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Asymmetric catalysis has been playing an important role in modern
synthetic chemistry. In the past decades, chiral ligands especially phosphorus
chiral ligands, have demonstrated their power in transition metal catalyzed
asymmetric reactions. New chiral ligands with high efficiency, selectivity and
generality are always the key for the campaign of asymmetric reactions. In this
dissertation, we will focus on design of new chiral phosphorus ligands and their
applications in  rhodium-catalyzed asymmetric hydrogenation and
hydroformytation.

In chapter 1, the air stable bisphosphole BIBOP ligand was applied in
asymmetric hydroformylation, the new rhodium based catalytic system was

demonstrated to be very effective for vinyl acetate, allyl alkenes and styrene



derivatives. A new synthetic route for a chiral &-lactone via asymmetric
hydroformylation was established. Computational studies were conducted for
a deeper insight of the reaction mechanism.

In chapter 2, a ligand library was screened for achieving rhodium
catalyzed asymmetric hydroformylation of challenging 1,1-disubstituted
alkenes. The BIBOP ligand successfully hydroformylated
1-(trifluoromethyl)-ethenyl acetate into a very useful precursor for drug
synthesis, with good enantioselectivity. A branched product favoring approach
was discovered for hydroformylation of a-(trifluoromethyl) styrene. Up to 68%
ee was achieved with DuanPhos .

Chapter 3 discussed the application of a novel cooperative catalyst
system in asymmetric hydrogenation. Indole derivatives were hydrogenated
via hydrogen bonding, with excellent enantioselectivity. The mechanistic
studies supported a proton mediated tautormerization-hydrogenation
sequence. Dimerization of ZhaoPhos was proposed for explaining the

observed nonlinear effect.
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Chapter 1

Application of BIBOP Ligands in Rhodium-Catalyzed Asymmetric

Hydroformylation

1.1 Introduction

Hydroformylation was accidently discovered by Roelen in 1938,* during his
investigations of Fischer—Tropsch process using cobalt catalyst, which is also
called ‘oxo process’. It has become one of the largest homogenous catalytic
processes in industry. Today, over 10 million tons of oxo products are
produced per year worldwide. As a metal-mediated process, Cobalt catalysts
dominated in the early age, despite their low reactivity and harsh reaction
condition. In 1968,° Wilkinson and co-workers reported the first
rhodium-catalyzed hydroformylation, they demonstrated the much higher
reactivity and milder condition with phosphine binded Rh complexes
comparing to those with cobalt catalysts. Ever since then, other metals (Ir, Ru,
Fe etc.) have been widely studied for hydroformylation. The following series of
the activities of the unmodified metal is generally accepted:?

Rh>> Co > Ir, Ru> Os > Pt > Pd >> Fe > Ni
Due to the major advantages of Rh complexes in hydroformylation, regarding
reactivity and condition, Rh quickly dominates the area, by 1995, ~80% of

hydroformylation was conducted with rhodium.*



Hydroformylation of alkenes normally generates a mixture of branched and
linear aldehyde products (Figure 1.1). Experimental results imply that ligand

properties play a pivotal role in the regioselectivity during the formation of

aldehydes.
Catalyst J\
/S + R\/\CHO
R CO/M, R”* “CHO
Branched Linear

Figure 1.1 General reaction equation for hydroformylation

In the early 1960s Breslow and Heck were the first to propose a
mechanism for the cobalt-catalyzed hydroformylation.” The so-called
dissociative mechanism is widely accepted and is applied with little
modifications also to the phosphine and phosphite modified rhodium-catalyzed
hydroformylation (Figure1.2).® Thus, starting from different Rh(l)-sources
under syngas pressure and in the presence of donor ligands L such as
phosphines, phosphites or carbon monoxide, trigonal bipyramidal complex A is
formed (18 valence electron species) as a key intermediate. Dissociation of
one ligand L from this complex generates the coordinatively unsaturated and
hence, catalytically active 16 valence electron species B. The main catalyst
cycle starts with the coordination of alkene preferably in the equatorial position
thus furnishing trigonal bipyramidal hydrido olefin complex C. Alkene insertion
into the Rh-H bond (hydrometallation) takes place to form isomeric tetragonal
alkyl rhodium complexes D and E. Subsequent coordination of carbon

monoxide (IV) yields trigonal bipyramidal complexes F and G, respectively.



Migratory insertion of the alkyl group to one of the coordinated carbon

monoxide ligands generates tetragonal acyl complexes H and I. Oxidative

addition of molecular hydrogen forms tetragonal bipyramidal rhodium(ll)

complexes J and K. Subsequent reductive elimination liberates the isomeric

linear and branched aldehydes and regenerates the catalytically active species

B (Figure 1.2)
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Figure 1.2 Current mechanistic description for the rhodium-catalyzed
hydroformylation of alkenes

Kinetic studies of the unmodified rhodium catalyst suggest that, the

oxidative addition of dihydrogen is the rate determining step for linear

alkenes.” This is in accord with computational studies for the unmodified cobalt

catalyst® as well as for a [HRh(CO)»(PHs),] catalyst system.® However, kinetic



studies of the triphenylphosphine modified rhodium catalyst indicate that even
for sterically less demanding alkenes, the rate determining step is early in the
catalytic cycle, may be either the alkene addition or insertion step.

Asymmetric hydroformylation is most efficient and direct approach for
constructing chiral aldehydes.*® Chiral aldehydes are important building blocks
for modern organic synthesis, which can be easily transform into chiral amines,

alcohol, carboxylic acid, alkenes etc (Figure 1.3).

I Rh/L*, CO/H, reduction
_— e —— OH
R R”*~CHO R™*

alcohol

o,
«\7%
educhve n
mination J\
R™ * "COOH
acid
R Ro
alkene amine

Figure 1.3 Transformations of chiral aldehydes

In contrast to the finely developed linear selective hydroformylation reaction,
the asymmetric hydroformylation has not been studied extensively until the
early 1990’s. Asymmetric hydroformylation suffers from the difficulty of
controlling  chemoselectivity  (hydroformylation,  hydrogenation  and
isomerization), resioselectivity (branched and linear) and enantioselectivity (ee
value), whittling its potential in industry application. Thus far, only a few of the
chiral phosphorus ligands have been applied to asymmetric hydroformylation

with decent results (Figure 1.4).
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Figure 1.4 Chiral phosphorus ligands for asymmetric hydroformylation

In 1997, Takaya and coworkers reported the milestone chiral
phosphine-phosphite ligand (R,S)-Binaphos 1 for highly efficient and
enantioselective asymmetric hydroformylation, which is capable to
hydroformylate styrene derivatives, ethyl acetate and allyl cyanide when
combined with rhodium complexes, with moderate to good regioselectivity
favoring branched aldehyde products, and good to excellent
enantioselectivity.'* Meanwhile, Babin and Whiteker at Union Carbide reported
the so called Chiraphite 2, this ligand was prepared from a chiral

(2R,4R)-pentane-2, 4-diol backbone. It was the first successful diphosphite

Ph
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ligand that achieved over 90 % ee in the asymmetric hydroformylation of
styrene under mild reaction conditions.'* In 2000, Esphos 3 and related
ligands were developed by Wills and co-workers and successfully tested for
asymmetric hydroformylation of vinyl acetate.’® In 2004, Klosin and co-workers
at Dow Chemical reported a diphosphite ligand, known as Kelliphite 7,** with a
non-chiral 2,2-biphenol backbone and chiral phosphite moieties, for
asymmetric hydroformylation. Significantly enhanced efficiency for the
asymmetric hydroformylation of a wide range of substrates was achieved with
a series of bisphospholane ligands discovered by Dow Chemical group in
cooperation with Landis’s group in 2005. In particular Diazaphospholane 5 and
its enantiomer, belonging to a family of ligands called BDP, is nhow one of the
most efficient chiral ligands for hydroformylation of ethyl acetate, styrene and
allyl cyanide.*

Interestingly, (R,R)-Ph-BPE 6, which an excellent ligand for asymmetric
hydrogenation of various substrates, performs very decently in asymmetric

hydrogenation as well,*®

implying potential applications of chiral ligands for
hydrogenation in the more challenging area of asymmetric hydroformylation.
Indeed, Huang and coworkers from Amgen had proved that TangPhos 7
(developed by our group for asymmetric hydrogenation) can hydroformylate
cyclic alkenes with over 90% ee, which was better than the famous

Binaphos.!” Binapine 8 was found to be having moderated reactivity and

excellent enantioselectivity in hydroformylation of the three classic types of



alkene substrates.'® Recently, Buchwald group has successfully applied other
famous ligands for hydrogenation DuanPhos 9 in the hydroformylation of a
challenging 1,1-disubstituted olefin, in which the precursor of an important
building block  for many  active pharmaceutical ingredients
2-trifluoromethyllactic acid was obtained (Figure 1.5).*°

J\ CO/M, F3C><CHO NaClO, F3C}(COOH Fgc,/(?gNHAQ’S(DzEt
FsC~ ~OAc H3C™ "OAc H3C” ~OAc HsC™ “OAc ¢

N
92% ee

Pyruvate dehydrogenase Q—N
kinase inhibitor

+ Rh(acac)(CO), Type Il diabetes

110 °C, 18 h, 31 atm CO/H,

Figure 1.5 Application of DuanPhos in asymmetric hydroformylation of
1,1-disubstituted olefin

1.2 Synthesis of BIBOP ligands and their applications in asymmetric
hydrogenation

In the field of transition metal catalyzed asymmetric reactions, the
development of efficient chiral ligands for wide range of substrates plays an
very important role. The C-2 symmetric, P-chiral TangPhos 7%° and DuanPhos
9%! developed by our group have been demonstrated to be very powerful
ligands for asymmetric hydrogenation of extensive substrates. However, there
are some drawbacks for these two ligands preventing them from even boarder
applications in practical processes: (1) they are very sensitive to air, due to
their strong electron donating property on the phosphorus centers; (2)

modifications on these two ligands are barely possible, due to the unique



starting materials or process for their synthesis. Inspired by the successes of
TangPhos and DuanPhos in industry, Tang? and coworkers from Boehringer
Ingelheim designed and synthesized a new family of P-chiral
bisdihydrobenzooxaphosphole BIBOP ligands, which are air-stable and highly
tunable regarding electronic and stereo properties. The synthetic routes for

BIBOP ligands are as follow (Figure 1.6 and 1.7):

i) tBuMgCl, THF, -10 °C

ii) 1,3-dimethoxylbenze OMe .
~Cl nBulLi, 0°C to rt nBuLi, TMEDA
0 > / >
Cl iii) 30% H,0, R=0 l,, -78 °C
0,
80% OMe )V 80%
OMe
i) BBrs, CICH,CH,CI, 60 °C
/! }
R=0 i) K,COs, DMF, 60 °C
OMe )V OMe
90%
1

00

(+)-menthyl 0
chloroformate >
TEA, CH,Cl, R=0 @:
-~ r —— CD)
crystalization EtOH-H,0

42% 412, WO 100%

(R)-12
>99 de >99% ee

Figure 1.6 Synthesis of Chiral
3-tert-Butyl-2,3-dihydrobenzo[d][1,3]oxaphosphol-4-ol Oxide ((R)-12)

Preparation of racemic 12 was accomplished from
methyldichlorophosphine in four steps. Reaction of methyldichlorophosphine
with t-butylmagnesium chloride and 2,6- dimethoxyphenyllithium followed by

oxidation with H,O, provided phosphine oxide 10 in 80% yield. lodination of 10



was accomplished by deprotonation with nBuLi followed by addition of 12 to
form iodo compound 11 in 80% yield. Demethylation with boron tribromide as
the reagent followed by cyclization with K,CO3 as the base in DMF afforded
racemic 12 in 90% vyield over two steps. Efficient resolution of 12 was
successfully accomplished by converting to its menthyl carbonate. The
diastereomerically pure isomer 13 was isolated in 42% vyield after single
crystallization. Basic hydrolysis of carbonate 13 afforded enantiomerically pure
compound (R)-12 quantitatively.

Mel, K,CO3, DMF (for 15b)

‘ H,, Pd(OH),/C + o
PhNTf2 TEA > EtOAc (for 15a) >
(R)-12 - Lo
CH2C|2 rt or i N

95% PhB(OH), (for 15¢)
14 trimethylboroxine (for 15d) 15a: R = H (95%)
szdbqs, PCys 15b: R = OMe (95%)
KF, dioxane 15c: R = Ph (85%)

15d: R = Me (64%)

o HH 0 HH
LDA, CuCIZ @[ HSIC|3 TEA O o
THF, -78 °C : toluene
tBu tBu

tBu tBu
16a: R = H (60%) BIBOP Ligands
16b: R = OMe (67%) 17a: R = H (93%)
16¢c: R = Ph (60%) 17b: R = OMe (80%)
16d: R = Me (74%) 17c: R = Ph (84%)

17d: R = Me (86%)
Figure 1.7 Syntheses of BIBOP Ligands

From (R)-12 different substituents (H, OMe, Ph, or Me) were installed at the

4 position of the benzene ring (Figure 1.7). Then, 15a was obtained by

converting (R)-12 to its triflate 14 followed by hydrogenolysis in 90% overall

yield. Methylation of (R)-3 using Mel and potassium carbonate provided 15b in



10

95% isolated yield. The phenyl-substituted product 15¢ was formed by Suzuki
coupling from 14 and phenylboronic acid in 85% vyield. Similarly, the
methyl-substituted compound 15d was prepared in 64% vyield from the triflate
and trimethyl boroxine. Homocouplings of 15a-d, mediated with LDA and
CuCl, as the reagents afforded 16a-d in 60-74% isolated yields as single
isomeric coupling products. Reduction of 16a-d with HSICl; provided a series
of BIBOP ligands 17 as white solids in high yields.

The BIBOP series ligands showed excellent performance for Rh catalyzed
asymmetric hydrogenation of a-Arylenamides and a- (Acylamino)acrylic Acid

Derivatives:?

Rh[(nbd)BIBOP]BF,4 (1 mol%)
JL > Ar)\

Ar” “NHCOR .
CHgHy, H, (100 psi), 12h, 0°C

NHCOR
up to >99% ee

* Rh[(nbd)BIBOP]BF,4 (1 mol%) COOR'
COOR r e Y%
ArT N 3 Ar Y

NHCOR o om0 NHCH,OR
eOH, H, (100 psi), 12h, 0°C up to >99% ee

Figure 1.8 Asymmetric hydrogenation with Rh-BIBOP complex

1.3 Application of BIBOP ligands in asymmetric hydroformylation
1.3.1 Asymmetric hydroformylation of vinyl acetate derivatives with
BIBOP ligands

As mentioned in section 1.1, there have been a few examples of

application of bidentated chiral phosphorus ligands (which normally used for
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asymmetric hydrogenation) in asymmetric hydroformylation. Realizing the
tunable potential, suitable electronic property and stereo rigidity of BIBOP
ligands, we envisioned that these ligands could be effective for rhodium
catalyzed asymmetric hydroformylation. Thus, cooperating with researchers
from Boehringer Ingelheim, we initiated our exploration of applying the BIBOP

ligands (Figure 1.9) in asymmetric hydroformylation (AHF).

oHHo OHHO
: E’ E’
tB

tBu OMe Bu  1BU Ope
(R)-BIBOP (18a) (R)-MeO-BIBOP (18b)
o HH o o HH o
soaseleos:
tBu tBu Ph tB tBu Me
(R)-Ph-BIBOP (18c) (R)-Me-BIBOP (18d)

Figure 1.9 BIBOP ligands for asymmetric hydroformylation

Our initial investigation started with the classic vinyl acetate (19) as the
model substrate. Excess ligand with high L/Rh ratio was commonly required
to stabilize the catalytically active complex under high temperature conditions
in  hydroformylation reactions to maintain catalyst activity and
enantioselectivity.”® The Rh/L ratio of 1:3.0 was applied at 60 ‘C for 20 h in
toluene in the presence of 1.0 mol% of Rh(acac)(CO), and 3.0 mol% of

(R)-BIBOP (18a) under 20 bar syngas (CO/H, = 10/10). To our delight, vinyl



12

acetate was fully hydroformylated with 25:1 branch to linear regio-isomeric
ratio and 91:9 er of the branched isomer. Furthermore, the ligand was found
to be stable under the reaction conditions and no access ligand is required.
Same conversion and enantioselectivity were obtained with a slight excess
ligand loading at Rh/1a ratio of 1:1.2 (Table 1.1, entry 3).

Table 1.1 AHF screening of vinyl acetate 19%

O CHO 0]
O Rh(acac)(CO), 1.0 mol % )L )\
. + CHO
)LO/\ ligand - 0 )LO/\/
toluene, 60 °C, 20 h

19 branched (b) linear (I)
entry L Rh/L CO/H, Z;St\,/ b:lP er®
1 18a 1:3.0 10/10 >99 25:1 91.0:9.0
2 18a 1:2.0 10/10 >99 20.6:11  91.3:8.7
3 18a 1:1.2 10/10 >99 20:1 91.5:8.5
4 18a 1:0.9 10/10 >99 13:1 72.5:27.5
5 18a 1:1.2 5/15 >99 27:1 91.2:8.8
6 18a 1:1.2 15/5 >99 27:1 91.0:9.0
7 18b 1:1.2 10/10 >99 >200:1 95.3:4.7
8 18c 1:1.2 10/10 28 12:1 71.0:29.0
9 18d 1:1.2 10/10 96.4 20:1 51.0:49.0

4 Reaction conditions: 19 (1.0 mmol) catalyzed by Rh-ligand in toluene (0.5
mL) at 60 ‘C for 20 h under syngas pressure of 20 bar. ° Conversions and
branch to linear ratio (b:l) of the products were determined by ‘H NMR
spectroscopy. ¢ Determined by Chiral GC.

