 0.87
found: C, 48.69; H, 3.92; N, 1.12

(4S,55)-2-(1-chloro-2-methylpropan-2-yl)-5-methyl-4-(2-({riethylsilyl)oxy)propan-2-yl)-

4,5-dihydrooxazole(141-TES)
o
¢ N

O_SlEt3

70 mg (1eq) of the alcohaB) was dissolved in 3ml dry DCM and the solution wasled to
-78°C followed by addition of the 1734 (160mg,d=0,925, 5 eq.) of the 2,6-lutidine and
then 135.4ul (158 mg,d=1.169, 2 eq.) of the TESOTf and stirred for 2hoats-78°C.

Saturated NaHC®O was added slowly and the reaction mixture was \edrnto room
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temperature. Layers were separated and the orgmy@c was washed with water and brine.
Organic layers were dried over #0, and concentrated in vacuo. Chromatography orasilic
(EtOAc/Hex 1:9) afforded 62mg of the product asodelss oll.

'H-NMR (400.1 MHz, CDGJ, 300K): 5(ppm) 4.69 (m, 1H, OCH), 3.79 (d,= 9.3 Hz, 1H,
NCH), 3.62 (m, 2H, Ch), 1.52 (d,J = 6.8 Hz, 3H, CH(CH)), 1.36 (s, 3H, Ch), 1.29 (s, 3H,
CHa), 1.28 (s, 3H, Ch), 1.24 (s, 3H, Ch), 0.94 (g,J = 8.1 Hz, 9H, CH), 0.59 (q,J = 8.0 Hz,
6H, CHb).

(4S,55)-2-(1-(diphenylphosphino)-2-methylpropan-2-yl)-5-nethyl-4-(2-
((triethylsilyl)oxy)propan-2-yl)-4,5-dihydrooxazole (142-TES)

>

Ph,P N
O-SiEt,

Method 1:62 mg (0.178 mmol) of the chloridet1-TESwas dissolved in THF and cooled to
0°C, 0.36 mL of KPPH(0,5M in THF, 1 eq.) was dropwise added at 0°C thweth warmed to
room temperature and refluxed overnight. The sdlwers evaporated in vacuum and residue
was redissolved in 20 ml MTBE and 6 mL MH. Phases were separated and the water layer
was extracted with 3 x 10 mL MTBE then with brinedadried under N&O,. After
chromatography on silica (EtOAc/hex 1:20) was aféa 22 mg (25%) of the produtt2-
TES as a colorless oil recalculated according to thtal tamount of the fraction which
contained 30% starting material and was not passibl separate those two species by

column. Final purification has been done in thetmeaction step during complexation.

Method 2:50 mg (0.13 mmol, 1eq) of the starting alcohdR was dissolved in 3 ml DCM
and 76pul (0.65 mmol, 5 eq.) oR,6-lutidine were dropwise added at 20°C. Thepl5®.26
mmol, 2eq, 69mgp=1.169) of TESOTf was added and stirred for 3 ho&slvent was
evaporated on high vacuum and residue redissolvétb©O, the precipitate was filtered off
and sample was dried on vacuum. Column chromatbgram silica EtOAc/Hex (1:9)
afforded 47 mg (73% yield) of the produet2-TESas colorless oll.
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'H-NMR (400.1 MHz, CDGQ, 300K): d(ppm) 7.46 (q,J = 7.4 Hz, 4H, ArH), 7.30 (m, 6H,
ArH), 4.32 (m, 1H, OCH), 3.63 (m, 1H, NCN), 2.461¢tJ = 60.7, 14.3, 3.8 Hz, 2H, GH
1.46 (d,J = 6.9 Hz, 3H, CH), 1.34 (s, 3H, CH), 1.31 (s, 3H, Ch), 1.28 (s, 3H, Ch), 1.23 (s,
3H, CHy), 0.95 (t,J = 7.9 Hz, 9H), 0.60 () = 8.2 Hz, 6H).

3p{!H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) -22.3.

(142-Ir-TES)

"BArF

Following the general procedure as for preparatié@-Ir. From 20 mg of the ligand42-
TES (40 umol, 1 eq.), 11 mg of [Ir(cod)G](20 umol, 0.5 eq.) in 3 mL DCM and 37 mg of
NaBAre (52 umol, 1.3 eq.) was obtained 65 mg (99% yield142-Ir-TES as orange solid.
By crystallization of the produd42-Ir-TES in CHCk solution which was overlayed by
heptane were obtained crystals suitable for X-Reyais.

'H-NMR (500.1 MHz, CDGQJ, 300K): d(ppm) 7.76 (ddJ = 10.9, 7.7 Hz, 2H, ArH), 7.72 (s,
8H, Harro), 7.60 (MJ = 7.3, 7.3 Hz, 1H, ArH), 7.54 (m, 2H, ArH), 7.52 @H, Harp), 7.39
(m, 3H, ArH), 7.01 (m, 2H, ArH), 4.84 (m, 1H, OCH.76 (br s, 2H, 2 x COD-CH), 3.57 (m,
2H, NCH, COD-CH), 2.58 (m, 4H, 2 x COD-GH 2.47 (m, 1H, COD-CH), 2.28 (m, 2H,
CH,P), 2.18 (s, 3H, C(Chk), 2.08 (m, 1H, COD-CH}, 1.85 (m, 1H, COD-Ch), 1.73 (d,J =
6.9 Hz, 3H, CHCH), 1.62 (m, 1H, COD-Cb), 1.51 (d,J = 2.5 Hz, 3H, C(CH),), 1.41 (s,
3H, O-C(CH),), 1.36 (m, 1H, COD-CHJ, 0.80 (m, 12H, CCH,, O-C(CH)2 ), 0.40 (m, 6H,
CH,CHs).

3C{*H}-NMR (125.8 MHz, CDGJ, 300K):5 (ppm) 180.5 (C=N), 161.9 (d,= 50 Hz, G.r),
134.9 (d,J = 11 Hz, G), 134.8 (FCarr0), 132.8 (Gin), 131.2 (d,J = 5 Hz, G), 131.1
(Carm), 129.6 (dJ = 11 Hz), 129.0 (&H), 128.8 (qJ = 32 Hz, Gyr-m), 124.6 (qJ = 273 Hz,
CFs), 117.5 (HGrp), 94.4 (d,J = 12 Hz, COD-CH), 93.1 (d] = 12 Hz, COD-CH), 84.5
(OCH), 74.2 (@(CHs),), 74.0 (NCH), 63.0 (COD-CH), 59.9 (COD-CH), 380(CHs),),
36.4 (COD-CH), 33.4 (d,J = 5 Hz, CCHs),), 32.5 (d,J = 34 Hz, CHP), 30.0 CHsCOSi),
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28.4 (COD-CH)), 27.1 (d,J = 12 Hz, C(CH)), 26.1 CH3sCOSi), 25.9 (COD-Ch), 15.2
(CH3CH), 6.9 (CH ethyl), 6.5 (CH ethyl).

