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ABSTRACT

APPLICATION OF CHIRAL BORATES IN ASYMMETRIC CATALYSIS AND CHIRAL
RESOLUTION

By
Xiaopeng Yin

A highly diastereoselective and enantioselective epoxidation of aldehydes with
diazoacetamides has been developed with mesoborate ester catalyst of VANOL. A wide
range of aromatic and aliphatic aldehydes could be employed in this method to afford the
cis-3,4-epoxy amides with good to excellent ee (67 to >99% ee) in good to excellent yield
(47 to 99%). The synthetic application was demonstrated by the synthesis of the side-
chain of taxol (6 steps, 63% overall yield). Based on the non-linear effect studies, the
mesoborate catalyst was proposed to consist of two VANOL ligands in contrast to one for
boroxinate catalyst, which was also effective for the same reaction. The mode of
activation for aldehydes was proposed to be via a Lewis acid catalysis mechanism,
supported by NMR studies. The mesoborate catalysts were found to be also effective in
hetero-Diels-Alder reaction of aldehydes with Danishefsky’s diene, aziridination reaction
of imines and ethyl diazoacetate and three-component Passerini reaction of aldehydes.

A simple and efficient chiral resolution of VANOL/BINOL/VAPOL and their
derivatives via the spiroborate formation with quinine/quinidine has been developed. This
method can be applied to 18 different ligands, including 9 new ligands such as 5,5-, 3,3’-
and 7,7’-substituted VANOLSs. Optically pure ligands could be obtained in up to 47% yield
(50% maximum). These ligands are thought to be useful in optimization and mechanistic

investigation of various asymmetric reactions.
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CHAPTER ONE
VANOL MESOBORATE CATALYSIS — ASYMMETRIC EPOXIDATION

OF ALDEHYDES AND DIAZOACETAMIDES

“Everything should be made as simple as possible, but no simpler.”
— Albert Einstein

1.1 Asymmetric epoxidation

Chiral epoxides are important building blocks and widely used in asymmetric
synthesis of complex molecules because of the versatility in their ring opening by
nucleophiles. Asymmetric epoxidation has been extensively studied for over 30 years.
Most of the efforts have been focused on asymmetric alkene epoxidation, of which three
successful examples are shown in (Scheme 1.1). The Sharpless epoxidation'? is one of
the most widely used methods in asymmetric oxidation and earned him a share of the
2001 Noble Price in chemistry. The reaction is limited to allylic alcohols but proceeds in
high enantioselectivity with virtually any substitution pattern on the alkenes. Katsuki® and
Jacobsen? pioneered the asymmetric epoxidation of unfunctionalized olefins catalyzed by
Mn(salen) catalyst. The Jacobsen-Katsuki epoxidation can be applied to mono-, di-, tri-,
and tetrasubstituted aryl olefins. However, trans-alkenes and cis-dialkyl alkenes are
generally poor substrates (slow and low ee) for Mn(salen) and related systems®. Another
efficient asymmetric epoxidation with a wide scope substrates was pioneered by Shi®”.
The reaction is mediated by dioxiranes, which are generated in situ from fructose-derived

ketone catalysts I-8 and Oxone as an oxidant. By carefully tuning the ketone catalysts,



this methodology displays a broad generality for alkene with different substitution
patterns. The major drawbacks include difficult set up (slow addition of Oxone, careful
control of pH to ensure consistent result) and the unequal accessibility of the enantiomeric
catalyst.