Next, CO patrtial pressure was varied since it affects both the conversion
and regio- and enantioselectivity of AHF.?® The catalyst system turns out to be

robust towards the CO pressure. Decreasing the partial CO pressure in CO/H,
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from 10/10 to 5/15 (Table 1.1, entry 5) or increasing the CO pressure to 15/5
(Table 1.1, entry 6), conversions remained >99%. Both the b:l ratios and the
enantiomeric ratios are the same under different CO pressures (entries 3, 5
and 6). Syngas pressure of CO/H, = 10/10 was selected for further studies.

Among the BIBOP ligands, the Ph substituent (18c) led to low conversion
and enantioselectivity (Table 1.1, entry 8). The Me substituent (18d) also led to
low enantiomeric ratio although providing almost full conversion (Table 1.1,
entry 9). To our delight, (R)-MeO-BIBOP (18b) provided an increased
regioselectivity at the b:l ratio of >200:1 and higher enantioselectivity at
95.3:4.7 er (Table 1.1, entry 7). On the other hand, the structural related
Duanphos and Tangphos Iligands produced poor reactivity and
enantioselectivity.

With the optimized reaction conditions in hand, AHF of vinyl acetate
derivatives was explored in the presence of MeO-BIBOP ligand (Table 1.2).
The conditions are applicable to both the aliphatic and aromatic substituents.
All the substrates were successfully converted to the desired aldehydes with
excellent enantioselectivities of up to 95.3:4.7 er. It is noteworthy that the
regioselectivities are outstanding with the branch to linear aldehyde ratio (b:l)
of upto 415:1 (entry 4).

Table 1.2 AHF of vinyl acetate derivatives

0 Rh(acac)(CO), 1.0 mol % o) CHO e)
- - 0,
P /\(R) MeO-BIBOP (18b) 1.2 mol % P /l\ D ~_CHO
R™ N0 - R” "0 R™ "0
CO/Hy = 10/10 bar

toluene, 60 °C, 20 h branched (b) linear (1)
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entry  substrate product conv (%)? b:I? er®
0] CHO
1 R = CH; (20) )j\o/k >99 285:1 95.3:4.7
21
0] CHO

2 R =t-Bu (22) >HL0)\ >99 127:1 95.2:4.8
23

O CHO
3 R = n-C;H;s (24) C7H15)J\o/'\ >99 269:1 94555
25
0] CHO
4 R = n-CgHyo (26) chw)l\o)\ >99 415:1  94.4:5.6
27
O CHO

5 R = Ph (28) ©)ko/'\ >99 37:1 95.0:5.0
29

2 Conversions and branch to linear ratio (b:) were determined by *H NMR

spectroscopy, see the Supporting Information. b Determined by Chiral GC.

For better understanding of the origin of enantioselectivity, computational
studies were conducted for the hydroformylation process of vinyl acetate in the
presence of (R)-BIPOP ligand (18a) (Figure 1.10). All calculations were
performed with Gaussian 09%* at the DFT level of theory employing UB3LYP?
and the LANL2DZ basis set with ECP for Rh* and UB3LYP-gCP-D3/6-31G(d)
for all other atoms. The geometrical counterpoise (gCP)?>’ and dispersion
(D3)?® corrections of Grimme et al. were applied to all stationary points to

correct for basis set superposition error with 6-31G(d) and missing VDW
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dispersion in B3LYP, respectively. Based on the reported mechanism,?® the
calculated rate-determining transition state of the stereochemically defining
Rh-hydride olefin insertion shows that the vinyl group binds to the rhodium
center to position the acetate away from the bulky tert-butyl group of the
BIBOP ligand. In this orientation the Si-face of the olefin is bound to the
rhodium center and ultimately receives the carbonyl functionality, generating
the R-configuration of the aldehyde. This result is in consistence to the

experimental data.

I
U

Figure 1.10 DFT (UB3LYP/LanL2DZ for Rh; UB3LYP-gCP-D3/6-31G(d)
for all other atoms) calculated transition state for the Rh-hydride olefin insertion
and stereochemical model.

1.3.2 Asymmetric hydroformylation of allylic substrates with BIBOP
ligands

Encouraged by the successes of AHF of vinyl acetate derivatives with
BIBOP ligands, AHF was tested on a series of allylic derivatives (Table 1.3).

Allylic compounds are particularly challenging for AHF due to the potential of
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double bond migration®® and difficulty of regioselectivity control.** To our glad,
for benzoyl-, phthaloyl-, and p-MePhSO,- protected allylic amines 30, 32 and
34, enantiomeric ratios of 89.2:10.8, 87.3:12.7 and 92.2:7.8 were obtained
respectively in the presence of (R)-BIBOP ligand (Table 1.3, entries 1, 2 and 3).
The resulting amide-protected chiral 8%-amino aldehydes are useful synthons
that can be transformed into important building blocks such as chiral 8%-amino
acids and amino alcohols.** The protecting groups can then be removed
according to the known procedures.®* Encouraged by the success of the
AHF of N-functionalized allyl substrates, Ph- and O-functionalized allylic
substrates were also evaluated. For the aryl allyl substrates 36 and 38 that
are lack of directing groups, 93.0:7.0 er and 88:12 er were obtained for
aldehydes 37 and 39, nevertheless modest b:l ratios. Allyl acetate 40 gave
excellent enantioselectivity at 93.3:6.7 er and good regioselectivity of b:l at 7.7
(Table 1.3, entry 6).

Table 1.3 AHF of the allylic substrates

Rh(acac)(CO), (0.5 mol %)

&  (R)-BIBOP (18a) (0.6 mo] %$/Y + RT"cHo
> CHO
CO/H, = 15/5 bar, 20 h .
2 ar branched (b) linear (1)

toluene, 60 °C
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substrate product conv b er’
(%)
e} O
NNF N >99 80:1 892:1038
H
30 31 CHO
O O
S
NN N >99 112:1 873:127
CHO
O 32 O 33
0. .,0 0. .0
\\/, \\ 7
S<
S\N/\/ N
H H  Cho99 30:1 922:7.8
34 35
OMe OMe
=
>99 12:1 93.0:7.0
36 CHO
37

o JO RS
CHO
cl Cl 39 >99 1.1:1

88.1:119
38
0 0
)]\o/\/ )Lo >99 7.7:1 933:6.7
40 41 CHO
TBS. = TBS<
o O/Y >99 2.0:1 88.8:112
42 43 CHO
ANF PhO
PhO /\(‘;o >99 4.1:1 86.8:132
44 45

2 Conversions and branch to linear ratio (b:l) were determined by *H NMR

spectroscopy. ? Determined by Chiral GC and HPLC.
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1.3.3 Asymmetric hydroformylation of styrene substrates with BIBOP
ligands

Simple styrene is a classic substrate for rhodium catalyzed AHF, up to
today, there have been a number of chiral ligands®* reported to be able to offer
moderate to excellent enantioselectivity (Figure 1.11). We thus sought to apply
our air stable BIBOP ligands into rhodium catalyzed AHF of styrene

derivatives.

N 0.03-0.5 mol% [Rh], 0.1-1.5 mol% ligand , CHO
solvent, CO/H,, temperature

6/1 to 65/1 b/l
60% to 99%ee

Figure 1.11 AHF of the simple styrene

When 0.5 mol% Rh(acac)(CO), and 0.6 mol% (R)-BIBOP were applied with
15/5 bar of syngas under 60 °‘C for 20 hours, all the tested styrene substrates

were completely hydroformylated (Figure 1.12).
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CHO
N 0:5 mol% Rh(acac)(CO),, 0.6 mol% (R)-BIBOP . CHO
x‘©/\ > X . x‘©/\/
toluene, CO/H, = 15/5 bar, 60 °C, 20 h
b |

>99% conv

CHO F CHO Cl CHO Br CHO
yield 87% 93% 86% 85%
b/l 10.2 21.3 9.3 6.7
er 88.4/11.6 93.1/6.9 92.5/7.5 80.3:19.7
47 48 49 50
F  CHO
OMe CHO F CHO . 7o
©/K ©\)\ F F F3C
F 3
F
yield 85% 94% 95% 84%
b/l 8.5 >100 >100 17.4
er 94.2/5.8 94.3/5.7 86.9:13.1 66.2:33.8
51 52 53 54

yield: isolated yield of corresponding branched alcohol
Figure 1.12 AHF of the styrene derivatives

Excellent region -(up to >100/1 b/l) and enantioselectivity (up to 94/6 er)
were obtained. Comparing to the simple styrene, when 2-position of the phenyl
ring is occupied by small to median sized groups (compound 48, 49, 50, 51),
the enantioselectivies were significantly higher. Noticeably, when the
substitutions are strong electron-withdrawing fluoro groups, the regioselectivity
for AHF was dramatically enhanced, probably because strong
electron-withdrawing ability of fluoro groups significantly decreases the
electron density of B-carbon of the double bond, facilitating the hydride

insertion to occur in B-carbon, resulting in the branched aldehyde products.
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1.3.4 Synthesis of chiral lactone via AHF of styrene derivatives

Chiral lactones are widely distributed in nature, and are important building
blocks for many pharmaceutic ingredients.>> During our exploration of
expanding the substrate scope of AHF with BIBOP ligands, we accidentally
found new way to synthesize a type of chiral é-lactone (Figure 1.13).

Os_OEt Ox-OFEL O0x©
HO
0.5 mol% Rh(acac)(CO),, 0.6 mol% (R)-BIBOP 1. NaBH,, MeOH
N > > 0°C 30 min > A
toluene, CO/H, = 15/5 bar, 60 °C, 20 h 2. H,0

55 56 57

85% vyield for 2 steps
95.1:49 er

Figure 1.13 Synthesis of chiral é-lactone via AHF

While studying AHF of ethyl 2-vinylbenzoate 55 with BIBOP ligand, we
performed a simple reduction to the aldehyde products for HPLC
measurement purpose. To our surprise, a chiral d-lactone 57 was formed via
spontaneous ring closing process under the workup condition, with 85% yield
and over 90% ee.

To further expand this application of AHF and improve the
enantioselectivity, we synthesized the amide analogs 58 of ethyl

2-vinylbenzoate following reported C-H activation procedures (Figure 1.14) *®:
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OsCl Os_NR, A 0Ac
; ; O NR
HNR, 1.1 equiv 10 equiv 2
2 q - q -
Et3N 1.3 equiv, CH,Cl, [Cp RNCly]; 5 mol% A
rt. 18 h AgSbFg 20 mol%
1.0 equiv MeOH, 65 °C, 48 h
HNR, = morpholine 58a HNR, = morpholine
95% yield 70% yield

HNR, = diisopropylamin 58b HNR, = diisopropylamin

63.4% yield 60% yield

Figure 1.14 Synthesis of amide substrates

Although the resulting amides were successfully hydroformylated with
decent vyields, the ring closing for the formation of &-lactone failed in the
workup step. Thus, we have to focus on the optimization of enantioselectivity

in AHF of the original ethyl 2-vinylbenzoate derivatives in the future.

1.4 Conclusion

In  summary, bisdihydrobenzooxaphosphole BIBOP ligands were
successfully applied in rhodium catalyzed asymmetric hydroformylation
reactions. The ease of synthesis and excellent air stability make BIBOP
ligands standing out as unique ligand structure in the field of hydroformylation.
A wide range of monosubstituted olefins have been converted to chiral
aldehydes with excellent conversions and good-to-excellent
enantioselectivities. A chiral d-lactone was obtained by AHF and subsequent
simple reduction workup. Computational studies provide insights into the
reaction mechanism, in particular the Rh-hydride olefin insertion processes in

AHF of vinyl acetate.
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1.5 Experiment Section
1.5.1 General remarks

Commercially available reagents were used without further purification.
The BIBOP ligands were synthesized according to literature procedures.
N-allylamides were synthesized following previously reported procedures, and
all characterization data were consistent with those reported for these
compounds. All asymmetric hydroformylation reactions were performed in an
inert atmosphere using standard Schlenk techniques. Enantiomeric excesses

were determined by Agilent GC 7890A or Agilent HPLC 1200 series.

1.5.2 General procedure for the preparation of amides 58

The indicated benzoyl chloride (1.0 equiv) was added, under nitrogen, to a
solution of the amine (1.1 equiv) and triethylamine (1.3 equiv) in CH,Cl, (10
mL, 0.50 M) at ambient temperature. After stirring for 18 h, the reaction mixture
was diluted with CH,Cl, (10 mL) and washed successively with HCI (20 mL,
1.0 M) and brine (20 mL). The organic layer was dried over MgSOu,
concentrated, and purified as indicated. The formed amides were placed in an
oven-dried tube with stir bar, 7 equivalent vinyl acetate, 5 mol% [Cp*RhCl.],
and 20 mol% AgSbFs were added, the tube was then sealed with a Teflon
screw cap. The reaction mixture was placed into a temperature-controlled oil

bath at 65 °C. After 48 hours the reaction mixture was cooled to ambient
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temperature. The crude reaction mixture was concentrated and then purified to

give the indicated amide product 58.

1.5.3 General procedure for the asymmetric hydroformylation

In a glovebox under nitrogen, ligand (0.012 mmol) and [Rh(acac)(CO),]
(0.01 mmol in 0.4 mL toluene) were added to a 2 mL vial. After stirring for 10
minutes, the substrate (1.0 mmol) and additional solvent were added to bring
the total volume of the reaction mixture to 0.5 mL. The vial was transferred into
an autoclave and taken out of the glovebox. Hydrogen and carbon monoxide
were added sequentially. The reaction mixture was stirred at 60 °C for 20
hours. The reaction was cooled and the pressure was carefully released in a
well-ventilated fume hood. The conversion and branch to linear ratio of this
reaction were determined by *H NMR spectroscopy from the crude reaction
mixture. The enantiomeric excess was determined by GC analysis with a
Supelco’s Beta Dex 225 column or by Chiral HPLC analysis of the
corresponding alcohol resulting from the sodium borohydride reduction of the
aldehyde.

2-(2-fluorophenyl)propan-1-ol (48):

OH
F
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93% vyield, 93.1/6.9 er. *H NMR (400 MHz, CDCls) & 7.49 — 6.82 (m, 4H),
3.85 — 3.55 (m, 2H), 3.26 (h, J = 6.9 Hz, 1H), 2.04 (d, J = 18.7 Hz, 1H), 1.24 ,

J =17.4 Hz, 3H).

2-(2-chlorophenyl)propan-1-ol (49):

OH
Cl

86% vield, 92.5/7.5 er. *H NMR (400 MHz, CDCls) & 7.51 — 6.97 (m, 4H),
3.73 (dddd, J = 39.9, 10.8, 6.4, 1.5 Hz, 2H), 3.52 (h, J = 6.7 Hz, 1H), 1.71 (s,

1H), 1.28 (d, J = 7.0 Hz, 3H).

2-(2-methoxyphenyl)propan-1-ol (51):

OH
OMe

85% vyield, 94.2/5.8 er. *H NMR (400 MHz, CDCl3) & 7.20 (dd, J = 11.5, 4.6
Hz, 2H), 6.99 — 6.90 (m, 1H), 6.87 (d, J = 8.4 Hz, 1H), 3.81 (s, 3H), 3.77 — 3.60

(m, 2H), 3.49 — 3.35 (m, 1H), 1.86 — 1.59 (m, 1H), 1.25 (d, J = 7.1 Hz, 3H).

2-(2,6-difluorophenyl)propan-1-ol (52):

OH
F
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94% vyield, 94.3/5.7 er. *H NMR (500 MHz, CDCls) & 7.22 — 7.03 (m, 1H),
6.96 — 6.73 (m, 2H), 3.95 — 3.69 (m, 2H), 3.42 (h, J = 7.2 Hz, 1H), 2.04 (d, J =

12.4 Hz, 1H), 1.29 (dd, J = 31.3, 7.1 Hz, 3H).

2-(perfluorophenyl)propan-1-ol (53):

OH

95% vyield, 86.9/13.1 er. *H NMR (500 MHz, CDCl3) & 3.81 (d, J = 7.6 Hz,

2H), 3.55 — 3.31 (m, 1H), 2.35 (s, 1H), 1.34 (d, J = 7.2 Hz, 3H).

2-(4-(trifluoromethyl)phenyl)propan-1-ol (54):

OH

F3C
84% vyield, 66.2/33.8 er. *H NMR (500 MHz, CDCl3) & 7.57 (d, J = 8.2 Hz,
2H), 7.34 (d, J = 8.1 Hz, 2H), 3.75 — 3.60 (m, 2H), 2.98 (h, J = 6.6 Hz, 1H), 1.77

(dd, J = 51.8, 42.8 Hz, 1H), 1.27 (d, J = 7.0 Hz, 3H).

4-methylisochroman-1-one (57):

OO0
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90% vyield, 95.1/4.9 er. *H NMR (500 MHz, CDCl3) & 8.09 (d, J = 7.8 Hz,
1H), 7.58 (t, J = 7.6 Hz, 1H), 7.39 (t, J = 7.6 Hz, 1H), 7.31 (t, J = 5.9 Hz, 1H),
4.51 (dd, J = 11.0, 4.1 Hz, 1H), 4.24 (dd, J = 10.9, 6.6 Hz, 1H), 3.26 — 3.04 (m,

1H), 1.37 (d, J = 7.2 Hz, 3H).