3p{H}-NMR (202.5 MHz, CDGJ, 300K): (ppm) 9.0.

YF{*"H}-NMR (376.5 MHz, CDG, 300K): 5(ppm) -62.6.

1B-NMR (160.5 MHz, CDG, 300K): 5(ppm) -6.6.

MS (MALDI-TOF) m/z (%): 798 ([M—(BAR)]", 100).

[a]®% -19.1(c 0.73, CHCY).

IR (7 [cm™]) 2959w, 2923w, 2883w, 2855w, 1611w, 1574w, 1460489w, 1352s, 1273s,
1215w, 1158s, 1115s, 1047w, 1027w, 890m, 837m, 8G36m, 680m.

(4S,59)-4-(2-((tert-butyldimethylsilyl)oxy)propan-2-yl)-2-(1-(diphenylphosphino)-2-
methylpropan-2-yl)-5-methyl-4,5-dihydrooxazole (142ITBDMS)

Yot

50 mg (0.13 mmol, 1eq) of the starting alcohdP was dissolved in 3 mL DCM and {6
(0.65 mmol, 5 eq.) of 2,6-lutidine were dropwiseled at 20°C. Then 6gl (0.26 mmol, 69
mg, d=1.151, 2eq.) of TBDMSOTf was added and stirred Tohour. Then solvent was
evaporated on high vacuum and residue redissolvétbO, the precipitate was filtered off
and sample was dried on vacuum. After column chtography on silica EtOAc/Hex (1:9,
R{=0.25) was obtained 44 mg (68% yield) of the pradd@-TBDMS as colorless oil.

'H-NMR (500.1 MHz, CDGJ, 300K): J(ppm) 7.56 — 7.40 (m, 4H, ArH), 7.38 — 7.23 (m, 6H,
ArH), 4.43 — 4.29 (m, 1H, OCH), 3.62 @@= 9.3 Hz, 1H, NCH), 2.47 (ddd,= 55.6 Hz, 14.4
Hz, 3.7 Hz, 2H, CkP), 1.46 (dJ = 6.9 Hz, 3H, CHCH), 1.34 (s, 3H, (CH»CO), 1.32 (s,
3H, (CHy)-C), 1.28 (s, 3H, (CH-C), 1.28 (s, 3H, (CH2CO), 0.86 (s, 9H, (CH:tBUOSI),
0.11 (s, 3H, (CH)tBuOSi), 0.10 (s, 3H, (ChHtBUOSI).

13C{*H}-NMR (125.8 MHz, CDGJ, 300K):& (ppm) 172.6 (C=N), 140.1 (d,= 13 Hz, G,),
139.89 (dJ = 13 Hz, G,), 133.3 (d,J = 20 Hz, Geno), 133.0 (dJ = 20 Hz, Geo), 128.6 —
128.2 (M, Grim,p), 79.7 (OCH), 76.2 (NCH), 76.0 @CHs),), 41.1 (d,J = 17 Hz, CHP),
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36.8 (d,J = 17 Hz,C(CHs),), 30,7 (OCCH3),), 27.5 (d,J = 10 Hz, CCHa),), 27.1 (d,J = 11
Hz, CCHa)), 26.3 (OCCHs),), 26.1 (CCHas)s), 18.3 C(CHs)s), 16.5 (CHCH3), -1.7
(Si(CHs)2), -1.7 (Si(CH)y).

(142-Ir-TBDMS)

Following the general procedure as for preparalidd-Ir. Complexation of the 44 mg (88
pmol, 1eq)142-TBDMS with 30 mg (88umol, 0.5eq) bis(1,5-cyclooctadiene)diiridium(l)
dichloride in 3 mL DCM and reflux for 2.5 hour. Aftthat 102 mg (11pmol, 1.3eq) of
NaBAr: was added and stirred for another 30 min at rcemperature. The reaction mixture
was imobillized on silica and putted on column, s with 100 mL BEO and then switched
to DCM and in two fractions was isolated 109 mg%¥eld) of the product42-Ir-TBDMS

as yellow solid.

'H-NMR (500.1 MHz, CDGQ, 300K): & (ppm) 7.81 — 7.75 (m, 10H, 2 x ArH, 8 xHo),
7.60 — 7.58 (m, 1H, ArH)7.55 — 7.52 (m, 6H, 2 x ArH, 4 xA#), 7.40 — 7.36 (m, 3H, ArH),
7.06 — 7.02 (m, 2H, ArH), 4.88 (m 1H, OCH)78 (br s, 2H, 2xCOD-CHR.60-3.59 (m, 1H,
COD-CH), 3.56 (dJ = 8.3 Hz, 1H, NCH)2.70 — 2.53 (m, 4H, C}#?, COD-CH), 2.51 — 2.45
(m, 1H, COD-CH)2.31-2.29 (m, 2H, COD-C}), 2.22 (s, 3H, C(CH)>), 2.12 — 2.07 (m, 1H,
COD-CH), 1.90-1.83 (m, 1H, COD-C#l 1.79 (d,J = 7.0 Hz, 3H, Ci€Hs), 1.66-1.61 (m,
1H, COD-CH), 1.55 (d,J = 2.9 Hz, 1H, C(CH),), 1.42 (s, 3H, O-C(Ch)>), 1.40 — 1.34 (m,
1H, COD-CH), 0.95 (s, 3H, O-C(Ch)z), 0.74 (s, 9H, SiC(CH)s), 0.05 (s, 3H, SiC(CH.), -
0.28 (s, 1H, SiC(CH.).

3C{*H}-NMR (125.8 MHz, CDGJ, 300K):5 (ppm) 180.6 (C=N)161.7 (qJ = 50 Hz, Gr),
135.2 (d,J = 12 Hz, Gu), 134.8 (HCarr-0), 132.6 (d,J = 2 Hz, Gyn), 132.2 (d,J = 55 Hz,
Car), 131.2 (Gun), 131.1 (Gn), 129.6 (dJ = 11 Hz, G), 129.0 (dJ = 10 Hz, Gy), 128.9
(9, = 32 Hz, HG-m), 128.8 (dJ = 54 Hz, Gin), 124.6 (q.J = 273 Hz, CE), 117.5 (HG+
o), 94.2 (d,J = 10 Hz, COD-CH), 93.0 (d] = 13 Hz, COD-CH)84.5 (OCH), 74.4 (NCH),
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74.4 (QC(CHa)y), 62.8 (COD-CH), 59.7 (COD-CH38.9 (d,J = 2 Hz, C(CHs)2), 36.4 (d,J =

5 Hz, COD-CH), 33.7 (d,J = 7 Hz, CCHs),), 33.0 (d,J = 32 Hz, CHP), 32.2 (COD-CH),
28.3 (COD-CH), 29.7 (O-CCHs),), 26.8 (d,J = 12 Hz, CCHs),), 25.7 (COD-CH)), 25.7
(SiC(CHa3)3), 26.1 (O-CCHs),), 17.8 (SC(CHs)s), 15.0 (CHCH3), -2.0 (SICCHa)), -2.4
(SIC(CHa)p).