Scheme 1.1 Catalytic Asymmetric Alkene Epoxidation

Sharpless Epoxidation? (1980)
5-10 mol% Ti(Oi-Pr)4,

, OH O
R3 6-12 mol% (+)-dialkyl tartrate R3 o I R
R %\/OH I-2a or I-2b Rf”}I\/OH R’ o
» > O OH
R fBUOOH, 3A or 4A MS R? |3 R = Et, (+)-DET I-2a
-1 DCM, —20 °C excellent enantioselectivity R = iPr, (+)-DIPT I-2b
Jacobsen Epoxidation* (1990)
RS 2-8 mol% (S,S)-Mn(salen) I-5 R3 HIQH
1 20 mol% NMO 19 N N
R%\R“ » R R4 =N_ N=
, mCPBA/NaOCI R2 PUILN
R DCM -6 O c©
-4 excellent enantioselectivity
with cyclic alkenes
Shi Epoxidation? (1996) 5
20-30 mol% ketone I8, 1 o o/'(o
1 R >
R%RS oxone - ,(_) R3 L/\L.,,/
R2 pH 10.5, base, R? o o
H,0, CHsCN

17 -9 \—o

excellent enantioselectivity
with trans-di- and trisubstituted alkenes

A complementary approach to chiral epoxides from alkenes is the addition of either
an ylide, a Darzens reagent or a carbene to an aldehyde (Scheme 1.2-4). The
enantioselective Corey-Chaykovsky reaction was developed by many groups since its

first report® by Furukawa et al in 1989 (a, Scheme 1.2).



Scheme 1.2 Asymmetric Corey-Chaykovsky Reaction

a) Furukawa et al.?

o
1.0 equiv I-12 0]
H + Br > /Q
KOH, CHsCN, 1, 36 h  Ph “Ph OH
1-10 I-11 -13
1.9 equiv 2.2 equiv 100%, 47% ee SMe

I-12
b) Aggarwal, McGarrigle, et al.®

0 KOH, CH5CN/H,0 (9:1) 0
+ ’ o /\ 28 examples,
-~ ﬂ\ - R rn2 | 75:25-99:1 dr

S 2
r1 ® eOTf R® H 0°C, 12-24h R up to >99% ee
R

I-16
I-14 I-15

R' = aryl, alkenyl; R? = aryl, alkenyl, alkyl
The lack of synthetic applications of this methodology in the literature can be attributed to
1) limited substrate scope with excellent (>90%) ees; 2) stoichiometric amount of chiral
sulfide is used to ensure high yield and enantioselectivity. Aggarwal and coworkers
demonstrated® a practical process using a cheap sulfide to prepare chiral trans-epoxides
in moderate to good yields and up to >99% ees (b, Scheme 1.2). The first catalytic
asymmetric Darzens reaction was reported'® by Arai and Shioiri in 1998 (a, Scheme 1.3).
The desired product was afforded using 10 mol% phase transfer catalyst (PTC) I-18a in
moderate to high yield with up to 79% ee. In 2011, Deng and coworkers reported'’ a
synthetically useful procedure using their modified PTC I-18b, with a phenanthracenyl
group in the 9-position and a hydroxyl group in the 6’-position (b, Scheme 1.3). The
reaction gave excellent yield with good to excellent enantioselectivity. Feng et al
reported'? a Co-catalyzed Darzens reaction of isatins with phenacyl bromides (c, Scheme
1.3). A wide range of optically active products were obtained in moderate to good yields

and enantioselectivities.



Scheme 1.3 Asymmetric Darzens Reaction

a) Arai and Shioiri'®

(0] 10 mol% PTC I-18a, (e}

a 0
reHo + . LonTho R/Q)Lph

Ph -H,0, 7
-15 I-17a n-Bu,0, 4 °C I-19a /—bj
N

R = aryl, alkyl
9 examples, o
32-83% yield rReOn. SO
42-79% ee ; e
R N Br
b) Deng et al."!
Z
N
O  5mol% PTC I-18b 0 R'=H, R? = H, Ar = 4-CF3CgHs,

RCHO a U - > o ,<('))J\Ar PTC I-18a;

Ar LIOH+H,0,
I-15 IM7b  DCM,0°C,24h I-19b = OH, R? = 9-phenanthracenyl,
R =aryl, alkyl Ar = 3,4,5,-F3CgH,, PTC I-18b