1.5.4 GC and HPLC analysis of the chiral aldehydes
References for chiral separation methods are included. Isolated yields,
NMR spectral and HRMS data are provided for chiral aldehydes 21 and 23,

which are unreported as AHF products.

O CHO

PN

(R)-1-oxopropan-2-yl acetate (21)
Enantiomeric excess was determined by GC with a Supelco’s
Beta Dex 225 column: 100 °C, stay 5 mins, 4 °C/min to 160 °C, stay 5 mins,

flow rate = 1.0 mL/min, tminor= 7.6 MIN, tmaor= 9.3 min; 95.3:4.7 er.

FIDT A, [0B1075RT-T00GFO7TG1 D)
%
90 4
80
703
S
503
40

303

;::paﬁs
e

203

—T—
9.5 mi

8 B.75 ] 9.25
Peak FRetTime Type Width Area Height Area
# [min] [min] [pAa*s] [pa] %
e R R e e R — |
1 7.555 BB 0.04595 62.82764 18.08755 49.83560
2 9.312 BB 0.0529 63.24215 16.43451 50.16440
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FID1 A, (0B1015RT-1\004F0D601.0)
pA ]
a0 4
m_
&
0 = -é;
603 o
%03
0]
30 0
3
20 s
104
L L I T L AL L L L L L B | 1 1T
1.5 1775 8 B.25 BS B75 9 925 9.5 imin
Peak RetTime Type Width Area Height Area
£ [min] [min] [ph*=] [pA] %
e B | —=—= | ——————- | === | === |-————-—- |
1 7.585 BB 0.0435 17.38674 £.24105 4.68528
2 9.178 MM 0.1259 353.70642 46.8B3174 95.31472
O CHO .
/k (R)-1-oxopropan-2-yl pivalate (23)
0
Enantiomeric excess was determined by GC with a
Supelco’s Beta Dex 225 column: 50 °C, stay 5 mins, 4 °C/min to 100 °C, stay 5
mins, flow rate = 1.0 mL/min, tminor= 42.3  MIN, tmajor = 43.2 min; 95.2:4.8 er.
FID1 A, (071415RTW023F0501.D)
pA 3
90
80
TD—;
60
50 & 2
wé §#§ﬁr E‘§§?
] o3
30—; g
103 '
D:"'I"'I"I"I"I"I"I"I"I T
40 40.5 41 41.5 42 425 43 43.5 44 445 min
Peak FRetTime Type Width Area Height Area
# [min] [min] [pA*=] [pA] %
] | ====]====-== | ====mmmm- | === R |
1 42.312 MM 0.2239 266.15427 19.80965 49.96276
2 43,173 MM 0.2488 266.55099 17.85264 50.03724
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FID1 A, (0B2Z515RT-T011FO701.0)
o 1
80
80
70
80 K il
] g
50 ey
40 a
] )
30—5 § ._bﬁic
20 %
10
D:"''|""|'"'|""|'"'|""|""|""|""| —
40 405 41 415 42 425 43 435 44 45 min
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*=] [pA] %
e | === mmmmee R | ==mmmmmee | ==mmmmee |
1 42,401 MM 0.1270 36.26717 4.75880 4.81093
2 42,885 MM 0.3662 7T17.58215 32.65533 95.18907

O CHO

C7H15)J\O/'\

(R)-1-oxopropan-2-yl octanoate (25)

Enantiomeric excess was determined by GC with a

Supelco’s Beta Dex 225 column: 130 °C, stay 30 mins, flow rate = 1.0 mL/min,

FIDT A, (071415RT025F0801 D)
pA
90
80
E A
'm—E @q@ &
60 gée@ 2
] N
50 &
40—2
3n—;
2n—;
1n—;
D: T T T ' T LI | | L T _
25 255 26 265 27 275 28 285 min
Peak RetTime Type Width Area Height Area
# [min] [min] [pAa*s] [pa] %
e e | ==mmmmme e R |
1 26.288 MM 0.2143 535%.e63702 41.97723 50.30676
2 27.478 MM 0.2477 533.05591 35.87165 49.69324
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FIDT A, (0BZ515RT-T\012F0801.0)
pA 7
803
] &
g 5
703 &
60
mé
40 P
30 3 &
] =
20 &
10
0 ] — T T T T T T
25 255 26 26.5 275 28 285 mi|
Peak FRetTime Type Width Area Height Area
# [min] [min] [pAa*s] %
e R B | ==mmmmme | ==mmmmmee | ===mmm- |
1 26.424 MM 0.1844 56.22626 5.08323 5.46905

2 27.365 MM

O CHO

CgH1g)J\O)\

0.287e 971.85493

56.32727 94.53095

(R)-1-oxopropan-2-yl decanoate (27)

Enantiomeric excess was determined by GC with a

Supelco’s Beta Dex 225 column: 130 °C, stay 85 mins, flow rate = 1.0 mL/min,

FID1 A, (071515RT-1W027F0201.D)

pA 7
90 3
80
70
60
50
E . 'ﬁ o
40 g ;¢ g &
E .?f N g
304 = &
20_5 /\
10 '
D: LB | T T T T T T
70 7 72 73 75 76 Fid |
Peak RetTime Type Width Area Height Area
# [min] [min] [pRh*s] %

1 71.807 MM 0.575
2 75.298 MM 0.660

3 s03.17004
1 592.38745

17.47393 50.45094
14.95809 49.54906
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FIDT A, (0B2515RT-1\013F0901 D)
o]
90 3
80
70
] o
] B
SD_E § ..s;\h-
m; &@
40
303 o o4
] s %
: L &
20 e
10 '
D:....| L L F L B I 1 L -
70 71 72 73 74 75 76 7 mir|
Peak RetTime Type Width Area Height Area
# [min] [min] [pAa*s] [pAa] %
e e | ==mmmmmmm T | === |
1 72,012 MM 0.4967 99.,81042 3.34903 5.62546

2 T4.660 MM 0.8757 1674.45300 31.87008 94.37454

O CHO

N

(R)-1-oxopropan-2-yl benzoate (29)
Enantiomeric excess was determined by GC with a
Supelco’s Beta Dex 225 column: 130°C, stay 36 mins, flow rate = 1.0 mL/min,

FIDT A, (071515RT-1\028F0501 0)
PA 3
80
mé
mé
mé
50 &
40 i & g @rﬁ’
Y =
20; _/\ /’\
m—z ' ' '
0 — . — . — — . —
36 ar 38 39 40 41 42 43 i
Peak RetTime Type Width Area Height Area
# [min] [min] [ph*s] [pA] %
lI 3?.583|MM | U.4494| 549.1294E| 20.36661|50.?6558|

2 41.280 MM 0.5423 532.58702 16.36756 49.23442
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FID1 A, (082515RT-TW014F10010)
=
50
80
70
50 &
1 N
5] P
. > &
3 o
40
30 - &
] g 5
ZD_E pty
104 j
B: T T T 7 T LI | LU T T T T N
36 37 38 39 40 41 42 43 min
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pAa] %

e e R O |====mmmmmn | === |
1 37.372 MM 0.5325 930.70734 29%9.12843 95.01891

2 41.887 MM 0.3472 48.78%¢61 2.34187 4.98109

Peak RetTime Type Width Area Height Area

# [min] [min] [ph*=] [pA] %
e | === ====—- | ====mmm- | ====m-mo- | ===-=-—-
1 3.918 EB 38 22.1%601 10.42944 9.97591
4.237 BB 91 200.30005 77.6809%5 90.02409

o}
: ”N/Y (R)-N-(2-methyl-3-oxopropyl)benzamide (31)

CHO . . . .
Enantiomeric excess was determined by reducing it into

alcohol with NaBH,; and analyzing with HPLC: Daicel Chiralcel AD-3,
hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, A= 254 nm, tmajor = 16.7 MiN, tminor
=17.6 min, 89.2:10.8 er.

DAD1 B, Sig=254,16 Ref=360,100 (071515RT\10823-034 2015-07-15 18-27-371091-0201.D)

mAU ] s o
r~

100

80
60+
40

204




Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*=] [mAT] %
e e B | ===mmmmmen | ===mmmmmee | ===mmmen |
1 16.674 BV 0.39%913 2915.90967 115.18828 49.2363
2 17.602 VB 0.4148 3006.37036 110.71875 50.7&37
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DAD1 B, Sig=254,16 Ref=360,100 (071515RT\10823-034 2015-07-15 18-27-371092-0301.D)
mAU ]
500
400+
300
200+
100
ol ——
15.5 ‘IIS 16|.5 1‘?' 1?".5 1‘3 ‘IBI.S ‘IIQ 19|.5 miny
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
e e R | ==mmmmmme S | ===mmmm |
1 16.697 MM 0.4390 1.29947e4  493.30255 89.1907
2 17.588 MM 0.3981 1574.86450 65.93553 10.8093
0 , . .
3-(1,3-dioxoisoindolin-2-yl)-2-methylpropanal (33)
N *
CHO Enantiomeric excess was determined by reducing it
o}

into alcohol with NaBH, and analyzing with HPLC: Daicel

Chiralcel AD-3, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, A= 254 nm, tminor

= 16.1 min, tmajor = 17.6 min, 87.3:12.7 er.

DAD1 B, Sig=254,16 Ref=360,100 (071515RT\10823-034 2015-07-15 18-27-37\093-0501.D)
mAL

40

35 &

30 b g

25 - =

20

15

10

5

0 T T T T

15 15.5 16 165 17 175 18 min|
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Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*=] [mAT] %
e e | ==mmmmmme | ==mmmmmme | ===mmmmm
1 1e.077 BB 0.4155 701.95331 25.4693% 51.7474

2 17.567 BB 0.4400 &54.54736 22.59428 48.252s

DAD1 B, Sig=254,16 Ref=360,100 (071515RT\10823-034 2015-07-15 18-27-37\094-0601 D)
mAU
1004
80
60
h o
40 2
] o
20
0
——T 7 | "
15 155 16 165 17 17.5 18 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAD* =] [mAL] %

e e | =mmmm e | =mmmm e | == |
1 15.569 BB 0.3815 542.204248 21.99908 12.7035
2 16.951 MM 0.4801 3725.95752 129.3449%9% 87.2965

S<
/©/ H Cho
(R)-4-methyl-N-(2-methyl-3-oxopropyl)benzenesulfo
namide (35)
Enantiomeric excess was determined by reducing it into alcohol with
NaBH4 and analyzing with HPLC: Daicel Chiralcel AD-H, hexane/iPrOH =
90:10, flowrate = 1.0 mL/min, A= 254 nm, tminor = 32.7 MiN, tmajor = 45.6 min;

92.2:7.8 er.

VWD1 A, Wavelength=254 nm (X2\_SEQN_ _DATE_ _TIME_ 1041001-0201.D)

o
1
40,639

26 28 30 a2 34 36 38 40 42 44  min
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Peak RetTime Type Width Area Height Area
¥ [min] [min] mAD w5 [mAO 1 %
e |====]======= | ========== | ====—====- | ===
1 28.706 BB 0.6832 0929.74310 21.14937 49.5282
2 40.639 BB 0.9771 647.45612 14.82531 50.4718

VWD1 A, Wavelengh=254 nm (X2,_SEQN__DATE__TIME_ 164\001-0701.0)

miry

Peak RetTime Type Width Area Height Area
¥ [min] [min] mAD ¥ g [mAl 1 %
====|======= |====]======- | =========- | =====mmmm— | ====m==- |
1 32.697 BB 0.6978 132.29135 2.54031 7.8197
2 45,598 MM 1.4191 1559.47168 18.31500 92.1803

OMe (R)-3-(2-methoxyphenyl)-2-methylpropanal (37)

CHO The crude reaction mixture was purified on silica gel
(hexane: ethyl acetate = 19:1) to afford a clear colorless oil (87 mg, 49% yield).
'H NMR (400 MHz, CDCl3) 8 9.68 (d, J = 1.7 Hz, 1H), 7.20 (td, J = 7.9, 1.7 Hz,
1H), 7.10 (dd, J = 7.4, 1.6 Hz, 1H), 6.87 (ddd, J = 11.0, 8.7, 4.6 Hz, 2H), 3.80 (s,
3H), 3.07 (dd, J = 13.1, 6.4 Hz, 1H), 2.75 — 2.59 (m, 2H), 1.05 (d, J = 6.9 Hz,
3H). *C NMR (400 MHz, CDCls) & 205.0, 157.4, 131.0, 127.8, 127.1, 120.3,

110.3, 55.1, 46.5, 31.8, 13.3. All spectral data are in accordance with
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literature.® HRMS (ESI) m/z: calc. for C1;H150, [M + H]" 179.10666; found

179.10672.

Enantiomeric excess was determined by reducing it into alcohol with
NaBH, and analyzing with HPLC: Daicel Chiralcel OD-H, hexane/iPrOH = 95:5,

flowrate = 1.0 mL/min, A= 220 nm, tminor = 10.6 MinN, tmajor= 16.5 min; 93.0:7.0

er.
DADT A, Sig=220,10 Ref=500,100 (071315R T-1110823-028-3ND 2015-07-13 11-26-22V092-0201.0)
mAU
500 3
400 2
] ©
:sm:—E 5
200 =
1003 /\
E : . .
s 10 N R 45 16 " iy
Peak FetTime Type Width Area Height Area
# [min] [min] [mAT* =] [mAl] %
e R R | ===mmmmmm | ===mmmmmme | ===mmme |
1 10.571 BB 0.2622 2887.74023 171.691e7 45,8070
2 16.874 BB 0.1566 2910.12549 291.29%602 50.1930
DADT A, Sig=220,10 Rel=500, 100 {07 1015RT\10823-026-ZND 2015-07-10 13-28-19W091-0201D)
mAU 3
1000 0
800-] 3 F
] s
600 R
] o
400 2 _ré(\
2nn—; ‘.:_;?Sa@
0545.1\;.
s 1 2 13 s B 7 "8 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mA*=] [mAlr] %
e e | ===-mmmmm- | ===mmmmm- | ===-m—- |
1 10.338 MM 0.2803 2377.30640 141.35471 6.9869
2 16.494 MM 0.8644 3.16477e4 610.22107 93.0131

mo (R)-3-(4-chlorophenyl)-2-methylpropanal (39)
Cl

The crude reaction mixture was purified on silica gel
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(hexane: ethyl acetate = 19:1) to afford a clear pale oil (73 mg, 40% vyield). *H
NMR (400 MHz, CDCl3) 8 9.70 (d, J = 1.4 Hz, 1H), 7.28 — 7.24 (m, 2H), 7.13 —
7.08 (m, 2H), 3.05 (dd, J = 13.4, 5.7 Hz, 1H), 2.63 (dddd, J = 26.6, 21.5, 10.2,
6.9 Hz, 2H), 1.09 (d, J = 6.9 Hz, 3H). **C NMR (400 MHz, CDCl3) & 203.9,
137.3, 132.2, 130.4, 128.6, 47.9, 35.9, 13.2. HRMS (ESI) m/z: calc. for

C10H1sNOCI [M + NH4]* 200.08367; found 200.08376.

Enantiomeric excess was determined by reducing it into alcohol with
NaBH, and analyzing with HPLC: Daicel Chiralcel OD-H, hexane/iPrOH = 95:5,

flowrate = 1.0 mL/min, A= 220 nm, tmajor = 7.4 MiN, tminor = 7.9 min; 88.1:11.9 er.

DADT A, Sig=220,10 Ref=500,100 (060815RT\10823-005 2015-06-08 12-03-47\073-0201.0)
mAU 3 = &
3503
300 3
250
200 3
1503
100 3
503
05

T T T T T T T T T T T T T T T T T T
66 6.8 7 72 74 76 7.8 8 82 B4 minf

Peak RetTime Type Width Area Height Area

# [min] [min] [mAO*=] [mAD] %
e e T e | ==mmmmmm |

1 7.410 BV 0.2210 5589%.13135 390.35101 50.49%39

2 7.859 VB 0.2158 5479%.78320 395.15179 49.5061

DADT A, Sig=220, 10 Ref=500,100 (060815RT\10823-005 2015-06-08 12-03-471074-0401.0)

mAU ] @

400

300

200

100

66 68 7 72 74 76 78 8 82 84 min

Peak RetTime Type Width Area Height Area

# [min] [min] [mAT*s] [mAT] %
e e R | ==mmmmmmee | ==mmmmme | ==mmmmee |

1 7.483 WV 0.1781 &011.87646 522.96301 88.0832

2 7.899 VB 0.1886 813.34637 66.52518 11.91e48
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Ao~y

CHO

(R)-2-methyl-3-oxopropyl acetate (41)

37

Enantiomeric excess was determined by GC with a

Supelco’s Beta Dex 225 column: 90 °C, stay 10 mins, 0.8 °C/min to 100 °C,

stay 2 mins, 0.8 °C/min to 110 °C, stay 10 mins, flow rate = 1.0 mL/min, tminor=

28.0 min, tmajor = 28.5 min; 93.3:6.7 er.