3p{'H}-NMR (202.5 MHz, CDGJ, 300K): o (ppm) 8.6.

1B-NMR (160.5 MHz, CDG, 300K): 5(ppm) -6.6.

MS (MALDI-TOF) m/z (%): 798 ([M—(BAR)]*, 100).

[a]*% -21.8 €0.86, CHCY).

IR (V[cm™]) 2952w, 2859w, 1610w, 1582w, 1471w, 1442w, 1353@73s, 1158m, 1115s,
1047w, 1019w, 1001w, 966w, 886m, 837m, 778w, 7424w, 712m, 682m, 671m.
Elementar analysisfor CggHgsNO.BF24SiPIr (1661.35) calcd %: C, 49.88; H, 4.13; N, 0.84
found: C, 49.59; H, 4.19; N, 0.91

(S)-methyl 2-phenyl-4,5-dihydrooxazole-4-carboxylaté®® (143-1)

©\(O
\
N

o
L-serine methylester hydrochloride 1.5g (9.64 mnielg) in 15 mL DCM and 1.824 g (9.64

mmol) phenylimidate hydrochloride were mixed in flask under inert atmosphere and 1.37

(S)
OMe

mL (1leq) dry TEA was added to the reaction mixt&esulting suspension was stirred for 48
hours at room temperature. Then all solids weteréd off and filtrate was quenched by
NaHCG; and extracted by 3 x 10 mL of DCM. The crude paidumas distilled on Kugelrohr
125°C/0.08 Torr. It was obtained 1.286 g¥6%ield) of the product as colorless oil.

C11H11NO; (205.21 gnol™)

'H-NMR (500.1 MHz, CDGJ, 300K): J(ppm) 7.97 (d,J = 8.2 Hz, 2H, ArH), 7.48 (1 = 7.4
Hz, 1H, ArH), 7.39 (tJ = 7.5 Hz, 2H, ArH), 5.00 — 4.88 (m, 1H, NCH), 4.741.65 (m, 1H,
OCH,), 4.58 (ddd,) = 10.4, 8.9, 1.5 Hz, 1H, OGH 3.80 (s, 3H).

13C{’H}-NMR (125.8 MHz, CDGJ, 300K): & (ppm) 171.64 (C=N), 166.30 (C=0), 131.88
(Can), 128.60 (G), 128.36 (Ger), 126.94 (G;), 69.55 (OCH), 68.63 (NCH), 52.72
(OCHg).
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(S)-2-(2-phenyl-4,5-dihydrooxazol-4-yl)propan-2-dt*! (143-2)

To a solution of 1.23 g (6.0 mmol, 1 eq.) of thertshg ested43-1in 15 mL THF cooled to -
78°C, was dropwise added 4 mL of MeMgCl (3M in THFeq.) and then was the reaction
mixture was leaved warm overnight. After quenchingNH,Cl (sat. sol.) was performed
extraction with 3 x 10 mL of into ED. Crude product was purified by column
chromatography on silica gel (DCM/MeOH, 6:1;=R.6). It was obtained 946 mg of the
slightly ochre solid as produt#3-2

C12H1sNO; (205.25 gmol™?)

'H-NMR (500.1 MHz, CDGJ, 300K): d(ppm) 7.91 (d,J = 7.7 Hz, 2H, ArH), 7.42 () = 7.4
Hz, 1H, ArH), 7.34 (tJ = 7.7 Hz, 2H, ArH), 4.43 — 4.33 (m, 1H, OgQH4.29 (t,J = 8.4 Hz,
1H, OCHp), 4.17 (dd,J = 10.0, 8.4 Hz, 1H, NCH), 2.11 (br s, 1H, OH),7L(3, 3H, CH),
1.12 (s, 3H, CH).

¥3C{’H}-NMR (125.8 MHz, CDQ, 300K): & (ppm) 165.24 (C=N), 131.71 &), 128.49
(Can1), 128.37(Gor), 127.26 (Gy), 75.48 (NCH), 71.58G(CHs)2), 69.00 (CH), 26.77 (CH),
25.10 (CH).

(S)-methyl 2-(3-chloro-2,2-dimethylpropanamido)-3-hydoxypropanoate (144)

CIl O COOMe

1 g (6.43 mmol, leq.) df-serine methylester hydrochloride was dissolveddnrmL DCM
and 2.7 mL (19.28 mmol, 3eq) of &t was added at 0°C stirred for 30 min then 0.83 mL
(6.43 mmol,d=1.199, 1 eq.) of the 3-chlorpivaloyl chloride war®pwise added and stirred 1
hour at room temperature. Then was the reactiotun@poured into the saturated solution of
NaHCQ; diluted by EO and then the water layer was extracted sevenaistiwith EO and
combined organic phases were dried over MgSKo obtain analytically pure sample the
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chromatography on silicagel was performed usingAet@neat) as eluent ¢(R0.4). It was
obtained 1.208 g (79% yield) of the prodidd as colorless oil.

'H NMR (500 MHz, CDC}) 6 = 6.85 (d,J=7.1 Hz, 1H, NH), 4.64 — 4.57 (m, 1H, N-CH),
3.92 (ddd,J = 43.8, 11.3, 3.5 Hz, 2H, GB), 3.80 (s, 3H, CéMe), 3.61 (ddJ=38.7, 10.8
Hz, 2H, CH-Cl), 1.32 (s, 3H, CH), 1.30 (s, 3H, CH).

¥3C{’H}-NMR (125.8 MHz, CDGJ, 300K): d(ppm) 175.3 (C=0), 171.0 (COO), 62.8
(CH,OH), 54.9 (CH), 52.7 (COOCH 52.7 (CHCI), 44.3 (C(CH)y), 23.5 (C(CH),), 23.1
(C(CHg)2).

MS (FAB) m/z (%) 238 ([M+H]+, 100), 239 (10), 220 (1978 (14), 102 (70), 91 (28), 55
(9).

IR (V[cm ) 3382br w, 2954w, 1739m, 1651s, 1517m, 1252w,8¥241286m, 1209m,
1101w, 1078m.

[a]?%=21.0(c 1.10, CHC}).