10 examples,
90-96% yield
81-99% ee
c¢) Feng et al.'? -
(0]
O o 1.1 mol% Co(acac), C\
o |-
X 10 mol% I-21 o if R2 \ \/\\N
Rl o+ B, > Ry i 0o 0
Z =N R [K3POLJKoPO,] (10/4) 0=, ;
PG THF/acetone (3:1), ;\I—H H-N
1-20 -17¢c 5AMS, -30 °C Ar 1-21 Ar
34 examples, Ar =2,4,6-iPr3CgH»

35-99% yield
51-95% ee

Scheme 1.4 Asymmetric Epoxidation of Aldehydes with Diazoacetamides

o) 0 10 mol% (R)-BINOL/Ti(OiPr), 0 28 examples

U+ N K /@ A 52-95% yield

R™°H N CH,Cly, 4AMS, 0°C, 1 h RY  CONHPh | 87-99% ee
I-15 1-23b (5,9)-1-26

o :

LN, QL /@ 10 mol% (R)-3,3" IZBINOL/Zr(OnBu)4 0 26 oxampios

R AN, 73-97% yield

3AMS, CHCl, rt R CONHPh | 73-97% il

I-15 - 23b (R,R)-1-26
In 2009, Gong and co-workers reported’® a breakthrough, where they reacted
aldehydes with diazoacetamides I-23b catalyzed by a Ti/BINOL complex to prepare
epoxides with excellent yields and ees. They later reported'* excellent results could also

be obtained with a Zr/3,3’-1,BINOL system (Scheme 1.4).



Scheme 1.5 Asymmetric Epoxidation of Electron-Deficient Alkenes

a) . b)

0 [0] : [0]
R“'A"'EWG —— ewe E ) A —— RAmne
low driee R : R EWG  high yield
\ ! excellent dr/ee
0 N— :
u : 0
CO,Et r\ \—7 ; ] o<
N, : “CO,Et o) o)
(2R.3R)-1-25 nat | OTE : !
91%, 97% ee Fevory ; (25,3R)-1-25 ,
2 mol% 1-26, H,0, (1.6 equiv), N & : 73%, 96% ee AcO” Y O
8 mol% Stibuprofen, CHyCN, ~30 B 20 mol% I-8b, Oxone (5.0 equiv) OAc
C, 30 min \_7 1" 6 mol% BUNHSO,, CHaCN 1-8b
N— ' NaHCOg; (14.4 euqiv), 0 °C, 24 h
o Fe(PDP) 1-26 | :
/\/\\“‘<‘_ i O
alie Sl N e e
I-27 OH : 0
80%, 96% ee OH 5 é%%ggjfge N
n B ot OO {2 mol% Y-1-29-Ph3P=0 (1:1:1)
THE 4A M5 % b o  TBHP (1.2 equiv), THF, 4AMS, 1t 1-29

One of the key aspects of this transformation is that cis-epoxide products are
difficult to synthesize from the cis-a,B-unsaturated carbonyl compounds. In contrast to
trans-epoxides, which can be obtained by epoxidation of trans-a,B-unsaturated carbonyl
compounds with excellent ees using a variety of methodologies'®, such as Shi
epoxidation' and the nucleophilic epoxidation method developed'’ by Shibasaki (b,
Scheme 1.5). The cis-substrates under the same conditions usually gave mixture of cis-
and trans-epoxides with moderate ees. Only two catalytic systems provide the cis-
epoxides from electron-deficient cis-alkene with both high diastereo- and
enantioselectivities (a, Scheme 1.5). Costas reported'® a highly enantioselective
Fe(PDP)' catalyst I-26 for asymmetric epoxidation with H.O.. Excellent ee could be
obtained by the use of a catalytic amount of a carboxylic acid additive. They also

obtained?® 1-25 with slightly higher enantioselectivity (98% ee) but in lower yield (77%)



using Mn(PDP) catalyst. However, the substrate scope of their methodologies was limited
to aryl alkenes. Shibasaki reported®’ asymmetric epoxidation of cis-enones catalyzed by
Yb-1-28, the reaction with alkyl olefins gave rise to cis-epoxides with excellent drs and
ees. Only a 2:1 dr was achieved with aryl alkenes.
1.2 Boron catalysts in asymmetric catalysis