FIDT A, (071515RT-T\031F0801D)
oA
45
40
35 3
] &® >
3n—E 2 _:sg:- - _)3?‘7\
25 4 e ;;?55}'
20
15
10 '
D: T T T T T T T T T T T T T T T T T T T T T T T T T T L
27 215 28 285 28 29.5 min}
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pAa] %
e o B | ===mmmmee | ====mmmmoe | ===mmme |
1 27.831 MM 0.2538 165.51833 10.87058 50.21350
2 28.671 MM 0.2707 1e4.11084 10.10436 49.78650
FIDT A, (071515RT-T\032F0801.D)
7
45
40
] o
35—E 5 55,.0
30—; %,@-
257
zg_g g "I:brj'l'@a
] = &
15—; w@‘b
10
0 T T T T T L T T T 1 L T T T T T T -
27 275 28 285 28 29.5 miy
Peak FRetTime Type Width Area Height Area
# [min] [min] [pA*=] [pA] %
e R | ====]======= | ====mm———— | ====mm———= | === |
1 28.047 MM 0.1371 23.27093 2.82842 6.66207
2 28.487 MM 0.3569 326.03357 15.22648 93.33793
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T8 I (R)-3-((tert-butyldimethylsilyl)oxy)-2-methylpropanal
(43)
Enantiomeric excess was determined by GC with a Supelco’s Beta Dex
225 column: 65 °C, stay 30 mins, 0.7 °C/min to 80 °C, stay 10 mins, 0.7 °C/min
to 90 °C, stay 15 mins, flow rate = 1.0 mL/min, tmgor= 70.1 min, tminor= 70.9

min; 88.8:11.2 er.

FIDT A, (071515RT-TW033F 1101 0)
ph
mg
m{
35
] e >
ok ﬁ_dﬁ o @ﬁ
25 & a@'
m%
15
10
ik L | L Tt _T_ " T T T T | I -
69 B9.5 70 105 71 715 miin
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %
e | ====] === R | ====mm- | =====m—= |
1 70.209 MM 0.2648 174.87355 11.01422 49.30359
2 70.875 MM 0.2953 179.81372 10.14775 50.689641
FID1 A, (071515RT-1034F 1201.0)
P 3
45
40
ﬁé
303
25
mé
153
10
.-
o : T T T T T T T T T T T T T T T T T T T T T T T T T T —
69 69.5 70 705 71 715 i
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*=] [pA] %
e R B R " | ===mmmee |
1 70.104 MF 0.3105 515.45172 27.66763 88.83285

2 70.918 FM 0.3284 64.79728 3.28817 11.16715
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Pno CHO (R)-2-methyl-3-phenoxypropanal (45)

Enantiomeric excess was determined by GC with a Supelco’s Beta Dex

225 column: 90 °C, stay 0 min, 1 °C/min to 160 °C, flow rate = 1.0 mL/min,

tmajor: 49.3 mln, tminor: 49.7 mln, 86.813.2 er.

FIDT A, (072115RT-21031F0201 D)
3
80
80
70
N
50 z -
40 2 g
] -
30
20
10
04 T T T T 1 T T _ T L P L
48 48.5 49 495 50 50.5
Peak RetTime Type Width Area Height Area
# [min] [min] [ph*=] [pA] %

1 49%.314 BV 0.1332 256.14853 25.94542 49%.64802

2 49,651 VB 0.1547 259%.78049 21.70042 50.35198
FIDT A, (072115RT-21032F0301 D)
pa ]
80
80
mé
60
mé
mé
30
mé
10
0 T T T Tt T 1 T T _ T L P T -
48 48.5 49 495 50 50.5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*=] [pA] %

1 49.272 MF
2 49,722 FM

0.2047 473.20876
0.2114 71.88669

———————— | ===
38.52391 86.81204

5.66666 13.187%&



40

1.5.5 'H NMR Spectra of Crude AHF Reaction Mixtures (toluene as

solvent)

O CHO 0]
)\ + )k CHO
21
285:1 bl CHO () toluene
EXPNO 4
PROCNO 1
Date_ 20150810
cHO L) Time 11.36
INSTRUM spect
T T T T PROBHD 5 mm PABBO BB-
PULPROG 10
9.6 9.5 9.4 9.3 ppm ™ 33968
SOLVENT cpC13
NS 16
g ] DS 0
2 ] SwH 7500.000 Hz
© FIDRES 0.228882 Hz
N %) 2.1845834 sec
RG 36
DW 66.667 usec
DE 6.50 usec
TE 299.0 K
D1 1.00000000 sec
toluene TDO 1
=== CHANNEL fl =s=======
CHO (b) Huet 1
P1 11.95 usec
PL1 2.10 dB
PL1W 18.43091774 W
5FOL 500.1325007 MHz
SI 16384
SF 500.1301138 MHz
WDW M
338 0
1B 0.30 Hz
cB 0
BC 1.00
CHO (L JUR
i
T T T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm

1.00
285.13
287.97
871.46
874.36



CHO (b}
o CHO o
+ CHO
Bu” O Bu” 07
23
. . EXPNO 1
127:1 bl PROCNO 1
Date_ 20150825
Time 15.50
INSTRUM spect
o) toluene PROBHD 5 mm PABBO BB-
PULPROG zgl0
TD 32768
SOLVENT CDC13
T T T T T NS 16
DS 4
9.55 9.50 9.45 9.40 ppm i 5896.227
FIDRES 0.179939
AQ 2.7787764
o @ RG 32
S z oW 84.800
- & DE 6.50
™ TE 298.0
D1 2.00000000
TDO 1
CHANNEL f1 =
1H
15.00
0.00
toluene 10.49968529
400.1327209
65536
400.1301095
EM
0
CHO(b) 0.03
1.00
CHO (1) A*LA
. "
T T T T T T T
9 8 7 5 4 3 1 ppm
(=11 o oo
8|8 < =3
—-|© (=] e
o™ ] |
- - | =
CHO (b)
O CHO o
PN cHO
CrsHis™ O CiHis” 07
25
EXPNO 2
269:1 bl PROCNO 1
CHO (1) Date_ 20150825
Time 16.10
INSTRUM spect
T T T T T PROBHD 5 mm PABBO BB-
PULPROG zgl0
960 955 950  9.45 ppm ™ 32758
SOLVENT CDC13
NS 16
o o ) 4
S ) SWH 5896.227
- 8 FIDRES 0.179939
& AQ 2.7787764
RG 36
DW 84.800
DE 6.50
toluene TE 298.0
D1 2.00000000
TDO 1
= CHANNEL f1 =
1H
15.00
0.00
10.49968529
400.1327209
65536
cHo (b) 400.13008%}2{
0
0.05
0
1.00
CHO(1) J
T T T T T T T T T
10 9 8 7 6 5 4 3 1 ppm
=1 w0 Q) < | (=]
S| k] @ Q| |& %
-lo & 1) o @ |=
O ~ @0 N| (@ -
N ™~ ) o g -]

Hz
Hz
sec

usec
usec

sec

usec
de
W
MHZ

MHz

Hz
Hz
sec

usec
usec

sec

usec
dB
W
MHZ

MHz
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O CHO (0]

CgH1g)ko
27

CHO (b)

CHO (1)

+ H
chw)ko/\/C °

415:1 bl

CHO(1)

CHO (b)

T T
9.55 9.50

1.00

toluene

9.45 9.40 ppm

EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
D

SOLVENT

1.00
415.07

O CHO

Ph™ O
29

o
'
o )ko/\/CHo

37:1 bl

CHO (b)

CHO (1

toluene

CHO(1)

o -
-y
w

425.47

CHO (b)

T
9.65

1.00

960 955 950 ppm

37.38

- ]

857.11
973.42
7188.44
1465.01

ppm

EXPNO
PROCNO
Date_
Time

INSTRUM

PROBHD

PULPROG
TD

SOLVENT

81.48

4213
82.06

40.14

119.10

ppm

= CHANNEL f1 =

3

1
20150825
16.15

spect
5 mm PABBC BB-

5896.227
0.179939
2.7787764
5

84.800
6.50

298.0
2.00000000
1

CHANNEL f1 =

1H

15.00

0.00
10.49968529
400.1327209

65536
400.1301076
EM

0

0.05

0

1.00

4

1
20150825
16.21

spect
5 mm PABBO BB-

4
5896.227
0.17%939

2.7787764
32

84.800
6.50

298.0
2.00000000
1

1H

15.00

0.00
10.49968529
400.1327209
65536
400.1301115
EM

0
0.05
0
1.00

Hz
Hz
sec
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usec

sec

usec
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=

MHZ

MHz

Hz
Hz
sec
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usec

sec
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=
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0] (e}
” . ”’/\\V//\\Cfio
CHO
CHO (b
3 8.0:1 b:l ) teluene
EXPNC 2
PROCNO 1
Date_ 20150715
CHO (1) Time 11.30
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG 2910
32768
' ! ! ! T ! SOLVENT cDel13
9.60 9.58 9.56 9.54 ppm gg 35
SWH 7500000
3 @ FIDRES 0.228882
d < A0 2.1845834
” © RG 36
DwW 66.667
DE 6.50
TE 299.0
D1 1.00000000
TDO 1
= CHANNEL f1 =
NUC1 1H
P1 11.95
PL1 .10
PLiW 18.43091774
5701 500.1325007
CHE(b) SI 16384
SF 500.1301139
WDW EM
S55B 0
LB 0.30
GB 0
CHO (b) G L
CH?(D CH ()
CHO(1,
~
T T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm
(=10} o o o
22 i N @
| ~ o <
- ~

Hz
Hz
sec

usec
usec
K
sec
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0] o
N + N">">cHo
CHO
Qcu,y, (n)
33 11.2:1 bil
cH, (1)
EXPNC 8
PROCNO 1
T T T T Date_ 20150715
Time 12.03
3.9 3.8 3.7 3.6 ppm TNSTROM Spect
PROBHD 5 mm PABBO BB-
© = PULPROG zg10
© = TD 32768
] ™ SOLVENT CDC13
NS 32
toluene DS 0
SwH 7500.000 Hz
FIDRES 0.228882 Hz
20 2.1845834 sec
RG .3
DW 66.667 usec
DE 6.50 usec
TE 299.0 K
D1 1.00000000 sec
DO 1
CHANNEL f1 =
1H
11.95 usec
2.10 dB
18.43091774 W
500.1325007 MHz
16384
500.1301220 MHz
BM
0
0.30 Hz
0
1.00
N CHp) feny (1)
T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm
(0=
™
N o
o\\ //o N\o”
S S
H/\|/ + N
CHO
35 HO
CHy tospl
3.0:1 bl 3
EXPNO 1
PROCNO 1
Date_ 20160218
Time 17.32
A INSTRUM spect
CH, (D) PROBHD 5 mm PABBO BB-
PULPROG 2930
™ 65536
SOLVENT cpe13
NS 16
DS 2
SWH 8223.685 Hz
FIDRES 0.125483 Hz
20 3.9846387 sec
RG 32
DW 60.800 usec
toluene DE 6.50 usec
TE 295.6 K
D1 1.00000000 sec
DO 1
o toluen: phenyl tosyl
CH,CH (1} CHANNEL f£1
2772 NUC1 1H
P1 8.76 usec
PL1 -2.00 dB
PL1W 31.17179108 W
SFOL 400.1324710 MHz
s1 32768
SF 400.1300045 MHEZ
WDW EM
ca, (b, ] e ;
H(b), CH(L) 2 P4 0.30 8z
CH (b) BC 1.00
OH (1)

_A

T T T T T T T T T T T
95 9.0 85 80 75 70 65 6.0 55 5.0 45 4.0 35

3.01

8.48

o
~

-
=

4.43

=
<
<

o || [efa
e 12 2e
- o e

-

5.10
4.02

;

T T T T T T
3.0 25 20 15 10 05

9.01

T
ppm
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OMe OMe
+ CHO
CHO
37

1.2:1 bl

CHO (b)

CHO(1)

OMe

CHO (b
HO(1

toluene

cH3 (b)

EXPNO
BROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG

SOLVENT
NS

.00
17,

-

5 -

4

1
20150707

16.45

spect
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zg10

32768

€DCl3
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0
7500.000
0.228882

2.1845834
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1

= CHANNEL f1
11.95
2.10
18.43091774
500.1325007
16384
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EM
0
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0
1.00
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usec

=
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W
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Cl CHO c
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1.1:1 bl

CHO(1]| cx0 (b)

/©/\ACH0

CHO (1) cHo (0

T . : | ‘
9.56 9.54 9.52 9.50

ppm

CH (b))
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T ; ‘ ‘
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D
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1

1
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1

CHANNEL £1 =
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0
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4

1
20150715
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1
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500.1301001
EM

0

4.30

0

1.00

Hz
Hz
sec

usec
usec

sec

usec
de

=

MHZ

MHz

Hz
Hz
sec

usec
usec

sec

usec
dB
W
MHZ

MHz

46



TBS.
+
O/N\r/ TBS\O/\\//\CHO CHO (b)
CHO
43

2.0:1 bl CHO (1

B

T T T T
9.92 990 9.88 9.86 ppm

S

T
9.94

toluene

CH(b),CH (1

CHO (b)
CHO (1)

CH (1)

CH

21b)

toluene

sic(Chy i

51 (CH3

EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
D

SOLVENT

B

1.00
1.96,
4.01
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Chapter 2

Asymmetric Hydroformylation of 1,1-Disubstituted Alkenes

2.1 Introduction

Although various substrates have been reported for successful asymmetric
hydroformylstion (AHF)! and several important complex compounds? have
been synthesized with methods based on AHF, these substrates are mostly
monosubstituted or 1,2-disubstituted alkenes. 1,1-disubstituted alkenes
remain unsolved and very challenging substrates. Actually, 1,1-disubstitued
alkenes are challenging in many asymmetric reactions® (ex. asymmetric
hydrogenation, epoxidation and hydroboration) aiming to generate chiral
products. It is because (1) the disubstituted feature makes them more bulky
around the carbon-carbon double bonds, comparing to monosubstituted
alkenes, resulting in generally lower association rate of alkenes to catalytic
metal centers, thus lower reaction rates; (2) comparing to mono substituted
alkenes, the two substitutions on disubstituted alkenes are normally much
more difficult to be differentiated by chiral catalysts, since their similar sized
enantiotopic faces are difficult for differentiating, thus high enantioselectivity is
more difficult to achieve. Despite they are challenging, there is a great
advantage for AHF of 1,1-disubstituted alkenes: both branched and linear

aldehyde products are chiral (Figure 2.1).
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. CHO
Rh, L
> CHO
Ri™ Rz syngas Ri™* Ry T R7TTR,
b I

Figure 2.1 Asymmetric hydroformylation of 1,1-disubstituted alkenes

The first AHF 1,1-disbstituted alkenes were reported by Consiglio and
Morandini in 1985*, in which the authors applied various PtCl,/SnCl, and Rh
based catalysts with (S,S)-ChiraPhos or (R,R)-DIOP to the AHF of a-methyl
styrene, with low enantioselectivity (up to 21% ee) favoring linear aldehyde
products, even under harsh reaction conditions. Ever since that, a few
examples® on AHF of a-methyl styrene, methyl methacrylate and a-alkyl
acrylates catalyzing by PtCl,/SnCl, and Rh based catalysts have been

reported, however all suffered from poor reactivity and/or stereoselectivity.

The first remarkable Rh based AHF of 1,1-disbstituted alkenes was
reported by Landis and coworkers in 2010 (Figure 2.2)°, they applied their
powerful chiral diazaphospholane ligands for Rh catalyzed AHF of
N-(1-alkyl)vinyl phthalimide, obtaining a chiral 3-aminoaldehyde with 74% ee,
along with 24% starting material and a significant amount of isomerization

product.
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NPhth RN/ (S,S,S)-BDP O  NPhth
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H ) o)
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PhTN NvPh
o] o i
(S,S,S)-BDP

Figure 2.2 Asymmetric hydroformylation of N-(1-
alkyl)vinyl phthalimide

In 2011, Buchwald’ and coworkers reported a successful highly
enantioselective process for the Rh catalyzed hydroformylation of
a-alkylacrylates (Fighre 2.3) , in which (R,R)-BenzP” was demonstrated to be
capable of hydroformylating various of a-alkylacrylates into linear aldehyde
products with moderate to good yields and up to 94% ee values, along with
branched aldehyde and hydrogenation side products. The resulting linear
aldehydes can be easily further transformed into 2-isopropyl- and
2-cyclohexyl-1,4-dicarbonyl structures (which were previously synthesized via
multi-steep asymmetric hydrogenation based methods), which have potential

applications many biologically active compounds(Figure 2.3).2
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Caspase 1 Inhibitor (Pfizer) Matrix Metalloproteinase Inhibitor (Roche)

Figure 2.3 Asymmetric hydroformylation of a-alkylacrylates and potential
applications

In 2013, the same group® reported the Rh catalyzed AHF of
1-(trifluoromethyl)-ethenyl acetate (Figure 2.4), in which, branched aldehyde
was favored. When (R,R,S,S)-DuanPhos was used, the branched aldehyde
was generated in high yield and excellent enantioselectivity (92% ee), which
was then oxidized into enantiomerically pure 2-trifluoromethyllactic acid
(TFMLA, >99% ee after recrystallization), an important building block for many

active pharmaceutical ingredients.*



54
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Figure 2.4 Asymmetric hydroformylation of 1-(trifluoromethyl)-ethenyl

acetate and example application

Recently, our group™ reported the Rh catalyzed AHF of 1,1-disubstituted
allylphthalimides (Figure 2.5), as a catalytic route 8*-amino acids, among the
screened 10 different chiral phosphorus ligands, (S,S)-Ph-BPE was found to
be most efficient, giving the corresponding linear aldehydes in moderate to
excellent yields and up to 95% ee. The resulting chiral aldehydes can be easily
oxidized or reduced into important synthetic building blocks in drug synthesis

(Figure 2.5).%
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Figure 2.5 Asymmetric hydroformylation of 1,1-disubstituted allylphthalimides

and potential applications

Despite these a few successful examples of AHF of 1,1-disubstituted
alkenes, this class of substrates are still very challenging for simultaneously
controlling chemo-, regioo- and stereoselectivities, and meanwhile achieving

high reactivity.