Elem. anal.: calc.: C, 45.48; H, 6.79; N, 5.89;rfduC, 45.15; H, 6.72; N, 5.80

(S)-methyl 2-(1-chloro-2-methylpropan-2-yl)-4,5-dihydooxazole-4-carboxylate (145)

>

cl N

COOMe

700 mg (2.95 mmol, 1 eq.) of the amitié4 was dissolved in 15 mL DCM and cooled to -
78°C, then DAST 0.43 mL (3.24 mmak1.22, 1.1 eq.). After stirring for another 1 hovas
610 mg (4.42 mmol, 1.5eq) of the solid anhydrou€®; added and the reaction mixture was
leaved warm to room temperature. The reaction wasgal into the sat. solution of NaHgO
and then extracted with 3 x 20 mL DCM. After dryioger MgSQ and concentrating of the
sample in the vacuum was obtained 660 mg of thdecproduct as ochre oil. Then was the
crude product distilled on Kugelrohr (110°C/0.08rfjdo obtain 612 mg (95% vyield) of the
146as colorless oil.
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'H NMR (500 MHz, CDCY) § 4.75 (dd,J = 10.5, 7.7 Hz, 1H, CH-oxaz.), 4.50 (db= 8.7,
7.7 Hz, 1H, CH-oxaz.), 4.41 (ddJ = 10.5, 8.7 Hz, 1H, Cioxaz.), 3.77 (s, 3H, CMe),
3.62 (q,J = 10.8 Hz, 2H, CRCI), 1.33 (s, 3H, Ch), 1.31 (s, 3H, Ch).

13C NMR (126 MHz, CDC}) & 173.27 (OC=N), 171.58 (C=0), 69.69 (Ebkaz.), 68.14
(CH-oxaz.), 52.65 (C&CHjs), 52.28 (CH-CI), 39.06 (CH(CH),), 23.73 (CH), 23.65 (CH).

MS (El, 70 eV): m/z (%): 219 (33, N, 187 (30), 119 (18), 91 (100), 55 (41).

IR (V' [cm™]) 3406w, 2955w, 1728m, 1649s, 1633m, 1499m, 147285m, 1387w, 1364w,
1329w, 1244m, 1171m, 1140w, 962w, 905w, 770m.

Elem. anal.: calc.: C, 49.21; H, 6.42; Cl, 16.14;a8\8; O, 21.85; found: C, 48.27; H, 6.13;
N, 6.08

(S)-2-amino-3-methylbutane-1,3-diol hydrochloride (14)

HO,
HCI-H,N

OH

To the 100 mg (48mol) of the oxazolind43-2was added 8 mL of 20% HCI (aq.) and the
mixture was heated to 75°C for 4.5 hours while tieaccolor turns brownish. Reaction
progress was tracked by TLC. After cooling to rotemperature was the reaction mixture
extracted 3 x 15 mL ED in order to remove benzoic acid and the wateidueswas
evaporated to dryness on the rotavap followed by B) mL azeotropic distillation with
toluene. Sample was dryied overnight on high vactorobtain 61 mg (79% yield) of the
productl46.

CsH14CINO, (155.62 gnol™)

'H-NMR (500.1 MHz, RO, 300K): d(ppm) 3.95 (dd,J = 12.2, 3.7 Hz, 1H), 3.67 (dd,=
12.1, 9.4 Hz, 1H), 3.28 (dd,= 9.3, 3.5 Hz, 1H), 1.34 (s, 3H), 1.25 (s, 3H).

13C{’H}-NMR (125.8 MHz, CDGJ, 300K): & (ppm) 69.30 C(CHs),), 61.29 (NCH), 58.43
(OCHy), 26.60 (CH), 23.21 (CH).
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(S)-2-(2-(1-chloro-2-methylpropan-2-yl)-4,5-dihydrooxazol-4-yl)propan-2-ol (147)

N

Cl N
OH

270 mg (3.19 mmol) of the oxazoliid6 was dissolved in 15 mL THF and 0.98 mL (3M in
THF, 2.4 eq.) MeMgClI was dropwise added at 0°C stivced at this temperature for 1.5 hour
and then quenched by NEI and extracted with 3 x 20 mL f&, dried over Nzg50O, and
concentrated in vacuum. It was obtained 245 mdgefytellowish oil as crude, which was
subjected to column chromatography on silicagel A&#®1eOH (9:1, R=0.25) to obtain 210
mg (78% vyield) of the produdi47 as colorless oil.

'H NMR (400 MHz, CDC})  4.24 (dd,J = 8.9, 3.8 Hz, 2H, Cioxaz.), 4.04 (ddJ = 10.0,
7.7 Hz, 1H, CH-oxaz.), 3.65 — 3.59 (m, 2H, £#1), 1.92 (br s, 1H, OH), 1.33 (s, 3H,
C(CHg)), 1,31 (s, 3H, C(CHJ,), 1.28 (s, 6H, HO-C(CH)o), 1.13 (s, 3H, HO-C(CH),).

IR (Vv [cm™]) 3382m, 2974m, 2963m, 2947m, 1733m, 1652s, 4644633s, 1610s, 1570m,
1470m, 1387m, 1366m, 1201w, 1179s, 1154s, 11978m, 944m, 921m, 886w, 834w,
734w, 666wW.

(9)-2-(2-(1-(diphenylphosphino)-2-methylpropan-2-yl)4,5-dihydrooxazol-4-yl)propan-2-

ol (148)
><r°
|

PhoP N
OH

100 mg (455 pmol) ol47 was dissolved in 15 mL THF and then 1.1 mL (0,5MTHF,
1.2eq) of KPPhwas added. Then the reaction mixture was refluxestnight. The solvent
was evaporated in vacuum and residue was redigssoiviEs mL E3O and 3 mL NHCI and 2

mL of water was also added to dissolve residuatisoPhases were separated and the water
layer was extracted with 3 x 20 mL,Btand dried over N&Q,. It was recorded NMR of the

crude 210mg where was probably product about -21ppBiLP and also HPRh The cure
223



mixture (210 mg) was purified by column chromatqina on silica EtOAc/Hex (1:1,
Rt=0.35, 1.2, R=0.25) to afford 65 mg (39% vyield) of the produdBlas white solid.

'H-NMR (500.1 MHz, CDGJ, 300K): d(ppm) 7.51-7.58 (m, 2H, ArH), 7.43-7.40 (m, 2H,

ArH), 7.34-7.28 (m, 6H, ArH), 4.26-4.24(m, 1H, OCH),), 4.05-4.02(m, 1H, OCH), 3.95-
3,93 (m, 1H, N-CH), 2.63 (br s, 1H, OH), 2.57 (¢, J = 14.2, 4.9 Hz, CkCl), 2.37 (dd,
1H, J = 14.2, 3.5 Hz, CCl), 1.32 (s, 3H, O(CH-), 1.28 (s, 3H, C(Ch),), 1.24 (s, 3H,
C(CHa)2), 1.11 (s, 3H, O(CH,).

3C{’H}-NMR (125.8 MHz, CDGJ, 300K): d(ppm) 174.0 (C=N), 139.1 (dJ = 10.0 Hz,
Ca), 138.6 (dJ=10.0 Hz, G/, 133.1 (dJ = 19 Hz, HG,), 132.8 (dJ = 19 Hz, HG,),

128.7 (Gy+), 128.5 (Gin), 128.5 (Gen), 128.4 (Gyr), 74.8 (NCH), 71.5 (G(CHs),), 68.7
(OCHy), 41.2 (d,J = 14 Hz, CHP), 37.3 (d,J = 18 Hz, C(CHa),), 27.9 (d,J = 7 Hz,

C(CHa),), 27.4 (HOCCHs),), 27.3 (dJ = 9 Hz, CCH3),), 25.0 (HOCCHa),).