It is well known?? that boron compounds are Lewis acids because there is an
unfilled p-orbital on boron (Scheme 1.6). Applications of BF3 as a catalyst in a number of
organic reactions has been well documented®® by Nieuwland dating back to the early
1930. In 1933, Meerwein found®’ that BFs reacts with water to give a stable complex
which can act as a Bronsted acid. The ability of borate esters to form Lewis acid-base
complex also has been documented® in 1952 by Schéfer and Braun. It was not until 1969
that the capability of using borate esters to catalyze a reaction was reported. Wolf and
Barnes described® the epoxidation of olefins with tetralin hydroperoxide induced by 1
equiv of tricyclohexylboroxine. Since the early 1970, a large number of research groups
have been interested in developing asymmetric catalysts for the Diels-Alder reaction and
for ketone reductions. There has been remarkable progress in the area of asymmetric

catalysis employing chiral boron Lewis acids.



Scheme 1.6 Historical perspective of boron catalysts in organic chemistry before 1990
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N N
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to activate alkynes Fridel-Crafts alkylation complex (5% ee)
: ° Corey, Bakshi, Shibata (1987
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(1930) COOFb
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1 930 0
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|

Yamamoto et al. (1986) ADA catalyzed by
Wolf and Barnes (1969) O‘B’O BINOL borate propeller
s Kaufmann (1990)

R

Mamedov and coworkers reported® the first example of an asymmetric Diels-Alder
reaction (ADA) with BFzmenthylOEt as chiral catalyst in 1976. Although the
enantioselectivity of this method is far from satisfactory (3.3% ee), it laid the foundation
for the significant discovery®! in 1979 by Koga and coworkers where they achieved up to
72% ee with (menthyloxy)aluminum dichloride. Borate complexes of naphthoquinone
(juglone) and 3,3-Ph,BINOL was prepared by Kelly and coworkers®. These complexes
promote the ADA reaction with various dienes in high vyields and excellent
enantioselectivities. The BINOL ligand could be recovered quantitatively. Yamamoto
reported® a similar reaction using tartrate derivatives as the ligand. The first ADA induced
by catalytic amounts of borates was reported®* by Kaufmann and Boese in 1990. They
unexpectedly discovered a propeller compound I-30 by reacting BINOL with HoBBr-Me,S.
This catalyst gave excellent results for the ADA reaction of cyclopentadiene 1-31 and

methacrolein 1-32 (Scheme 1.7).



Scheme 1.7 Kaufmann’s propeller catalyzed ADA reaction

O

OO OH 2 equiv H,BBr-SMe, OB'O Oo
o S G

(S)-BINOL
3 equiv I-30
@ }Cio 3 mol% 1-30 LBCHO
+ —_— ;
-78 °C CHs
I-31 1-32 (S)-1-33

85%
97:3 exo/endo
99% ee

The asymmetric reduction of ketones employing chiral borane reagents was first
reported® by Fiaud and Kagan in 1969 with poor asymmetric induction (less than 5% ee).
A major improvement®® in the evolution of chiral borane reagents was made by ltsuno
and coworkers in 1981. Propiophenone can be reduced with up to 60% ee using the
borane complex of an a,-amino alcohol. Intrigued by the work of ltsuno and others,
Corey’s group began detailed mechanism studies of this reaction and their efforts led to
the discovery® of a highly enantioselective catalytic reduction of ketones by an isolable
and structurally defined oxazaborolidine catalyst (CBS reduction). The catalytic cycle
including the six-membered transition state I-37 were proposed® and is shown in Scheme
1.8. The coordination of borane to the nitrogen atom of oxazaborolidine 1-34 not only
activates the reducing power, but also strongly enhances the Lewis acidity of the

endocyclic boron atom. This was one of the earliest examples of Lewis acid assisted