2.2 Asymmetric hydroformylation of 1-(trifluoromethyl)-ethenyl acetate

Encouraged by the successful AHF of monosubstituted alkenes with
BIBOP ligands, we started our exploration of applying BIBOP ligands to AHF
of 1-(trifluoromethyl)-ethenyl acetate 1 (Table 2.1). Considering it is a
challenging 1,1-disubstituted alkene, we set the reaction temperature to be
100 C for the initial trial. Among the four tested BIBOP ligands with different
substitution on 4-position of the benzene ring, Me-BIBOP and Ph-BIBOP
performed very badly (Table 2.1, entries 3 and 4), giving very low conversion

or no reaction at all, in the presence of 15/5 bar syngas.
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Table 2.1 Ligand screening for AHF of 1-(trifluoromethyl)-ethenyl

acetate 12

CHO

J]\ 0.5 mol% Rh(acac)(CO),, 2 mol% BIBOPs | cHo .
F,C” “OAc > FsC™ NoAc F,C” > 0Ac
toluene, syngas, 100 °C, 24 h

1 2b 2l

o HH o

TR
R %Bu !Bu R

BIBOPs
Entry ligand CO/H, Conv. (%) b/l ® er®
1 MeO-BIBOP 15/5 40 1.6 64.5/35.5
2 BIBOP 15/5 41 9.0 91.6/8.4
3 Me-BIBOP 15/5 13 NA NA
4 Ph-BIBOP 15/5 NR NA NA
5 BIBOP 5/5 >99 10.0 90.0/10.0

#Reaction conditions: 1 (1.0 mmol) catalyzed by Rh-ligand in toluene (0.5
mL) at 100 ‘C for 24 h under syngas pressure of 20 bar. ® Conversions and
branch to linear ratio (b:l) of the products were determined by ‘H NMR

spectroscopy. ¢ Determined by Chiral GC.

Such poor performances for Me-BIBOP and Ph-BIBOP are probably due to
the stereo hinders in the chiral catalytic pocket generated by the ligand and

rhodium center, making it very difficult for the bulky itself substrate to bind to
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the rhodium center. And for those two ligands succeeding the hydroformylation,
they both favor the branched aldehyde as the product. BIBOP provides much
better region- and enantioselectivity than MeO-BIBOP does, although they
give very similar conversions (both about 40%, Table 2.1 entries 1 and 2).

Thus, we focused on BIBOP for further condition screening.

Since it is a normal phenomenon®® in AHF that lower CO partial pressure
will increase the conversion and decrease the enantioselectivity. We lowered
the CO partial pressure to 5 bar and remaining the H, pressure unchanged
(Table 2.1 entry 5), the conversion was dramatically increased to >99%, the

enantioselectivity only slightly decreased to 90/10 er.

Then, the ligand to rhodium ratio was screened (Table 2.2), it turns out that
only 1 equivalent ligand was needed to maintain the high enantioselectivity,
comparing to amount of rhodium. Also, since these screening were conducted
under a lower reaction temperature 80 C, slightly high er's and lower

conversions were obtained.

Thus, 100 C and 5/5 bar CO/H; were used as the optimized reaction
condition, in which 1-(trifluoromethyl)-ethenyl acetate 1 was fully

hydroformylated with 10/1 b/l ratio and 90/10 er.

Table 2.2 Ligand/Rh ratio screening for AHF of

1-(trifluoromethyl)-ethenyl acetate 12
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CHO
J\ 0.5 mol% Rh(acac)(CO),, 0.5~2.0 mol% (R)-BIBOP JTCHO +
FsC” ~OAc > F3C™ Noac FsC”* OAc
toluene, CO/H,=5/5 bar, 80 °C, 24 h
1 2b 2|
Entry Rh/L Conv (%) b/IP er’
1 1/1 77.8 7.7 92.1/7.9
2 1/2 78.8 7.6 92.1/7.9
3 1/3 80.4 7.4 92.1/7.9
4 1/4 76.5 7.6 92.1/7.9

# Reaction conditions: 1 (1.0 mmol) catalyzed by Rh-ligand in toluene (0.5
mL) at 80 ‘C for 24 h under syngas. ® Conversions and branch to linear ratio
(b:) of the products were determined by *H NMR spectroscopy. ¢ Determined

by Chiral GC.

2.3 Asymmetric hydroformylation of a-(trifluoromethyl)styrene

We next examined another 1,1-disubstituted alkene,
a-(trifluoromethyl)styrene 3. It is an analog compound to
1-(trifluoromethyl)-ethenyl acetate 1, by replacing the acetyl group with phenyl
ring. The first rhodium catalyzed AHF of this substrate derivative was reported
by Breit** and coworkers in 2014 (Figure 2.6), in  which
1,3-dichloro-5-(3,3,3-trifluoroprop-1-en-2-yl)benzene was hydroformylated.

(R,R)-Ph-BPE was proved to be the best ligand which exclusively favors the
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branched aldehyde product, although giving only 59% ee. Noticeably, ligand

properties play a vital role in regioselectivity for this substrate.

cl 1 mol% [Rh(acac)(CO),] cl z ,CHO Ph
CF; 5 mol% (R,R)-Ph-BPE CF3 Ph 3]
> s
CO/H,=20/20 bar p_/_ \
Cl toluene, 90 °C, 24 h Cl Ph
100% single isomer Ph
59% ee (R,R)-Ph-BPE

Figure 2.6 Asymmetric hydroformylation of

1,3-dichloro-5-(3,3,3-trifluoroprop-1-en-2-yl)benzene

Cooperating with Boehringer Ingelheim, we extensively screened the chiral
ligand library for AHF of a-(trifluoromethyl)styrene 3 (Figure 2.7). Similar to
Breit's work, we found that the chiral ligands basically can be separated into

two sub groups favoring linear and branched aldehyde product respectively.

CHO

2 mol% Rh(acac)(CO),,2.4 mol% Ligand CHO
CF3 > *“CF3 *“CF3
toluene, CO/H, = 5/5 bar, 90 °C, 20 h

3 4b 41

Figure 2.7 Ligand screening for asymmetric hydroformylation of

a-(trifluoromethyl)styrene

Among the screened chiral ligands, lots of them suffered from reactivity of
chemoselectivity giving no reaction or large amount of hydrogenation product.
For those succeeding the AHF, seven of them favored the linear aldehyde
product 4l (Figure 2.8). The first 5 ligands all give very high linear product ratio,

althou the first 4 give low conversions. Our BIBOP and BI-PN ligand give
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almost full conversion. Since we are more interested in applying this AHF
strategy for generating quaternary carbon centers, only ee of the branched
product was measured, the enantioselectivity for branched product turned out

to be very low (up to 22% ee)

120.00% - .
linear aldehyde favored ligands
100.00%
80.00%
60.00%
N conv.
40.00% = 1%
20.00% ee (branched)
0.00%
\4 < " Q Q Q &
XS x& <&
L & & & T
S 5O N 5 O
< ® A O <<Q§
N}

tBu 0 tBu

0~/
0
O tButBu

MeO-POP Binapine Kelliphite

(0]
/
P

OMe 1Bu

HaCO PPh, 0 HH o 3>
H,CO PPh, Et
tBu Q

MeO-BIPHEP BIBOP BI-PN Et Et-FerroTANE

Figure 2.8 Linear aldehyde favored ligands for AHF of

a-(trifluoromethyl)styrene
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Five of the screened ligands favored the branched aldehyde product

(Figure 2.9), under CO/H2 = 5/5 bar, 90 C for 20 h, Ph-BPE, Me-DuPhos,
DuanPhos and QuinoxP" all offered full conversions, among them, the first two
ligands give about 70% branched aldehyde product. Regarding the
enantioselectivity, Me-DuPhos, DuanPhos and BenzP have the best
performances, giving more than 60% ee for the branched aldehyde product.
Interestingly, Ph-BPE offered 60% ee for the linear aldehyde product, although

it is not the major product.

120.00%

branched aldehyde favored ligands

100.00%

80.00% -

60.00% - T mm | H conv.

40.00% - __ HEbranched%

ee (branched)
20.00% - —

0.00% -

Ph il tBu, Me 1Bu
P H o’ N _P
P Ph A “Me
Y NN R . = _
Pﬁ ):> = o P H F:L ~P\ N P“\Me
/O /'\ AN~ Me"  “tBu tBu
Ph-BPE Me-DuPhos DuanPhos BenzP’ QuinoxP’

b/l = 2.5/1
er (linear) = 80:20
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Figure 2.9 Branched aldehyde favored ligands for AHF of

a-(trifluoromethyl)styrene
2.4 Conclusion

Although some progresses have been demonstrated for AHF of
1-(trifluoromethyl)-ethenyl acetate and a-(trifluoromethyl)styrene substrates,
the 1,1-disubstituted alkenes remain very challenging, regrading reactivity and
stereoselectivity, chiral ligands with unique structure and suitable electronic

properties may be the key for overcoming these difficulties.

2.5 Experiment Section
2.5.1 General remarks

Commercially available reagents were used without further purification.
The BIBOP ligands were synthesized according to literature procedures. All
asymmetric hydroformylation reactions were performed in an inert atmosphere
using standard Schlenk techniques unless otherwise noted. Column
chromatography was performed using Sorbent silica gel 60 (230 — 450 mesh).
'H NMR, and *C NMR spectral data were obtained from Bruker 400 MHz or
500 MHz spectrometers. Enantiomeric excesses were determined by Agilent

GC 7890A or Agilent HPLC 1200 series.
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2.5.2 General Procedure for the Asymmetric Hydroformylation

In a glovebox under nitrogen, ligand (0.006 to 0.024 mmol) and
[Rh(acac)(CO);] (0.005 to 0.02 mmol in 0.4 mL toluene) were added to a 2 mL
vial. After stirring for 10 minutes, the substrate (1.0 mmol) and additional
solvent were added to bring the total volume of the reaction mixture to 0.5 mL.
The vial was transferred into an autoclave and taken out of the glovebox.
Hydrogen and carbon monoxide were added sequentially. The reaction
mixture was stirred at set temperature for 20 or 24 hours. The reaction was
cooled and the pressure was carefully released in a well-ventilated fume hood.
The conversion and branch to linear ratio of this reaction were determined by
'H NMR spectroscopy from the crude reaction mixture. The enantiomeric
excess was determined by GC analysis with a Supelco’s Beta Dex 225 column
or by Chiral HPLC analysis of the corresponding alcohol resulting from the

sodium borohydride reduction of the aldehyde.

2.5.3 GC and HPLC analysis of the chiral aldehydes

OHG §CH3 (R)-1,1,1-trifluoro-2-methyl-3-oxopropan-2-yl acetate (2b)

FsC~ ~OAc _ _ _ _
Enantiomeric excess was determined by GC with a Supelco’s
Beta Dex 225 column: 100 °C, stay 5 mins, 4 °C/min to 160 °C, stay 5
mins, flow rate = 1.0 mL/min, tminor= 3.9 MIN, tmajor = 4.2 min; 90.0:10.0

er.
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Chapter 3

Rhodium-Catalyzed Asymmetric Hydrogenation of Indoles via Anion
Binding

3.1 Introduction

The strategy of cooperative catalysis has emerged in recent years,
aiming to combine two or more catalytic centers for achieving a single
reaction.'™ Recently, several important breakthroughs have been made
with the application of this strategy in various kinds of reactions, such as
Pararov reaction,® hydrogenation,® hydroformylation’® and Diels-Alder
reaction.'® Combining thiourea/urea derivatives and simple Brgnsted
acids offers a similar effect to that of chiral phosphoric acids in catalysis,
while rendering a broader acidity range. Moreover, tunable substituents
on bifunctional thiourea/urea catalysts can introduce many kinds of
secondary interactions.’** Anion binding makes the chiral catalyst
associate with a protonated substrate via establishing a bridge between
the thiourea and the conjugate base anion of the Brgnsted acid. This
strategy combines the essences of both approaches. Transition metal
catalysis, with high turnover numbers and potent reactivity, plays a
crucial role in modern synthetic chemistry. It shows a very broad
application in pharmaceutical and fine chemical industries. The

integration of transition metal catalysis and organocatalysis has
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demonstrated its potential in the synthetic chemistry communities.*®*’

We envision that certain kinds of reactions could be catalyzed by the
cooperative catalysis of transition metal, Brgnsted acid and thiourea

anion binding.

As quoted by R. Knowles and E. Jacobsen,*® in order to achieve high
enantioselectivity, “small molecule catalysts are designed to introduce
steric hindrance to increase the transition state energy of one
diastereomer of the two catalyst-substrate complexes; while
macromolecule catalysis is to lowering the energy of transition state for
one enantiomer.” Non-covalent interactions, such as hydrogen bonding,
cation-1r or anion-Tr interaction, 1r-11 stacking are easily found in enzyme
catalysis. With remarkably high enantioselectivity and efficiency, the

latter strategy deserves more attention in catalytic organic reactions.

CFj4

Covalent linker

CF, Q7 JSL

QL o
H o H
F3C NJLN% \\\@//
H H ] P\
Ph,P’ Fe S %

(S,R)-ZhaoPhos  pp_p P

CF3

Hydrogen bonding

Transition metal

Figure 3.1 A novel thiourea-bisphosphine ligand: strategy of hydrogen

bonding and cooperative catalysis.
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Guided by such strategies as cooperative catalysis and H-bonding
effect, we recently designed and synthesized a ferrocene-based chiral
bisphosphine-thiourea ligand, ZhaoPhos.'® Previous successful
examples involved non-covalent interactions between catalytically
reactive units, such as ion pair and hydrogen bond. Within ZhaoPhos
(Figure 3.1), a covalent linker connects the transition metal catalyst unit
and the thiourea moiety. The length of the linker is believed to be crucial

for high efficiency and selectivity.

N
N \@ (1) Buli,
| ( ) BuLi, TMEDA J\Q _AcO /% NH3 MeOH /'p

Fe Ph2P Fe thP Fe Ph2P Fe
( ) PPh,Cl
Ph2P Ph2P Ph, P
(S,R)-Ugi's amine 57 % 92 % 95 %
Ph2P Fe
beMm 95 % Ph,P

(S,R)-ZhaoPhos

Figure 3.2 Synthetic route for ZhaoPhos.

Preparation of ZhaoPhos is readily reported in the preliminary works
of our group by Dr. Qingyang Zhao. From the cheap commercially
available enantiopure Ugi’s amine, this ligand can be easily obtained
with a four-step synthesis (Figure 3.2). This synthesis is highly scalable:

a 10-gram scale preparation can easily proceed with good repeatability.
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ZhaoPhos has been successfully applied in asymmetric
hydrogenation of nitroalkenes (Figure 3.3) with remarkable yields and
enantioselectivity. Control experiments were conducted to confirm the
cooperation of thiourea motif and the ferrocene-based bisphosphine unit.
Based on studies in organocatalysis, a thiourea-nitro interaction was
proposed to explain the high selectivity. This secondary interaction was
believed to bring two benefits: (1) activate the conjugate C=C bond by
hydrogen bonding; (2) create a suitable chiral catalytic environment and

therefore generate very good enantioselectivity.

R, Ro
Rh/ZhaoPhos, 5 atm H,
A N0, > R ANANO:
Ry i-PrOH, 24h, 35 °C 1

ee: up to 99%
TON: up to 400

Figure 3.3 Asymmetric hydrogenation of nitroalkenes with ZhaoPhos

Using synthetic routes similar to that of ZhaoPhos, a series of
ferrocene-based bisphosphine-thiourea ligands have been successfully
prepared. Conjugated nitroalkenes with various substituents on
B-position have been successfully reduced. Control experiments support
the assumption that thiourea motif and bisphosphine unit cooperate to
achieve high reactivity and selectivity. Both components in ZhaoPhos

are essential and the covalent linker is crucial for effective catalysis.
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Proton can be regarded as the simplest efficient catalyst. There has been
prosperous development of chiral Brgnsted acid catalysis during the past 20
years.”?! Chiral Brgnsted acid catalysis has been demonstrated to be a
powerful tool in organic synthesis.?*?* Anion binding, on the other hand,
commonly exists in various biologic systems and enzyme catalysis. As a
non-covalent interaction, hydrogen bonding has some unique characteristics,
such as moderate bonding energy and specific directionality.?>3° However,
each of these catalytic systems has some limitations: the pKa’s of phosphoric
acids are in a the range of 1~3, the acidity is weak to catalyze reactions that
require stronger activating reagents; chiral thiourea catalysts with anion
binding usually require a high catalyst loading (5%~20%). These drawbacks
severely limit their applications in large-scale organic synthesis.