3p{H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) 21.4.

(9)-4-(2-((tert-butyldimethylsilyl)oxy)propan-2-yl)-2 -(1-(diphenylphosphino)-2-
methylpropan-2-yl)-4,5-dihydrooxazole (148-TBDMS)

Yokt

45 mg (122umol, 1eq.) of the starting alcohol 148 was disstlire3 mL DCM and 7L
(610 umol, 5 eq.) of 2,6-lutidine were dropwise adde®@@tC. Then 56ul (244 mmol,d =
1.151, 2. eq.) of TBDMSOTf was added and stirred fchour at room temperature. Then
solvent was evaporated on high vacuum and resieldissolved in EOD, and sample of the
crude reaction mixture 60 mg was dried on vacuufterAhe column chromatography on
silica EtOAc/Hex (1:9, R= 0.25) was afforded 32 mg (54% vyield) of the pridi48-
TBDMS.
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'H-NMR (500.1 MHz, CDGJ, 300K): 5(ppm) 7.48 — 7.44 (m, 4H, ArH), 7.33 — 7.28 (m, 6H,
ArH), 4.20 — 4.17 (m, 1H, OCH 3.77-3.69 (m, 1H, NCH, 1H, OGH 2.52-2.41 (m, 2H,
CH,P), 1.35 (s, 3H, (CHCO), 1.29 (s, 3H, (Ch.CO), 1.24 (s, 3H, (CH.C), 1.13 (s, 3H,
(CH3),C), 0.82 (s, 9H, (CH:BuOSi), 0.07 (s, 3H, (CH:tBuOSi), 0.07 (s, 3H,
(CHg)2tBUOSI).

3C{*H}-NMR (125.8 MHz, CDGJ, 300K):8 (ppm) 173.3 (C=N), 139.7 (d,= 13 Hz, G,),
139.6 (d,J = 13 Hz, G,), 133.2 (d,J = 20 Hz, Guo), 132.8 (d,J = 20 Hz, Guyo), 128.4 —
128.3 (M, Germ,p), 75.7 (QC(CHa),), 74.7 (NCH), 68.7 (OCH), 41.1 (d,J = 17 Hz, CHP),
36.7 (d,J = 17 Hz,C(CHsy),), 28,7 (OCCHs3)), 27.5 (d,J = 9 Hz, CCHa),), 27.1 (d,J = 10
Hz, C(CHa)2), 26.3 (OCCHa3),), 25.8 (CCHs)s), 18.2 C(CHs)s), -2.1 (Si(CH),), -2.2
(Si(CHg)2).

31p{!H}-NMR (202.5 MHz, CDGJ, 300K): o (ppm) -23.4.

MS (El, 70 eV): m/z (%): 483 (2, N, 468 (8), 426 (46), 406 (42), 310 (78), 274 (197
(53), 173 (100) 121 (21), 73 (38).

IR (V[cm™) 2963m, 2947m, 2927m, 2883m, 2853m, 1733w, 1680880w, 1470m,
1437m, 1359m, 1303w, 1251m, 1186s, 1160s, 11182m]11051s, 1034s, 1004m, 985m,
897w, 822s, 772s, 738s, 714s, 652s.

(148-Ir-TBDMS)

Following the general procedure as for preparatid?-Ir. Complexation of 30 mg (62mol,

1 eq.)148-TBDMS with 21 mg (31umol, 0.5 eq.) of bis(1,5-cyclooctadiene)diiridiuin(l

dichloride in 3 mL DCM. 72 mg (8umol, 1.3 eq.) of NaBArwas added and stirred for
another 30 min at room temperature. The reactioxture was immobilized on silica and
putted on column, washed with 100 ml,@tand then eluted with DCM and in two fractions.
It was obtained 79 mg (77% yield) of the prodi48-Ir-TBDMS as yellow solid.
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'H-NMR (500.1 MHz, CDGJ, 300K):  (ppm) 7.81 — 7.72 (m, 10H, 2 x ArH, 8 xHo),
7.60 — 7.55 (m, 1H, ArH), 7.55 — 7.49 (m, 6H, 2 0HA4 X Harp), 7.41 — 7.35 (m, 3H, ArH),
7.08 — 6.96 (m, 2H, ArH), 4.88 (dd,= 9.7 Hz, 4.0 Hz, 1H, OC#i 4.83 (m, 1H, COD-CH),
4.81 — 4.75 (m, 1H, COD-CH), 4.37 Jt= 9.7 Hz, 1H, OCHh), 3.81 (ddJ = 9.8, 4.0 Hz, 1H,
NCH), 3.67 — 3.61 (m, 1H, COD-CH), 2.68 — 2.48 #H, CH,P, COD-CH), 2.48 — 2.42 (m,
1H, COD-CH), 2.28 (m, 2H, COD-GH 2.24 (s, 3H, C(CH),), 2.13 — 2.02 (m, 1H, COD-
CH,), 1.84 (m, 1H, COD-C}), 1.61 (m, 1H, COD-C}), 1.51 (d,J = 2.9 Hz, 1H, C(CH)>),
1.43 — 1.31 (m, 1H, COD-GH){ 1.38 (s, 3H, O-C(Ch),) 0.84 (s, 3H, O-C(Ch)>), 0.69 (s,
9H, SiC(CHy)3), 0.03 (s, 3H, SiC(Ch),), -0.26 (s, 1H, SiC(CHy).

3C{’H}-NMR (125.8 MHz, CDGJ, 300K): 5 (ppm) 180.2 (dJ = 2 Hz, C=N), 161.8 (q] =
50 Hz, Gyri), 135.1 (dJ = 12 Hz, Gn), 134.8 (FCarro), 132.8 (dJ = 2 Hz, Gyn), 132.3 (d,
J =55 Hz, G) 131.2 (dJ = 2 Hz, Gy), 131.1 (d,J = 10 Hz, G) 129.6 (d,J = 11 Hz,
Cam), 129.1 (dJ = 10 Hz, Gw), 128.9 (qJ = 32 Hz, HGie-m), 128.7 (dJ = 54 Hz, Gn),
124.6 (qJ = 273 Hz, CR), 117.5 (HGrp), 94.2 (dJ = 10 Hz, COD-CH), 92.1 (d) = 13 Hz,
COD-CH), 73.9 (NCH), 73.5 (O(CHs),), 71.6 (OCH), 63.3 (COD-CH), 60.3 (COD-CH),
38.9 (C(CHs),), 36.4 (COD-CH), 33.8 (d,J = 5 Hz, CCHa)2), 33.2 (d,J = 32 Hz, CHP),
32.4 (COD-CH), 28.7 (O-CCHs),), 28.1 (COD-CH), 27.0 (d,J = 12 Hz, CCHs),), 25.6
(COD-CHp), 25.4 (SiCCHs)3), 24.2 (O-CCHs),), 17.8 (SC(CHs)3), -2.5 (SiCCHa),), -2.9
(SIC(CH3)y).