Lewis acid catalysis (LLA), the concept Yamamoto came up with®® in 1998. The high
enantioselectivity can be explained by favorable coordination of the less sterically
hindered lone pair of the carbonyl and face-selective hydride transfer via a six-membered
transition state. The catalyst turnover may be achieved by two pathways: 1) the alkoxide
coordinated to the endocyclic boron reacts with the exocyclic boron through a 4-
membered ring transition state 1-38 to generate borinate 1-40 and oxazaborolidine 1-34; or
2) reacts with another BH; molecule via a 6-membered ring transition state 1-39 to
produce borinate 1-40 and complex I-35. Applying a similar strategy, Brown and
coworkers reported*® the asymmetric addition of organozinc reagents to aldehydes using
an oxazaborolidine catalyst to produce chiral alcohols with 52-95% ees.

Scheme 1.8 Proposed mechanism for the CBS reduction

LPh Hh Ph
1P BHg THF C;)<
R = = {9 °
\ I1-40 HsBg |
R 134 R o R
s P 1-35
HzBO;_"-l(R 6 % R
I-40 L PR \B@OI Rs )oj\

\ B
N Hf?\o'
B’ 2B~y R
Ez RL &) H L
1-38 k37



Scheme 1.9 Borate catalysts by Yamamoto

oiPr 0 ° O‘H O
° (7 OO o LY
0 B-R B-O 0<g-0
- o O ne
99 9,
CAB I-43, R = 3,5-(CF3),CgH3 L
CAB I-44, R = 2-MeOCgH, I-45 At
®
imine-H
Joo o D me CO 0
—>
cHo  * 71_ZcHo () O:-8:
-78°C =
4 equiv 0e ©
1-32 1-31 1-33
catalyst 1-46b
10 mol% CAB I-43  85%, 89:11 exo/endo, 96% ee (R)
10 mol% BLA1-47 >99%, >99:1 exo/endo, 99% ee (R)
10 mol% 1-48 97:3 exo/endo, 65% ee (S)
5 mol% BLAI-49  96%, >99:1 exo/endo, 99% ee (S)
5 mol% BLAI-50  >95%, 94:6 exo/endo, 86% ee (R)
Q OTMS 50 mol% CAB I-42 O OH =
Ho o+ %\/ EICN, —78°C,2h \)I\H\Ph @
I-51a I-52 I-53
96%, 94:6 syn/anti
o 96% ee BLAI-47, R=H
20 mol% CAB 1-43 OH L RS ED
™ >
H o+ Y S "EtcN, 88 °C, 4.5 h )]\/'\ ®
Ph
I-51a I-54 I-55

94%, 91% ee

o) OMe
N 20 mol% CAB 44 N
Ho o+ EtCN, —78 °C e o
Z ~0TMS 4)

I-51a 1-56b I-57
86%, 97% ee

N’Bn OMe
I N 1 equiv catalyst Bn‘N N
Ao DCM, 4A MS o o
OTMS -78°C,12h (5)