R -~
OO S8 T AT R
R ! \‘rIJJ\IIu/ N J\ N+ x—H

\ O o < 1 /7 /N N
VS S oL | H

OQ d “oH oA N R T
®0 H-donor Bronsted acid
H

R

Chiral phosphoric acid
pKa 1~3

anion binding

Figure 3.4 Chiral Brgnsted acid catalysis versus thiourea anion binding with

simple Brgnsted acid.
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Zhou/Zhang, 2010
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H
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Figure 3.5 Asymmetric hydrogenation of unprotected indole

Chiral indolines are a series of ubiquitous N-heterocycles. This structural
motif could be found in many natural alkaloids and drugs.*** Comparing with
other synthetic approaches, asymmetric hydrogenation is the most straight
forward and efficient method to obtain chiral indolines because of its high atom
efficiency. N-protected indoles have been successfully reduced with Ru, Ir or
Rh complexes.®** The protecting groups on nitrogen weaken the aromaticity
of indoles, therefore facilitate the asymmetric reduction on enamide C=C
bonds. However, the removal of protecting groups requires extra steps and
leads to loss of yields, thus increasing the cost of synthetic routes. The only
successful example of asymmetric hydrogenation of unprotected indoles was
reported by Zhang and Zhou group with a palladium/H8-BINAP complex
(Figure 3.5).%*3" In this case, good enantioselectivity (91% ee) was achieved in
hydrogenation of 2-methylindole, but it requires the addition of a chiral auxiliary,
camphorsulfonic acid. Moreover, the use of expensive trifluoroethanol

increases the cost for its potential industrial application. Thus, we looked
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forward to developing a new methodology to generate chiral indoles with

excellent selectivity and low cost.

To achieve this goal, we envisioned to utilize the strategy of cooperative
catalysis (Figure 3.6). Strong Brgnsted acid such as HCl was introduced to
activate the aromatic indoles, while the thiourea (linked to the bisphosphine
ligand) formed a secondary interaction with the protonated indoles.
Rhodium/bisphosphine complex delivers a hydride to reduce the C=N bond
which is formed via a tautomerization process. Based on these theoretical
thinkings, we initiated our research with asymmetric hydrogenation of

2-methylindole.

CF,
S CF,
J L, 1
H\\@/,H {3 Anion binding FsC NN l
P Ph,P’ Fe
AN ® 2
Mo H S
p’ N PhZP/Q

Bronsted acid

Transition metal

(S,R)-ZhaoPhos

Figure 3.6 ZhaoPhos and cooperative catalysis of transition metal, Bransted

acid and thiourea anion binding.
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3.2 Asymmetric hydrogenation of indoles with ZhaoPhos

We conducted asymmetric hydrogenation with (S,R)-ZhaoPhos and used
[Rh(COD)CI], as the metal precursor since this rhodium(l) dimer gave
excellent results in the previous examples. We introduced strong Brgnsted
acid HCI by adding its diethyl ether solution. After screening solvents from
alcohols, alkyl chlorides, ethers and toluene, we found that dichloromethane
and 1,2-dichloroethane gave the highest conversion and enantiomeric excess
(Table 3.1, entry 7 and 8). *H NMR study showed no dimer or other byproducts
which could usually be found in acidic conditions. Application of HCI ether
solution leads to mixed solvents. Diethyl ether is extraordinarily volatile and
therefore its HCI solution is difficult to handle and measure accurately,
especially in a sealed container like a nitrogen gas protected glovebox. The
concentration of HCI in reaction mixture can hardly maintain since it is a
gas-liquid equilibrium system. Isopropanol, with much higher boiling point and
better solubility towards HCI, might be a desirable alternative to ether. Another
reason for using isopropanol is that it was reported to give excellent results in
asymmetric hydrogenation of nitroalkenes and iminium with Rh/ZhaoPhos.3%3°

When HCI (5M) in isopropanol was applied, the conversion was driven to

nearly 100% with the retention of high enantioselectivity (Table 3.1, entry 9).

Table 3.1 Condition optimization for 2-methylindole.
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N [Rh(COD)Cll,/Ligand
a *
©j>_5W +HCI(2 eq) A0atmH, 257C. 48h @_CHE
N N

then basic work-up H

1a 2a

Cl

Pibe e A
Ph,P I-Je hF’ Fe FiC HJ\H
thp L12 thp AI’EP "JE
ArzP
L11 L13
O,
PhF’
CH;
L14 F’th’

entry Ligand solvent conv® eel
1 (S,R)-ZhaoPhos MeOH 56% 27%
2 (S,R)-ZhaoPhos i-PrOH >99% 60%
3 (S,R)-ZhaoPhos CF3CH20H 21% 84%
4 (S,R)-ZhaoPhos Toluene 26% 91%
5 (S,R)-ZhaoPhos THF 14% 84%
6 (S,R)-ZhaoPhos 1,4-dioxane trace N.D.
7 (S,R)-ZhaoPhos DCM 76% 94%
8 (S,R)-ZhaoPhos 1,2-DCE 71% 95%
old (S,R)-ZhaoPhos DCM >99% 95%
101 (S,R)-L11 DCM 6% 80%
111 (S,R)-L12 DCM 0 N.D.
120 (S,R)-L13 DCM 68% 89%
13 (S,R)-L14 DCM 0 N.D.
14 (S,R)-ZhaoPhos DCM 99% 98%

[a] reaction condition: 1a (0.1 mmol) in 1.0 ml solvent, 1/[Rh(COD)CIl]./ligand
ratio=100/0.50/1.0, 0.1 ml of HCI (2 M) in Et20 solution was added; [b]
conversion was determined by 1H NMR analysis, no side product was
observed; [c] ee was determined by GC with a chiral stationary phase; [d] 0.04
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ml of HCI (5 M) in i-PrOH solution was added; [e] 0.1 ml of HCI (1 M) in AcOH
solution was applied.

To expand the ligand scope, various ligand analogues of ZhaoPhos were
prepared and tested. Multi-hydrogen-donor ligand L11 could not catalyze this
hydrogenation efficiently under the optimized condition (Table 3.1, entry 10).
Sulfonyl urea catalyst L12 does not give any hydrogenation product (entry 11).
More bulky substituents on the phosphorus centers failed to improve either
reactivity or enantioselectivity (entry 12). Comparing with thiourea, the

analogue ligand with squaramide L14 failed catalyzing this reaction (entry 13).

Table 3.2 Brgnsted acid screening for 2,3-disustituted indole. ©

[Rh(COD)CI),/(S.R)-ZhaoPhos

a
CHs 4 HCI (2 eq) 40 atmHp 25°C, 48h

H then basic work-up
1m
entry Brensted acid actual solvent conv® eel
DCM/i-PrOH =
1 HCI (2 eq.) 41% 94%
10:1
2 TfOH (1 eq.) DCM trace N.D.
p-TsOH-H20 (1
3 DCM 80% 90%
eq.)
4 CF3COOH (1 eq.) DCM 7% 92%
DCM/i-PrOH =
5 2 HCl + 1 TfOH 70% 90%

10:1
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11

12

13

2HCI+1
p-TsOH-H20
2HCI+1
CF;COOH

HCI (2 eq.)

HCI (2 eq.)

HCI (2 eq.)

HCI (2 eq.)

HCI (2 eq.)

HCI (2 eq.)

DCM/i-PrOH =
10:1
DCM/i-PrOH =
10:1
DCM/AcOH =
10:1
DCM/AcOH =
51
DCM/AcOH =
2:1
DCM/ACOH =
11
DCM/ACOH =
1:2
DCM/ACOH =
1:5

67%

49%

60%

74%

88%

90%

93%

94%

78

90%

94%

98%

97%

96%

95%

93%

92%

[a] reaction condition: 1m (0.1 mmol) in 1.0 ml solvent, 1/[Rh(COD)CI]./ligand
ratio=100/0.50/1.0; [b] conversion was determined by 1H NMR analysis, no

side product was observed; [c] ee was determined by HPLC with a chiral

stationary phase.

When the optimized condition was applied to asymmetric hydrogenation of

2,3-disubstituted indole (2-methyl-3-benzyl indole), only moderate conversion

was observed with high enantioselectivity (Table 3.2, entry 1). Only one of

diastereomers was observed. Lower conversion was probably caused by the

difficulty in protonation and thus the activation. In order to achieve higher yield,

altering the acidity of the protonation reagent would be a plausible solution. A
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series of strong Brgnsted acids were applied in this reaction since the anion
binding between the thiourea/urea and sulfonate anions was well studied.*
Triflic acid gave no hydrogenation product and lead to full recovery of starting
material. This might be due to its extraordinarily strong acidity (pKa = -12),*
which would probably protonate the catalyst, fail the catalyst and therefore
inhibits the reaction.** p-Toluenesulfonic acid also works for this reaction,
giving higher conversion and moderate enantioselectivity. Trifluoroacetic acid,
on the other hand, gives higher ee but low conversion. When combined with
HCI in isopropanol, these strong Brgnsted acids improved the performance of

HCl (entry 5, 6, 7).

~—
pKa=-7 pKa = -1
H®
PON —_—
HCl + R R ~ C@ + R/O\R
pKa = -7 pKa = -3
Q o ®oH
—
HCl + ~ C@ + —
)LOH OH, )I\OH
pKa = -7 pKa = -7

Figure 3.7 Leveling effect of HCI in solutions.

Solvation effect was analyzed as well, since it is another factor that
influences the acidity of Brgnsted acid. In water or alcohols, the strongest
species of acidity is protonated hydroxyl group, whose pKa’s are around -1.

Protonated ethers offer similar pKa’'s (~ -3). Due to leveling effect, HCI in
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solutions such as alcohols and ethers cannot provide stronger acidity. When
the solvent is switched to acetic acid, the strength of acidity of HCI can be
maintained, the protonation of indole substrates thus would be much more
efficient. Encouraged by this qualitative reasoning, we use HCI in acetic acid
solution. It turned out that both conversion and ee were increased. The ratio of
acetic acid and dichloromethane is tricky though: higher proportion of acetic
acid leads to higher conversion but lower ee (Table 3.2, entry 8~13). We then
apply this Brgnsted acid source back to the hydrogenation of the standard
substrate 2-methylindole, the ee was increased to 98% with full conversion
(Table 3.1, entry 14). Again, no significant sign of by-products was observed
by 'H NMR study on the crude products. These results suggest that

Rh/ZhaoPhos complex can tolerate this highly acidic reaction condition.

The high stereoselectivity in hydrogenation of 2,3-disubstituted indoles
could be explained as a result of a dynamic kinetic resolution process (Figure
3.8). After protonating the substrates, two enantiomers both exist in the
solution. But due to the chiral environment generated by the catalyst, only one
isomer could be reduced efficiently (k; >> k3 >> k3) in the hydride transfer step.
Due to the steric effect, addition of hydride could only happen on one side of

iminium intermediates, resulting in trans- addition and thus a cis- product.

The ligand/metal ratio was then examined for a wide range of values. Good

performance (>95% conv. and 97% ee for chiral 2-methylindoline) was
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retained with a ligand/Rh ratio from 0.5 to 2.0. In addition, the equivalent of
hydrogen chloride to indole substrate can also be wide-ranged.** These
advantages make the ZhaoPhos/Rh catalytic system an ease in organic
synthesis communities. However, without Brgnsted acid HCI, no product was
observed, leading to almost full recovery of starting material, which implies the

significance of a proton source.

oR'
R H—Rh

~x—
3
)
7
=z
-
ra
b
o
|
c
=%
e}

X
X

mR

Dynamic kinetic reslution ©
H, Cl Anti- addition is favored

Figure 3.8 Origin of stereoselectivity in the hydrogenation of disubstituted

indoles.

We then expanded the substrate scope with optimized reaction conditions
(Table 3.3). By adding hydrogen chloride in acetic acid solution as the
Bregnsted acid source, 2-substituted indoles and 2,3-disubstituted indoles were
hydrogenated with excellent enantioselectivities (94%~99% ee). Various
substituents on 2- position or on the benzene ring did not show significant
influences on the enantioselectivity, while the yields vary from case to case.
Phenyl substituent on the 2-position remains a challenge, probably because of

the fact of a more stable conjugated enamine C=C bond, which is more difficult
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for protonation. 2,3-Disubstituted indoles were also successfully hydrogenated

with both good diastereoselectivities (>25:1) and excellent enantioselectivities

Table 3.3 Substrate scope for asymmetric hydrogenation of indoles [e]

2 R
[Rh{COD)CI/(S,R)-ZhaocPhos %
DCM/ACOH = 51 *
R N—g! R R’
N +HCl(2eq) 40 atm H,, 25 °C, 48 h N
> H
then basic work-up 2

1
N 2b
I N = N 2d
: yield 86%, yield 90%,
o (5] ee 97% (S)

H
yield 98%, yield 94%,
ee 97% (S) ee 97% (S5) ee 97% (S5)
e MeO
anBn ©E><m|3h anfde milMe
N N 2f 2 2h
yield 96%, yield 99%,
) ee 97% (5)

yield 89%, yield 8%
ee 97% (8) ee 97% (S)
Me
\CE> wilie \©E>nlll\.k\ \CE> millyle CE}HHME‘
yield 85%. yield 76%, yield 74%, yield 82%.
ee 98% (S) ee 98% (S) ee 98% (5) ee 98% (S 8)
O A
i}
- @Q

gy

wilve ©f>-nlr\-'1e
N
H 2n
yield 629‘0. yield 97%,
ee 94% (S 5)

yield 85%,
ee 98% (3.9)

yield ?bf,'-o,
ee 97/% (5,.8) ee 99% (S,.5)

[a] reaction condition: 1 (0.2 mmol) in 2.0 ml solvent, 1/[Rh(COD)CI]./ligand

ratio=100/0.50/1.0, 0.4 ml of HCI (1.0 M) in AcOH solution was added; isolation
yield, no significant sign of side product was observed; ee was determined by

HPLC or GC with a chiral stationary phase
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3.3 Mechanistic study

The anion binding effect of ZhaoPhos with chloride ion was observed in
previous studies.®® * Control experiments were conducted to prove the
importance of cooperation between thiourea moiety and the bisphosphine unit
(Table 3.4). Each part within ZhaoPhos was demonstrated to be necessary for
an efficient asymmetric hydrogenation of 2-methylindole. We synthesized a
series of analogues of ZhaoPhos and conducted control experiments to
evaluate the collaborating manner of each unit in ZhaoPhos. Urea
bisphosphine ligand L1fails catalyzing the reaction, this sharp contrast
suggests a crucial role of thiourea moiety. Comparing with the H on (L2) and
methyl group on (L3), the more electron-withdrawing trifluoromethyl group at
3- and 5- position on the phenyl ring of ZhaoPhos increases both reactivity and
enantioselectivity, which is probably due to the stronger acidity of N-H proton
on the thiourea. After methylation of the less acidic thiourea N-H proton,
enantioselectivity results in a negligible decrease. This observation reveals
that the more acidic thiourea N-H proton contributes the most in anion binding
with chloride. Furthermore, the mixture of monophosphine ligand L6 and
ferrocene-thiourea compound L7 with triphenylphosphine can hardly catalyzed
the hydrogenation reaction. On the other hand, the mixture of thiourea and
bisphosphine-Ugi’s amine L8 failed to show catalytic activity. These results
(ZhaoPhos vs L6 or L7 with PPh; and LB8/thiourea) demonstrate the

importance of a covalent incorporation of bisphosphine moiety and thiourea.
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The idea of secondary interaction offers a powerful alternative strategy to

traditional asymmetric hydrogenation.

Table 3.4 Control experiments and ligand evaluation. [e]

N [Rh(COD)CI)./Ligand
o *
@—CH, +HOI(2 00) 40 atm H,, 25°C. 48 h ©:>_°H"
H then basic work-up ﬁ
1a 2a

CF, CFy o
3
S * S
PN PN PN 8
F4C NT N FsC N™ "N N7 N JL
: nooH non ! HoH g HyC NN
Php? Fe PhsP lelD Php? Fo 2 NN .
/@b L1 Py L2 /@b PhP? Fe
ZhaoPhos PhyP Ph,P Ph,P Ls o P/@
98% conversion 0% conversion 63% conversion ?
97% ee 89% ee 60% conversion
e 89% ee
CF,
CF
? CFy
S
FiC NJLN /@\ JSL JSI\ S H.N
? A T FsC NN FC N7 N ).L ‘ .
HaC php? Fe ) : H H HNT SNH,  * PhP? Fe
Z/@ PhzP™ Fe ‘I[‘ 2! 2 L8 Z/D
(@) < 1eq. Ct)
L5 PhzP L6 + PPh3 Q L7 + 2PPh3 5 PhyP

94% conversion
95% ee 0% conversion 2% conversion 4% conversion

[a] reaction condition: 1a (0.2 mmol) in 2.0 ml solvent,1/[Rh(COD)CI]./ligand
ratio=100/0.50/1.0, 0.4 ml of HCI (1.0 M) in AcOH solution was added;
conversion was determined by *H NMR analysis, no side product was
observed; ee was determined by HPLC or GC with a chiral stationary phase.

Counterion effect was also examined. When tetrabutylammonium chloride
(TBAC) was added, no significant changes in conversion and
enantioselectivity were observed (Table 3.5, entry 2 vs 1). This suggests the
spectator role of tetrabutylammonium cation. The introduction of fluoride anion
from TBAF does not influence this catalytic reaction (entry 3 vs 2). The
presence of bromide anion decreases the conversion, but it shows trace
influence on the enantioselectivity (entry 4 vs 2). lodide, however, lowers both

conversion and enantioselectivity dramatically (entry 5 vs 2). These results



85

imply that a suitable size of halide anion is vital for the catalytic system to work

efficiently.