MS (MALDI-TOF) m/z (%): 784 ((M-(BAR)]*, 100).

[a]%b=-17.4(c 0.70, CHC}).

3p{H}-NMR (202.5 MHz, CDGJ, 300K): d(ppm) 9.2.

IR (7[cm™]) 2963w, 2947w, 1610w, 1580w, 1437w, 1351m, 1221$0m, 1114s, 1103s,
1199s, 1196s, 1001m, 970m, 895w, 886m, 838m, 7748m, 715s, 710s, 668s.

Elem. anal.: calc: C, 49.88; H, 4.13; N, 0.84; found: C, 49.59; H,% N, 0.91.

Burgess reagent**”!

25 g of chlorosulfonylisocyanate was placed inte #0 mL three necked flask fitted with

stirrbar and dropping funnel and chloro-calciumingytube on the condenser diluted with 50
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mL of dry benzene. From the dropping funnel waspuaisee added 6.2 mL dry MeOH in 8
mL of benzene over 30 min and then stirred for @alaal 0.5 hour. Product was filtered over
Schlenk filtration apparatus and dried on vacuura.liThen it was dissolved in 200 mL of dry
benzene a heated by heatgun to help dissolveyaliats. This solution was added in course of
40 min to a 46 mL of BN in 50 mL dry benzene at 10°C and stirred for hanot30 min.
Resulting mixture was then filtered under inert asphere and filtrate was evaporated on the
rotavap and the residue was recrystallized from THRvas obtained 12.3 g of Burgess

reagent which was stored in the freezer for furthgreriments.

General procedure for Allylic substitution

1,8 mg of [Pd(allyl)Cl} (0.01lmmol) and 0.025 mmol of the approproate kyan 1.2 mL
DCM was in the Young tube degassed by freeze-pumap-tand then stirred for 2 hours at
50°C. In the second Young tube containing the satest 252 mg (1 mmol)
diphenylallylacetate (or CyOBz) in 4 mL DCM was mikwith dimethylmalonate 396 mg (3
mmol), BSA 0.73 mL (610 mg, 3 mmal=0.832) and 1 mg of the dried KOAc. This solution
was also degassed by three freeze-pump-thaw cgnbtbshen the solution of the catalyst was
added. Resulting reaction mixture was stirred anrdemperature 24 hours. Then was the
reaction diluted by EO and quenched by addition of 20 mL of MH (sat. sol.). Aqueous
layer was extracted with 3 x 15 mL,Bt and combine organic extracts were dried over
MgSQOs. After column chromatography on silica gel (Hex&t®Ac/EgN 18:1:1) was
obtained product as a white solid. Enantiomericeegavas determined by HPLC or GC.

MeOOC COOMe

Ph/\IPh

Separation: HPLC (Diacel Chiracel AD-H, heptanefiganol 97:3, 0.9 mhin™®, 20°C, 254
nm): = 16.3 R), 17.9 § min.
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MeOOC COOMe

*

Separation: GC-cyclodextrine PM, 130°C, 100kPay+ 21.7 R), 23.7 © min.

General procedure for the hydrogenation reaction ad used analytical methods

All hydrogenations reactions were performed at raemperature, 50 bar of;Hjas, with the
substrate concentration 0.2 mol/L and catalyst eotration 1 mol %. As a solvent was used
crown cap dichloromethane purchased from Aldrich.

E-1,2-Diphenylpropene:

o

GC: Restek Rtx-1710 column (30 m0.25 mmx 0.25um), 60 kPa He, (100°C - 2min -7 K/
min — 250°C -10 min):g= 18.2 min (product), 23.8 min (starting material)

HPLC: (Diacel Chiracel OJ (2.6 250 mm), heptane/isopropanol 99:1, 0.5 mL/min,Q0°
220 nm, £=15.6 min R), 23.8 min §

Ethyl E-2-methylcinnamate:

x_CO,Et

GC: Chiraldexy-cyclodextrin TFA G-TA (30 nmx 0.25 mmx 0.12um) 60 kPa H, (85°C —
50 min -10 K/ min — 160°C)gt= 42.9 min ( R)product), 44.9 min (product), 57.0 min
(starting material)
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E-2-Methyl-3-phenylprop-2-enol:

Shis

GC: Restek Rtx-1710 column (30 m0.25 mmx 0.25um), 60 kPa He, (100°C - 2min -7 K/
min — 250°C -10 min):g= 14.6 min (product), 16.5 min (starting material)

HPLC: (Diacel Chiracel OD-H (2.6< 250 mm), heptane/isopropanol 95:5, 0.5 mL/min,
40°C, 200 nm,g= 15.3 min ¢), 17.5 min {)

E-Phenyl-(1-phenylethylidene)amine:

@NQ

GC: Restek Macherey-Nagel Optima 5-Amin (30<n8.25 mmx 0.5um), 60 kPa He, (150°C
-7 K/ min — 250°C -10 min)gt= 12.8 min (product), 13.2 min (starting material)

HPLC: (Diacel Chiracel OD-H (2.6< 250 mm), heptane/isopropanol 99:1, 0.5 mL/min,
20°C, 210 nm,g=24.6 min §), 33.0 min R)
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8.6 Diastereoselective hydrogenation of Diels-Alder mducts

1-(4-methylcyclohex-3-en-1-yl)ethanone (164)

o
Solution of R) or (§ limonene 5 mL (4.21g, 30.9 mmol) in 50 mL of DGMs cooled to -
78°C under NandmCPBA 6.93 g (30.9 mmol, 77%) was added as a sAftgr stirring for
30 min was the cooling bath removed and the remaatnxture was warmed and stirred
another 2 hours at room temperature. Then was tkieima recooled back to -78°C and ozon
was bubled through the glass bubler into the readtask until the blue color was observed
(20-30min). Resulting solution was purged by bupl®, at -78°C and then with Nwhile
warming up to 0°C. Then Zn dust 20 g (309 mmolefjQ was added followed by addtion of
6.2 g (37.1 mmol, 1.2 eq.) of Kl and 25 mL of gichcetic acid. This suspension was well
stirred overnight at room temperature and then miteda Residual solids were repeatedly
washed with BEO and continued with neutralization by J8&; (sat. sol.) and subsequent
extraction with 3 x 30 mL of E©. Combined organic extracts were dried over Mgaad

concentrated in vacuum. Column chromatography lmagiel (5% EfO/n-pentane) afforded
1.315 g (31% vyield) of the product as a yellowigh o

CoH140 (138.21 gnol™)

'H-NMR (400.1 MHz, CDGJ, 295K): & (ppm) 5.39 (s, 1H,C=CH), 2.60 — 2.43 (m, 1H,
CHC=0), 2.21 - 2.10 (m, 4H, COGHCH,), 2.05 — 1.90 (m, 3H, Chi 1.65 (s, 3H, Ch),
1.62 — 1.51 (m, 1H, CHl.