Table 3.5 Counterion effect. &

\ [Rh{CCD)Clz/ZhacPhos
. ) el *
N N

H then basic work-up N

1a 2a
Entry Additive conversion!® eel
1 None 98% 97%
2 TBAC (1.0 eq) 92% 94%
3 TBAF (1.0 eq.) 93% 93%
4 TBAB (1.0 eq.) 61% 92%
5 TBAI (1.0 eq.) 13% 76%

[a] reaction condition: 1a (0.2 mmol) in 2.0 ml solvent, 1/[Rh(COD)ClI]./ligand
ratio=100/0.50/1.0, 0.4 ml of HCI (1.0 M) in AcOH solution was added,; [b]
conversion was determined by *H NMR analysis, no side product was
observed; [c] ee was determined by HPLC or GC with a chiral stationary
phase.

In order to get a deeper insight of this reaction progress, we conducted
isotope labeling experiments (Figure 3.9). When the reaction was performed in
deuterated solvent (CD3OD/CD,Cl,) with hydrogen gas, D atoms were added
only at 3-position while H atom was added at 2-position. When regular solvent
and deuterium gas were applied, D atom was added exclusively at 2-position,
no significant sign of D atom was observed at 3-position. This result suggests

that it is the C=N bond, rather than the C=C, to be hydrogenated. A protonation
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and the following enamine-imine tautomerization probably occur prior to the
hydrogenation. The low abundance (32%) of deuterium at 2-position in
experiment 2 seems to suggest an H-D exchange before the hydrogenation
step. In order to gain a plausible explanation, systematic kinetic studies will be

conducted in the future.

H

mCH3 RhizhaoPhos, CD,0D/CD,Cl, D

0

N 40 atm Hy, 25°C, 48 h ©fS<CH3 (Exp. 1)
then basic work-up N

+ p-TsOH"H,0 (1.5 eq.) A A

>95% H

A\ CH, Rh/ZhaoPhos,OCHaoH H y
N 12 atm D,, 25 °C, 48 h (Exp. 2)

H CHs

then basic work-up N
H

D
+HCl (2 eq.) _ 32% D

Figure 3.9 Deuterium labeling experiments.

3.4 Nonlinear effect

The hydrogen bonding between thiourea molecules in supramolecular
chemistry prompted us to investigate the potential dimerization or high-order
aggregation of this thiourea-containing catalyst. Quantitative nonlinear effect
(NLE) experiment was carried out. An obvious positive NLE was observed in

the hydrogenation of 2-methylindole with ZhaoPhos/Rh complex (Table 4.6).

Table 3.6 Nonlinear effect for asymmetric hydrogenation of indole. (&)



N
mCH3 + HCI 2 eq)

[Rh(COD)ClJ»/ZhaoPhos
40 atm H», 25°C, 48 h

lhen basic work-up

87

1a 2a
—@— EEprod.
100
=)
80
70
3 60
e
£ 50
xX
g 40
30
20
10
0
0 10 20 30 40 50 60 70 80 90 100
ee % (ZhaoPhos)

Entry ee fo ZhaoPhos conversion™ eel
1 0 98% 8%
2 10% 98% 39%
3 20% 98% 57%
4 40% 98% 80%
5 60% 98% 89%
6 80% 98% 95%
7 90% 98% 96%
8 100% 98% 97%
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[a] reaction condition: 1a (0.2 mmol) in 2.0 ml solvent, 1a/[Rh(COD)ClI]./ligand
ratio=100/0.50/1.0, 0.4 ml of HCI (1.0 M) in AcOH solution was added; [b]
conversion was determined by *H NMR analysis, no side product was

observed; [c] ee was determined by HPLC or GC with a chiral stationary
phase.

A non-covalent interaction between thiourea ligands might be responsible
for this phenomenon. The ZhaoPhos/rhodium complex, categorized as
bidentate L-L/M system, is not suitable for Kagan’s classic ML;L, model or
“Reservoir Model”.”> Another reasonable mechanism is thus needed to explain
this phenomenon. When the Hayashi and coworkers studied the rhodium
catalyzed 1,4-addition of phenylboronic acid to enones,*® an strong negative
NLE was observed. With kinetic and NMR studies, they proposed that a
dimeric rhodium complex serves as the precursor of the catalytically active Rh
complex. Similarly, Jacobsen and coworkers observed dimerization via anion
binding play important roles in some organocatalytic reactions.*’ Based on
Hayashi’'s and Jacobsen’s studies, we proposed a similar dimer (Figure 3.10)
which is responsible for the observed strong positive NLE. When treating the
metal precursor [Rh(COD)CI], with enantiopure ZhaoPhos, a homochiral dimer
is formed, which will sequentially dissociate to form a monomer. Once reacting
with hydrogen gas, an oxidative addition will change this square planar
monomer into a reactive octahedral complex. On the other hand, when the Rh
precursor is treated with mixed enantiomers of ZhaoPhos, both homochiral
and heterochiral dimers will form. The heterochiral dimer is more stable than

the homochiral ones, resulting in an enantiomeric enrichment for the reactive
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monomer rhodium dihydride complex. A positive NLE will be therefore

observed in hydrogenation of 2-methylindole.

CFs CFs3
X X
(e (e
H H
P O/ H._..H P. P Y,
\ N \\
.Rh/. ,C|I‘ P/Rh\P \Rh/, cl Rn
. FAAN P
e o G -
3 \n/ F3C N\n/N

CFs CFs4
(S,R)-(S,R) or CF, / (S,R)(R,S) or
(R,S)-(R,S) dimer (R,S)-(S,R)dimer
less stable JSL more stable
EREN PO
R P H
.Rh, |
H™ H

H
\\\(9,/
C

(S,R)or (R,S)
monomer
reactive species

Figure 3.10 Equilibrium scheme for nonlinear effect.
3.5 Conclusion

In summary, we have developed an efficient methodology to synthesize
chiral indolines. By employing a cooperative catalysis of transition metal,
Brgnsted acid and anion binding, prochiral indoles are successfully
hydrogenated with excellent enantioselectivities. After introducing strong
Brgnsted acid HCI, protonation of indole leads to an enamine-imine
tautomerization equilibrium. The resulting iminium was reduced by a
rhodium-ZhaoPhos complex. Isotope labeling experiments supported this
reaction sequence. Dimerization via anion binding was proposed to explain the

observed positive nonlinear effect.
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3.6 Experimental Section

3.6.1 Synthesis of indole substrates.

Method A

m (1) Bu-Li, 'BUOK, ether, -78°C @_/R
CH3 >
N (2) R-X N

H

H

2-methylindole (10 mmol, 1.31 g) was dissolved in ether at room temperature,
the mixture was under nitrogen protection. Butyllithium in hexane solution was
added dropwise to the stirring mixture. Then potassium tert-butoxide was
added in one portion. The color of the mixture became bright yellow. After
stirring for 30 min, the mixture was cooled to -78°C, methyl iodide was added
dropwise. After stirring for another 2 hours at -78°C, several drops of water
was added to quench the reaction. Ammonium chloride solution was added to
adjust the pH to neutral. After separation, the aqueous layer was washed with
ether and the organic layer was combined. The ether solution was dried over
anhydrous sodium sulfate and then the volatile was evaporated under reduced
pressure. The crude product was purified by flash chromatography

(hexanes/ethyl acetate).

Method B

PA(OAC),, K,COy, Lb
R >
N N

H DMF, H,0, 70°C, 14 h H

A Schlenk flask was charged with indole (5 mmol, 0.65 g), alkyl bromide,
norbornene, potassium carbonate and palladium(ll) acetate. Water (0.1 M) in
DMF was added. The mixture was frozen at -78 °C and the flask was

evacuated and backfilled with nitrogen for 3 times. The stoppered mixture was
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stirred at 70°C for 14 hours. After cooled to room temperature, the mixture was
diluted with ether and washed with water. The organic layer was dried over
anhydrous sodium sulfate and the volatile was evaporated under reduced
pressure. The crude product was purified by flash chromatography

(hexanes/ethyl acetate).

Method C

R

AN TFA, Pd/C, H
®0H3 + goCHO -z, N—cH,
N DCM, 0°C, 3 h N

H

In a round bottom flask, a solution of 2-methylindole (5 mmol, 0.65 g) and
aldehyde in dichloromethane was added to a stirring ice-cold mixture of
trifluoroacetice acid and palladium on carbon in DCM. This flask was filled with
hydrogen and the mixture was stirred at 0°C. After TCL monitoring showed the
consumption of indole (approximately 3 h), the Pd/C was filtered and the
solvent was concentrated under reduced pressure. The crude product was

purified by chromatography (hexane/ethyl acetate).

Method D

R1

H o
©/ 2 R AcOH, 120°C, 2 h N

H

A round bottom flask was charged with 0.5 ml phenyl hydrazine, 0.78 ml
cyclohexanone, 1ml of concentrate HCIl and 20 ml of acetic acid. The mixture
was heated at 120°C for 2 hours and cooled back to room temperature. 2M of
NaOH solution was added. After the pH became 6-7, the mixture was cooled in

ice. The aqueous layer was extracted with ether 3 times and the combined
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mixture was dried over anhydrous sodium sulfate and concentrated under
reduced pressure. The crude product was purified by chromatography

(hexane/ethyl acetate).

Method A Method B Method C Method D

H
N Me
N Pent Bn N
N N H A\
H H 0 \ N
X
N Me
N
H

3.6.2 General procedure for asymmetric hydrogenation of indoles.

In the nitrogen-filled glovebox, solution of [Rh(COD)CI], (2.46 mg, 0.005
mmol) and ZhaoPhos (2.1 eq.) in 5.0 ml anhydrous solvent was stirred at room
temperature for 20 min. A specified volume of the resulting solution (0.50 ml, 1%
Rh catalyst) was transferred to a Score-Break ampule charged with substrate
solution (0.1 mmol in 0.5 ml) by syringe. 0.2 ml of hydrogen chloride in acetic
acid solution (1.0 M) was added by syringe. The ampule was placed into an
autoclave, which was then charged with 40 atm H,. The autoclave was stirred

at desired temperature for the indicated period of time. After release of H,
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saturated potassium carbonate solution and dichloromethane was added and
the mixture was stirred for 30 min. The organic layer was dried with Na,SO,.
After removal of solvent, the crude product was analyzed by 1H NMR to
determine the conversion. The enantiomeric excess was determined by GC or
HPLC analysis. The absolute configurations were assigned according to

literature.

3.6.3 Deuterium labeling experiments.

3-44-1. 1. fid
3-44-1 1H

5500
PROTON CDC13 (E:\NMR Data) jw 4

5000
HoH

CH3 4500

N H e B -
i - v 7/ 1000
3500
3000
2500
2000
l . i 1500
“ ‘ ‘ 1000

‘ 500

|\‘
[
|

i
1
)

= L
0. 86

=500

4.7 46 45 44 43 42 41 40 3.9 38 37 36 35 34 33 32 31 30 29 28 27 26 25 2.4 23
f1 (ppm)
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3-75-2]1H

STANDARD PHOSPHORUS PARAMETERS
60
70% D

@_CHS Rh/ZhaoPhos, CD,0D/CD,Cl, D b
0, =5
\ 40atm Hy, 25°C, 480 ol (Exp. 1) o

H

then basic work-up N H s B
- H R Zoro w s
+ p-TsOH-H,0 (1.5 eq.) — — ->95% H S
—‘ H10
1 I35

|

3-146-1_1H
STANDARD PROTON PARAMETERS

>95% H

( ) 220
\ CH, Rh/ZhaoPhos,OCH3OH H H oo
N 12 atm Dy, 25 °C, 48 h o (Exp. 2)
CHj

H 7 7
then basic work-uy 180

D _ -~ 7
~ 32% D

Iz

+ HCI (2 eq.)
160

140

F100

80

60

| \ i
S SN WL WA A Lo

.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 40 3.9 3.8 3.7 36 35 34 33 32 31 3.0 2.9 2.8 27 2.6 2.5 24 2.3 22
1 (ppm)

3.6.4 Characterization data for chiral indolines.



(S)-2-methylindoline (2a)

Colorless oil. *H NMR (400 MHz, CDCl3) 6 7.09 (d,J=7.3 Hz, 1H), 7.02 (t, J =
7.6 Hz, 1H), 6.70 (t, J = 7.4 Hz, 1H), 6.62 (d, J = 7.7 Hz, 1H), 4.00 (tg, J = 8.1,
6.2 Hz, 1H), 3.79 (br, 1H), 3.16 (dd, J = 15.4, 8.5 Hz, 1H), 2.65 (dd, J = 15.4,
NMR (400 MHz, CDCl3): & 150.96,

7.8 Hz, 1H), 1.30 (d, J = 6.2 Hz, 3H). *C

128.89, 127.23, 124.72, 118.52, 109.16, 55.23, 37.78, 22.30. HPLC (Daicel

Chiralpak OD-H, hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254

nm): t; = 12.1 min, t; = 13.8 min.

VW A, Wavelengih=254 nm (JW\ SEGN__DATE__TME_ 1100810101 D)
g
4
250-]
200
150
|
50
™ Vesrdeng TIOGSToa0T O]
u R
q . F
I
w0 11
|
400
200
200-]
100
8
3‘,@
[ 8 10 iz 16 5 2 2 P
Peak RetTime Type Width Area Height Area
# [min] [min] mAU *s [mAU 1 %
i e R |-——mmmmm- [-——mmmm- !
1 12.289 MM 0.5220 245.97058 7.85383 0.9312
2 13.832 MM 0.7410 2.61680e4 588.53992 99.0688
Totals : 2.64140e4 596.39375

(S)-2-ethylindoline (2b)
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Colorless oil. *"H NMR (400 MHz, CDCI3) 8 7.07 (d, J = 7.2 Hz, 1H), 7.01 (t, J =
7.6 Hz, 1H), 6.68 (td, J = 7.4, 0.9 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 3.88 (br,
1H), 3.78 (tt, J = 8.5, 6.6 Hz, 1H), 3.13 (dd, J = 15.5, 8.6 Hz, 1H), 2.69 (dd, J =
15.5, 8.4 Hz, 1H), 1.64 (qd, J = 7.5, 4.0 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). *C
NMR (400 MHz, CDClI3) 6 151.00, 128.86, 127.17, 124.62, 118.37, 108.99,
61.49, 35.72, 29.55, 10.69. HPLC (Daicel Chiralpak OD-H, hexanes/i-PrOH =
97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 9.5 min, t; = 11.3 min.

VWi W =254 nm (JW QON__D# 00’ )
mAU %
| o
0] I
| |
250] |\ |
| M
] ‘| \
I
L
[
) R
0 | \ |
\
] J
VWOTA W 35 o (07 TE__TIE_TZn081-0101D)
mAl 8 A
1
s
400 “
ﬂ
%00] ‘\
w \
. | \
R
g
I AN N
.‘z 14
Peak RetTime Type Width Area Height Area
# [min] [min] mAD *3 [mal 1 5
———= = | === ======= | === | ======——= | === |
1 9.465 MM 0.4431 276.6%9092 10.407B1 1.504%9
2 11.263 MM 0.6176 1.81097e4 48B.70456 98.4351
Totals : 1.83B64e4 499.11237

(S)-2-pentylindoline (2¢)
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Colorless oil. 'H NMR (400 MHz, CDCl3) & 7.07 (d, J = 7.2 Hz, 1H), 7.00 (t, J =
7.6 Hz, 1H), 6.68 (td, J = 7.4, 0.7 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 3.84 (dg, J
= 8.5, 6.7 Hz, 1H), 3.35 (br, 1H), 3.12 (dd, J = 15.5, 8.6 Hz, 1H), 2.68 (dd, J =
15.4, 8.4 Hz, 1H), 1.68 — 1.53 (m, 2H), 1.47 — 1.17 (m, 6H), 0.91 (dd, J = 8.9,
4.8 Hz, 3H). *C NMR (400 MHz, CDCl3) 5 150.98, 128.91, 127.19, 124.63,
118.45, 109.08, 60.08, 36.81, 36.18, 31.87, 26.23, 22.62, 13.99. HPLC (Daicel
Chiralpak OD-H, hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254

nm): t; = 6.7 min, t; = 8.8 min.

Peak RetTime Type Width Area Height Area
# [min] [min] mAU *3 [mAT 1 %

1 6.700 MM 0.3064 259.27817 14.10447 1.4077
prd E.814 MM 0.4543% 1.815%6ed 665.32605 98.5923

Totals : 1.841B%e4 679.43052
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(S)-2-decylindoline (2d)

Colorless oil. *H NMR (400 MHz, CDCl3) 6 7.07 (d,J=7.2 Hz, 1H), 7.00 (t, J =
7.6 Hz, 1H), 6.68 (t, J = 7.4 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 3.83 (ddd, J =
15.2, 8.5, 6.7 Hz, 2H), 3.12 (dd, J = 15.4, 8.6 Hz, 1H), 2.67 (dd, J = 15.4, 8.5
Hz, 1H), 1.71 — 1.55 (m, 4H), 1.30 (d, J = 21.9 Hz, 14H), 0.89 (t, J = 6.8 Hz,
3H). *C NMR (400 MHz, CDCl3) 5 150.99, 128.90, 127.17, 124.63, 118.40,
109.04, 60.09, 36.84, 36.16, 31.90, 29.63, 29.33, 26.58, 22.68, 14.10. HPLC
(Daicel Chiralpak OD-H, hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV =
254 nm): t; = 6.0 min, t; = 8.2 min.

VW Wi 54 nam (JW =_ _TIME_ 175\005-06( )
mAU g
Ti
. h
.
|
" I I
-
00
‘ \\ ‘ \
\
00 \ |
| \ | \
NS N VNS B S
VWI Wi 254 i (JW! 083-0301.0)
Ay % .
&
600 |kw
500 ‘\
|
w 1
| ‘.
” |
o e |
g |
N S N
3
Peak RetTime Type Width Area Height Area
# [min] [min] mAU *3 [mal 1 %
=== m————— | ==== === | === | ==mm—————— | === |
1 5.970 MM 0.2832 227.68025 13.40041 1.337¢

2 B.154 MM 0.4317 1.67936ed 64B.28115% S58.6624

Totals : 1.70213e4 661.68159
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(S)-2-benzylindoline (2¢)

Colorless oil. *H NMR (400 MHz, CDCl3) 5 7.34 (t, J = 7.3 Hz, 3H), 7.25 (dd, J
=10.7, 7.6 Hz, 2H), 7.09 (d, J = 7.3 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H), 6.70 (t, J
= 7.4 Hz, 1H), 6.58 (d, J = 7.7 Hz, 1H), 4.09 (ddd, J = 15.8, 8.4, 5.6 Hz, 1H),
3.81 (br, 1H), 3.15 (dd, J = 15.5, 8.5 Hz, 1H), 3.00 — 2.74 (m, 3H). *C NMR
(400 MHz, CDCl3) 6 150.53, 139.08, 129.11, 128.62, 128.35, 127.33, 126.43,
124.79, 118.51, 109.07, 60.96, 42.72, 35.94. HPLC (Daicel Chiralpak OD-H,
hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 9.8 min, t, =

11.1 min.
VWETAW 254 o (WY SEGN_T TIVE_ 775003 5901 B)
mAL E
- ﬁ 3
I =
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. |
‘ [
- i [
|
o0 ‘\ ‘ﬂ
] \
N |
© \ \\ | \
- L\
I B
10
VWOTA Wan S W e TIVE TIS0SS5T5T5)
mav F
fa
|
500 H
‘
00 |
|
N
00 ‘ I\
. N\
-
00 .%\q,l \
Ll
¥
1y
Peak RetTime Type Width Area Height Area
# [min] [min] mAU s [mAD 1 %
e | === == | === | —==mm | === I
1 5.805 MM 0.4497 357.6179B 13.25354 1.6701

2 11.086 MM 0.5992 2.10556e4 585.62494 98.3299

Totals : 2.14132e4 598.87847
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(S)-2,5-dimethylindoline (29)

Colorless oil. *H NMR (400 MHz, CDCls) 5 6.91 (s, 1H), 6.82 (d, J = 7.7 Hz,
1H), 6.52 (d, J = 7.8 Hz, 1H), 4.09 — 3.77 (m, 1H), 3.44 (br, 1H), 3.10 (dd, J =
15.4, 8.4 Hz, 1H), 2.60 (dd, J = 15.4, 7.7 Hz, 1H), 2.25 (s, 3H), 1.28 (d, J = 6.2
Hz, 3H). *C NMR (400 MHz, CDCls) & 148.56, 129.23, 127.89, 127.48, 125.49,
109.14, 55.37, 37.85, 22.22, 20.74. HPLC (Daicel Chiralpak OD-H,
hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 7.2 min, t, =

9.1 min.

- 8 8 B B B 8 8§ 8 °
> 3.3 8 3 B3 85

VWD1 A, Wavelengt=364 v (JW\_SEGN__DATE__TINE_ 1211084-0401)

Peak RetTime Type Width Area Height Area
# [min] [min] mAD *g [mAl 1 %
e R R [====mmmmm | === [-=-mm- I
1 7.214 MM 0.3670 312.0%412 14.17488 1.6806
z 9.145 MM 0.4516 1.B2Z5ET7ed 619.00964 98.3194

Totals : 1.85708e4 633.18452
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(S)-5-methoxy-2-methylindoline (2h)

Colorless oil. *H NMR (400 MHz, CDCls) 8 6.74 (dd, J = 5.5, 4.3 Hz, 1H), 6.60
(dd, J = 8.3, 2.4 Hz, 1H), 6.55 (d, J = 8.4 Hz, 1H), 4.04 — 3.94 (m, 1H), 3.75 (s,
3H), 3.40 (br, 1H), 3.12 (dd, J = 15.5, 8.3 Hz, 1H), 2.63 (dd, J = 15.5, 7.9 Hz,
1H), 1.30 (d, J = 6.2 Hz, 3H). **C NMR (400 MHz, CDCls) & 153.47, 144.77,
130.66, 112.13, 111.71, 109.79, 55.95, 55.65, 38.29, 22.17. HPLC (Daicel
Chiralpak OD-H, hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254
nm): t; = 12.1 min, t; = 25.1 min.

Peak RetTime Type Width Area Height Area
# [min] [min] mal s [mAU 1 5
el B R R | == e I
1 12.079 MM 0.7445 294.37491 6.58973 1.5147
2 25.135 MM 1.6384 1.91400e4 134.70343 98.4853

Totals : 1.94343e4 201.29316
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(S)-5-fluoro-2-methylindoline (2i)

Colorless oil. '"H NMR (400 MHz, CDCl3) 5 6.87 — 6.77 (m, 1H), 6.74 — 6.66 (m,
1H), 6.50 (dd, J = 8.4, 4.4 Hz, 1H), 4.06 — 3.96 (m, 1H), 3.33 (br, 1H), 3.12 (dd,
J=15.7, 8.5 Hz, 1H), 2.62 (ddd, J = 15.7, 7.8, 0.7 Hz, 1H), 1.29 (d, J = 6.2 Hz,
3H). *C NMR (400 MHz, CDCl5) 8 156.97 (d, J = 234.7 Hz), 146.92 (s), 130.64
(d, J = 8.2 Hz), 113.09 (d, J = 23.2 Hz), 112.11 (d, J = 23.7 Hz), 109.28 (d, J =
8.2 Hz), 55.89, 38.02, 22.16. HPLC (Daicel Chiralpak OD-H, hexanes/i-PrOH =
97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 7.3 min, t; = 10.7 min.

g 8 8 B
2
5
_ — ;
—,
5,

® & |
= J
e S - S —
Peak RetTime Type Width Area Height Area
# [min] [min] mAD *3 [mAl 1 5

1 7.299 MM 0.3069 53.58935 2.91006 0.9652
2 10.703 MM 0.5535 549%B8.71191 165.58165 99.0348

Totals : 5552.30187 16B.49171
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(S)-5-chloro-2-methylindoline (2j)

Colorless oil. *H NMR (400 MHz, CDCls5) 5 7.02 (s, 1H), 6.95 (dd, J=8.2, 1.8
Hz, 1H), 6.49 (d, J = 8.2 Hz, 1H), 4.01 (tt, J = 14.4, 6.2 Hz, 1H), 3.76 (br, 1H),
3.12 (dd, J = 15.7, 8.6 Hz, 1H), 2.61 (dd, J = 15.7, 7.6 Hz, 1H), 1.28 (d, J = 6.2
Hz, 3H). *C NMR (400 MHz, CDCls) & 149.50, 130.75, 126.94, 124.86, 122.93,
109.69, 55.61, 37.60, 22.16. HPLC (Daicel Chiralpak OD-H, hexanes/i-PrOH =
97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 8.1 min, t, = 14.5 min.

mau .
Q-EP@
s00-]
400-]
a00-]
200-|
o &
e
} Py
Peak RetTime Type Width Area Height Area
# [min] [min] mAD *s3 [mAT 1 %
et B === | === [===mmmmmm [===mmmmmm [-=mmmm I
1 B.087 MM 0.3608 309.46597 14.253349 1.0901
2 14.479 MM 0.7926 Z.B07EBded 590.45758 98.309%

Totals : 2.83B7%4 604.75107
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(S)-5-bromo-2-methylindoline (2k)

Colorless oil. *H NMR (400 MHz, CDCl3) 5 7.17 — 7.14 (m, 1H), 7.09 (dd, J =
8.2, 2.0 Hz, 1H), 6.45 (d, J = 8.2 Hz, 1H), 4.10 — 3.91 (m, 1H), 3.76 (br, 1H),
3.12 (dd, J = 15.7, 8.5 Hz, 1H), 2.62 (dd, J = 15.7, 7.6 Hz, 1H), 1.27 (d, J = 6.2
Hz, 3H). **C NMR (400 MHz, CDCls) 5 149.95, 131.23, 129.82, 127.65, 110.25,
109.90, 55.53, 37.51, 22.15. HPLC (Daicel Chiralpak OD-H, hexanes/i-PrOH =
97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 8.6 min, t, = 15.4 min.

TATOT A, Wawlang =254 s (00 7
mau
s00-|
400
]
300 2
200-|
100]
2
VT A Wavlargi25% n (101 DT 5]
mau
500
a0
a00-]
200
e . &
B
Peak RetTime Type Width Area Height Area
# [min] [min] mAD *3 [mAU 1 %
et R R [==——mmmmm === |-=-m-mm- I
1 B.559 MM 0.4066 407.97836 16.72300 1.2876
2 15.396 MM 0.B760 3.127EB3e4 595.09326 98.7124

Totals : 3.16B62e4d 611.81626
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(S,9)-2,3-dimethylindoline (2I)

Colorless oil. *H NMR (400 MHz, CDCl3) 5 7.12 — 6.98 (m, 2H), 6.73 (t, J = 7.4
Hz, 1H), 6.62 (d, J = 7.7 Hz, 1H), 4.01 — 3.89 (m, 1H), 3.64 (br, 1H), 3.33 —
3.22 (m, 1H), 1.18 (d, J = 7.2 Hz, 3H), 1.14 (d, J = 6.5 Hz, 3H). *C NMR (400
MHz, CDCl3) 6 150.09, 134.24, 127.21, 123.75, 118.67, 109.28, 58.34, 39.43,
16.28, 13.60. HPLC (Daicel Chiralpak OD-H, hexanes/i-PrOH = 97/3, Flow
rate = 0.8 ml/min, UV = 254 nm): t; = 31.1 min, t, = 36.0 min.

2 & \
_ &) I
Peak RetTime Type Width Area Height Area
# [min] [min] mAD *3 [mAl 1 5
il B e | === | === |===== I
1 31.073 MM 1.4677 210.76115 1.69098 1.076%

Z 36.034 MM 3.1541 1.93600e4 102.29957 ©598.9231

Totals : 1.95708e4 103.93055

(S,S)-3-benzyl-2-methylindoline (2m)
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Colorless oil. *H NMR (400 MHz, CDCls) & 7.31 (t, J = 7.2 Hz, 2H), 7.27 — 7.22
(m, 1H), 7.20 (t, J = 6.8 Hz, 2H), 7.07 — 6.97 (m, 1H), 6.65 (d, J = 7.7 Hz, 1H),
6.59 (q, J = 7.5 Hz, 2H), 4.06 — 3.97 (m, 1H), 3.69 (br, 1H), 3.54 (dd, J = 15.9,
7.8 Hz, 1H), 2.93 (ddd, J = 22.8, 13.9, 8.1 Hz, 2H), 1.24 (d, J = 6.5 Hz, 3H).

13C NMR (400 MHz, CDCl3) & 150.37, 140.32, 131.90, 129.13, 128.23, 127.42,
125.96, 124.82, 118.23, 109.36, 58.43, 45.94, 34.23, 16.46. HPLC (Daicel
Chiralpak OD-H, hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254

nm): t; = 14.6 min, t; = 21.3 min.

VWD1 A, Wavelengih=254 nm (JW\_SEQN__DATE__TIME_ 132)091-0501.0)

- %
I
50 |
| 3
| \
A |
20
R |
= [N \
o |‘
\ |
N )
16 18 2 %
e
H
-':Q
T
200
o
Peak RetTime Type Width Area Height Area
# [min] [min] mAU *3 [mAU ]
- |=== || | | |
1 14.648 MM 0.7682 1.25088e4 271.38623 98.3983
2 21.295 MM 0.8002 203.61430 4.24083 1.6017



107

(S,9)-3-(cyclohexylmethyl)-2-methylindoline (2n)

Colorless oil. *H NMR (400 MHz, CDCl3) 6 7.09 — 6.95 (m, 2H), 6.72 (td, J =

7.4,0.9 Hz, 1H), 6.62 (d, J = 7.7 Hz, 1H), 3.94 (dg, J = 13.1, 6.5 Hz, 1H), 3.59
(br, 1H), 3.26 (dd, J = 15.1, 7.5 Hz, 1H), 1.94 — 1.82 (m, 1H), 1.82 — 1.61 (m,

4H), 1.61 — 1.48 (m, 1H), 1.50 — 1.32 (m, 2H), 1.34 — 1.15 (m, 3H), 1.13 (dd, J
=13.7, 4.8 Hz, 3H), 0.96 (ddd, J = 19.8, 9.7, 3.6 Hz, 2H). **C NMR (400 MHz,
CDCl3) 6 150.40, 132.91, 127.12, 124.16, 118.43, 109.41, 58.57, 41.55, 35.28,
33.59, 26.71, 26.35, 16.27. HPLC (Daicel Chiralpak OD-H, hexanes/i-PrOH =

97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 8.4 min, t; = 9.6 min.
| 7 ey
|F@ Fﬁ
. rf
] “\ “\
AR
|
AR
‘*“\\\ ///’/J_. —h— —
— = o
mAU e e - ] % a“?‘
[
|
0] \
l».
i
A
100 ‘ R
|\ e
- S A N,
Peak RetTime Type Width Area Height Area
# [min] [min] mAO s mAU 1 %

B.353 MM
9.580 MM

Totals :

0.4212 1.21548e4
0.3124 40.26510

1.21950e4

4B0.941B3 99.6658
2.14804 0.3302

483.089B7
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(S,9)-3-(furan-2-ylmethyl)-2-methylindoline (20)

Colorless oil. *H NMR (400 MHz, CDCl3) 67.38 —7.36 (m, 1H), 7.03 (t, J = 7.6
Hz, 1H), 6.74 (d, J = 7.2 Hz, 1H), 6.69 — 6.61 (m, 2H), 6.32 (dd, J = 2.9, 2.0 Hz,
1H), 6.01 (d, J = 3.1 Hz, 1H), 4.10 — 3.99 (m, 1H), 3.68 (br, 1H), 3.60 (dd, J =
15.7, 7.8 Hz, 1H), 3.03 — 2.83 (m, 2H), 1.21 (d, J = 6.5 Hz, 3H). 3C NMR (400
MHz, CDCl3) 6 154.33, 150.27, 140.89, 131.49, 127.58, 124.48, 118.49,
110.22, 109.36, 106.32, 58.12, 43.55, 27.04, 16.30. HPLC (Daicel Chiralpak
OD-H, hexanes/i-PrOH = 97/3, Flow rate = 0.8 ml/min, UV = 254 nm): t; = 17.1

min, t, = 21.8 min.

|
____l_ AA\»Af__Aj — \\p7474444,
VWO A Warergie25 e W e ]
L
0 |
|
1
A
wl |
\
\
\\
- \ \
| &
S -l o

Peak RetTime Type Width
# [min] [min]
Il B e ===
1 17.133 MM 0.8961 ©£599.84961 122.75162 99.0911

2 21.780 MM 0.8642 0.908%

60.533590 1.16744

Totals : 6660.38351 123.91906
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(S,9)-2,3,4,4a,9,9a-hexahydro-1H-carbazole (2p)

White solid. *H NMR (400 MHz, CDCls) & 7.09 (d, J = 7.2 Hz, 1H), 7.03 (t, J =
7.6 Hz, 1H), 6.75 (t, J = 7.4 Hz, 1H), 6.68 (d, J = 7.7 Hz, 1H), 3.74 (dd, J = 11.7,
6.6 Hz, 1H), 3.65 (br, 1H), 3.11 (g, J = 6.6 Hz, 1H), 1.78 (dd, J = 12.1, 6.2 Hz,
2H), 1.70 — 1.63 (m, 1H), 1.57 (tt, J = 6.7, 4.4 Hz, 2H), 1.48 — 1.29 (m, 3H). *°C
NMR (400 MHz, CDCl3) & 150.73, 133.50, 126.96, 123.11, 118.75, 110.12,
59.61, 40.91, 29.17, 26.95, 22.50, 21.65. Chiral GC (Supelco y-Dex225, 140°C,

Flow rate = 1.0 ml/min): t; = 37.7 min, t, = 38.9 min.

FID7 B, Back Signal ((WAIW 20160402 T3.4445W011F0107D)
pA
0 o w
0] 2 g
e IW F\
304 ‘ |
= Il
JAUAN
o]
-10 T T T T
30 35 40 45 i
D1 B, Back Signal (JWAJW 2016-04-02 1144'45‘015FDN| D)
pA]
120 g &
100 ey
" ‘"‘
00 \
1
40 ‘ 3
[l g ¢
20 J | g}@
o]
0 35 40 mi
Peak RetTime Type Width Area Height Area
¢ [min] [min] [ph*=] [pA] 53
=== [l | ===m————— | ==mmm————— |======== |
1 37.665 MM 0.3213 1752.20508 90.B9358 96.95675
2 3B.9%21 MM 0.2880 54.99761 3.18315 3.04325
Totals : 1807.20289 94.07672
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