3C{*H}-NMR (100.6 MHz, CDGJ, 295K): & (ppm) 212.07 (C=0), 134.0C£CH), 119.41
(C=CH), 47.40 CH-C=0), 29.66 (CH), 28.16 (CH), 27.21 (CH), 25.06 (CH), 23.57
(CHs).
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(R)-2,2,2-trifluoroethyl 4-methylcyclohex-3-enecarboylate™*® (177)

H
Afere

0.32 mL (0.5M in Tol, 0.16mmol) oxazaborolidine wadded to a precooled solution of 37
mg (CRSO,).NH (0.133 mmol) in 0.7 mL tolueme at -25°C andrstirfor 10 minutes. Then
isoprene 7dl (50 mg,d = 0.681) and 84l (102 mg,d = 1.216) of 2,2,2-trifluoroethylacrylate
in 0.7 mL toluene was added. The reaction mixtuas stirred for 8 hours at 0°C and then
guenched with 20uL of triethylamine and warmed to room temperatuBg. column
chromatography on silica gel in 2%.,8in-pentane (R=0.45) was obtained 129 mg (88%

yield) of the product as a colorless low boilinguid.

CioH13F305 (222.20 gnol™)

'H-NMR (400.1 MHz, CDGQ, 295K):8 (ppm) 5.46 — 5.29 (m, 1H), 4.64 — 4.26 (m, 2H§82.
—2.52 (m, 1H), 2.35 — 2.15 (m, 2H), 2.15 — 1.89 3i1), 1.83 — 1.68 (m, 1H), 1.65 (s, 3H).
YF{1H}-NMR (376.5 MHz, CDGJ, 300K): d(ppm) -73.9.

GC-MS: (El, 70 eV, R=12.7 min): m/z (%): 222 (15, W, 122 (32), 94 (100), 79 (54), 67
(29), 55 (15).

2,2,2-trifluoroethyl 4-methylcyclohexanecarboxylatg180)

H H PN
2 (0] CF
0 CF; ——— ®
Pd/C

Substratel77 15 mg was reduced with Pd/C in 0.5 mL of MeOH dbbat of B at room

temperature. There was observed also about 10#e dfdsesterified product as methylester.
CloH15F302 (22422 g’nol'l)

GC-MS: (El, 70 eV, R=4.35 min; 4.43 min): m/z (%): 224 (23,"M 155 (30), 124 (39), 97
(40), 82 (67), 70 (100), 67 (25), 55 (81), 41 (23).
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(9)-1,4-dimethylcyclohex-3-enecarbaldehydé” (178)

To a solution of oxazaborolidine 0.124 mL (0.5MTial, 0.062mmol) in 0.5 mL DCM at -
40°C was added sloution of 13.7 mg AJB0.05 mmol) in 0.3 mL DCM and after stirring 30
min was the temperature lowered to -78°C and teeprene 426.4 mg (354, 6.26 mmol)
followed by methacroleine 87.6 mg (102 1.25 mmol) were added. After stirring 16 hours
at -78°C was reaction quenched by addition of 012 BN and warmed up to room
temperature. After column chromatography on si{iacm) in 2% E{O in n-pentane R=0.5
(KMnQ, stain), was obtained 157 mg (91% yield) of thedpici 178

CoH140 (138.21 gnol ™)

'H-NMR (250.1 MHz, CDGJ, 295K): & (ppm) 9.46 (s, 1H), 5.46 — 5.29 (m, 1H), 2.43222.
(m, 1H), 2.03 — 1.90 (m, 2H), 1.90 — 1.77 (m, 2HB3 (s, 3H), 1.59 — 1.45 (m, 2H), 1.03 (s,
3H).

GC-MS: (El, 70 eV, R=9.88 min): m/z (%): 138 (73, W, 123 (45), 109 (32), 95 (95), 81
(34), 67 (100), 55 (28), 41 (27).

1,4-dimethylcyclohexanecarbaldehyde (181)

QCHO
CoH160 (140.22 gnol™)

GC-MS: (El, 70 eV, R=8.19 min): m/z (%): 140 (5, i, 111 (62), 84 (9), 69 (100), 55 (38),
41 (21).

2-phenylbut-3-en-2-of*®!

232



To the 36 mL (1M in THF, 1.2 eq.) vinylmagnesiuntoide was at room temperature added
3.51 mL (30 mmol, 1 eq.) of acetopehnone in a tat&eep gentle reflux of a reaction
mixture. Stirring was then continued for anothendur. Then was reaction quenched by 10
mL of sat. sol. of NECI and extracted by ED and dried over N&O,. The crude product
was distilled on Kugelrohr 70°C /0.1 Torr to obtdiv5 g (84% vyield) of the product as
colorless liquid.

C1oH120 (148.20 gnol™®)

'H-NMR (250.1 MHz, CDGJ, 295K): 8 (ppm) 7.43 — 7.31 (m, 2H, ArH), 7.30 — 7.19 (m, 2H
ArH), 7.19 — 7.08 (m, 1H, ArH), 6.05 (dd,= 17.3, 10.6 Hz, 1H, C=CH), 5.17 (dbiz 17.3,
1.1 Hz, 1H, C=CH), 5.02 (dd,J = 10.6, 1.1 Hz, 1H, C=CH} 2.23 (s, 1H, OH), 1.53 (s, 3H,
CHs).

Buta-1,3-dien-2-ylbenzeng&*®! (175)

L
Ph

396 mg (2.28 mmol, 0.09 eq.) of aniline hydrobroen{prepared from aniline in DCM and
63% HBr and recrystalized from EtOH) 56 mg (5060l, 0.02 eq.) of hydrochinon and 3.75
g (25.3 mmol, 1eq.) of 2-phenylbut-3-en-2-ol weeated to 100-150°C and the product was
continuously distilled over the 14 cm Vigreux colurand fraction with the boiling point
around 70°C/20 Torr was collected. Obtained da&ell was then purified by column
chromatography on silicagel in 2%,B8fn-pentane to obtain 1.23 g (37% yield) as colorless
liquid.

CioH10 (130.19 gnol™)

'H-NMR (400.1 MHz, CDGJ, 295K): 5 (ppm) 7.42 — 7.29 (m, 5H, ArH), 6.65 (db= 17.3,
11.0 Hz, 1H, C=CH), 5.32 (d,= 0.8 Hz, 1H, CH), 5.28 — 5.17 (m, 3H, CH

13C{’H}-NMR (100.6 MHz, CDQ, 295K): & (ppm) 148.28 ¢-Ph), 139.75 (CH), 138.18
(Car), 128.30 (Gin), 128.14 (Gu), 127.49 (Gen), 117.17 (CH), 116.91 (CH).
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(3S,49)-3-methyl-2,3,4,5-tetrahydro-[1,1'-biphenyl]-4-cabaldehydé™*? (179)

CHO
To a solution of 89 mg (68@mol) of the phenylbutadiene in 0.7 mL g¥D,/H,O (95/5 viv
1.0 M) was added 35 mg (13imol) of the catalyst at 0°C and followed by additaf trans
crotonaldehyde 149 mg (2.12 mmd+0.846, 176ul). The solution was stirred at 0°C for 24

hours and then placed directly onto a silicagebiewl and eluted with 5% EtOAepentane
to obtain 100 mg (73% vyield) of the product (regarners ratio 1:4) as a colorless oil.

Ci4H16 (200.28 gnol™)

'H-NMR (400.1 MHz, CDGJ, 295K): & (ppm) 9.71 (dJ = 3.2 Hz, 1H, CH=0), 7.39 — 7.35
(m, 2H, ArH), 7.34 — 7.29 (m, 2H, ArH), 6.16 — 6.06, 1H, C=CH), 2.62 — 2.11 (m, 6H,
CH, CH,), 1.14 (dJ = 6.4 Hz, 3H, CH).

GC-MS: (El, 70 eV, R=32.42 min (major); 32.48 min (minor) ): m/z (%P®@(73, M), 182
(15), 169 (100), 155 (51), 143 (68), 129 (68), 45), 104 (15), 91 (70), 77 (24), 65 (10), 55
(11), 41 (8).

(1S,25)-2-methyl-4-phenylcyclohexanecarbaldehyde (182)

CHO
C14H150 (202.29 gnol™)

GC-MS: (El, 70 eV, R=31.96 min; 32.00 min): m/z (%): 202 (55, M184 (16), 169 (17),
157 (13), 143 (14), 131 (44), 117 (44), 104 (8d)(100), 78 (13), 69 (13), 55 (13), 41 (19).
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8.7 Crystallographic data

The X-ray structures were measured by Dr. MarkuabhNeger (Department of Chemistry,
University of Basel) on Bruker Nonius KappaCCD ddtometer using graphite-
monochromated M&,-radiation and solved using Direct methods (S Superflig*® or
SHELX™®Y and refined in Crystdis? by Dr. Markus Neuburger. Least-squares refinement
against F was carried out on all non-hydrogen atd@mebychev polynomial weights were
used to complete the refineménit! The absolute configuration and enantiopurity cdogd
determined by definement of the flack paramBtérData were recorded at 123 K. Crystals
were usually grown by dissolving a compound in Bicbmethane or chloroform and
carefully ovelayed witm-heptane. Then they were mounted with paraffin oglas fibre

gomiometer head.
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compound 98-catechol 98

formula GgsH34B5N50g C5.H2gB5N5-06
formula weight (gnol™) 668.32 558.21

shape block block

color colorless colorless
temperature [K] 123 123

crystal size [mn 0.070 - 0.090 - 0.270 0.070 - 0.120 - 0.330
crystal system orthorhombic orthorhombic
space group P12, 24 P22 2

aA] 8.4230(2) 8.5678(3)

b [A] 10.6624(2) 12.6340(4)
c[A] 36.6293(8) 26.1131(8)
a[] 90 90

B[] 90 90

VIl 90 90

volume A]° 3289.66(12) 2826.63(16)

Z 4 4

density (calc.) [gm] 1.349 1.312

H(Mo K¢) [mm] 0.094 0.090
transmission (min/max) 0.99/0.99 0.99/0.99
@ range for data collection [°]  1.989 - 30.251 1.79D.262
radiation { [A]) 0.71073 0.71073
F(000) 1400 1168
measured reflections 56135 123904
independent reflections 5468 (merging r = 0.051) 3M(merging r = 0.057)
observed reflections 4684 (I>2(0)) 6330 (I>2.&(1))
parameters refined 451 452

R 0.0449 0.0501

Ry 0.0630 0.0784
goodness of fit on F 1.0467 1.1201

flack parameter - -
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compound 142-Ir-TES 142-Ir-TMS

formula GoHgoBCl3F24rNO,PSI G7Hg3BCl3F24rNO,PSI
formula weight (gnol™) 1780.72 1738.64

shape block block

color orange orange

temperature [K] 123 123

crystal size [mn
crystal system

space group

afA]

b [A]

c[A]

af’]

B[]

vl

volume A3

Z

density (calc.) [gm]
(Mo Kq) [mmi]
transmission (min/max)
@ range for data collection [°]
radiation A [A])

F(000)

measured reflections
independent reflections
observed reflections
parameters refined

R

R

goodness of fit on F

flack parameter

0.060 - 0.130 - 0.240
orthorhombic
P12, 2

14.8070(10)

17.4577(12)

28.8726(19)

90

90

90

7463.5(9)

4

1.585

2.038
0.77/0.88
1.546 - 27.899

0.71073

3560
68593

0.070 - 0.150 - 0.240
orthorhombic
P22,2
15.1113(5)
17.7434(7)
27.3178(10)
90
90
90
7324.6(5)
4
1.577
2.075
0.73/0.86
1.729.136
0.71073
3464
113578

17796 (merging r = 0.028) 9676 (merging r = 0.032)

16608 (1>2(0)
938

0.0239

0.0286
1.0808
-0.010(2)

16944 (1>2.6(1))

1022

0.0252

0.0329
1.1085
-0.008(2)
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compound 142-Ir-TBDMS 148-Ir-TBDMS
formula GoHesBF24rNO,PSi CegHeeBF24IrNOLPSi
formula weight (gnol™) 1661.35 1647.32

shape block block

color orange orange

temperature [K] 123 123

crystal size [mr
crystal system
space group
a[Al

b [A]

c[A]

o [7]

B[]

vl

volume A]°

Z

density (calc.) [gm]
(Mo Kg) [mmY]

transmission (min/max)

@ range for data collection [°]

radiation A [A])
F(000)
measured reflections

independent reflections

observed reflections
parameters refined
R

R

goodness of fit on F

flack parameter

0.060 - 0.170 - 0.220 0.070 - 0.180 - 0.210

orthorhombic orthorhombic

P12 2 P22,2
13.0330(3) 12.9974(3)
19.5152(4) 19.2190(4)
27.7197(6) 27.4554(5)

90 90

90 90

90 90

7050.3(3) 6858.3(2)

4 4

1.565 1.595

2.042 2.098
0.71/0.88 0.69/0.86

1.727 - 37.789 1.733-37.789
0.71073 0.71073
3328 3296

297104 296707

37854 (merging r = 0.044) 3_6074822) (merging r =

30699 (I>2(0) 31942 (1>2.6(1))

1031 930
0.0246 0.0222
0.0326 0.0265

1.0931 1.0944

-0.0085(19) -0.0087(15)
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