I1-58a I-56a catalyst 1-59

BLA I-45 75%, 82% ee
BLA I-46  78%, 86% ee

N/LPh 1

| y OTMS 1 equiv catalyst . HN Ph
+ H
OfBu IECMO, 4AMS b ~-CO21BU  (6)
78°C,12h
I-58b 1-60 catalyst 1-61
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Yamamoto’s group was the major player in the field of asymmetric borate catalysis.
In 1988, they reported*' the ADA reaction of acrylic acid and cyclopentadiene catalyzed
by 10 mol% of a chiral acyloxyborane (CAB) catalyst I-43 derived from tartaric acid (eq 1,
Scheme 1.9). They later successfully applied CAB 1-42 to 1-44 to the ADA reaction of a,
B-unsaturated aldehydes with dienes*?*®, the aldol reactions of silyl ketene acetals with
aldehydes (eq 2, Scheme 1.9)*, the allylation of aldehydes (eq 3, Scheme 1.9)*° and the
asymmetric hetero Diels-Alder reaction (AHDA) of aldehydes with Danishefsky diene I-
56b (eq 4, Scheme 1.9)*. The activation of CAB was later proposed*’ to be a Bronsted
acid assisted chiral Lewis acid catalysis (BLA). In 1992, another boron catalyst I-45 was
prepared*® from optically pure BINOL and triphenyl borate in a 1:1 ratio. The proposed
mixed borate 1-45 was not isolated or spectroscopically characterized. It was employed
as a stoichiometric chiral Lewis acid for AHDA of imines I-58a with Danishefsky diene I-
56a (eq 5, Scheme 1.9)**°° and aldol reactions of aldimines I-58b (eq 6, Scheme 1.9)°"
°2, By changing the ratio of BINOL and B(OMe)s to 2:1, the borate 1-46 was generated
and the structure of its complex with an imine was determined by X-ray diffraction®®. The
complex 1-46 can promote the same reaction with higher efficiency in general (eq 5 and
6, Scheme 1.9). The structure of I-45 was called into question by other researchers® due
to the fact that many attempts to prepare it gave Kaufmann’s propeller 1-30 instead of the
mixed borate 1-45. Moreover, involvement of 1-46 was indicated by a nonlinear effects
study®® on the AHDA catalyzed by a presumed catalyst with the structure 1-45. The mode
of activation of the imine by the catalyst was misinterpreted®® as a BLA catalyst I-46 in

Yamamoto’s paper: the X-ray structure clearly suggested it to be a Bronsted acid catalyst.

11



Therefore, this would be one of the earliest examples® of asymmetric counteranion-
directed catalysis (ACDC), a concept first described® in 2006 by List. The concept and
designed of BLA was first introduced in the report®® of ADA of a,B-enals and dienes by
Yamamoto and coworkers in 1994. Excellent enantioselectivity and exo/endo selectivity
were obtained in the presence of 10 mol% catalyst I-47. The control catalyst 1-48 lacking
the 4th hydroxyl group gave the opposite ee of the desired product I-33 with low
selectivity. This result provided strong evidence for the combined acid catalysis*’. They

subsequently introduced®®®’

new BLA catalysts 1-49 and 1-50 generated from a boronic
acid and a chiral triol. These catalysts provide excellent enantio- and exo/endo selectivity
for ADA reaction (eq 1, Scheme 1.9) and gave better results for intramolecular ADA than
the CAB catalyst I-42. In 2007 and 2008, Nakagawa and coworkers reported®*® the
enantioselective Pictet-Spengler reaction promoted by 2 equivalents of BLA 1-46. High
yields (39-94%) and moderate enantioselectivities (15-91%) were achieved for 6
examples.

The activation mode of the acid activated chiral oxazaborolidine was revisited®* by
Corey and coworkers, who reported the highly enantioselective ADA reaction of a,3-enals
catalyzed by 1-62 and 1-63 (eq 1, Scheme 1.10). The same type of catalyst was
subsequently employed in the ADA reaction of other a,B-unsaturated carbonyl

6568 enantioselective cyanosilylation of aldehydes® and ketones™ (eq 2,

compounds
Scheme 1.10), and asymmetric [3+2] cycloaddition of 1,4-benzoquinones I-72 and 2,3-
dihydrofuran 1-73"" (eq 3, Scheme 1.10). The ADA reactions catalyzed by chiral

oxazaborolidine 1-62-64 were applied in multiple total synthesis’>”®. Yamamoto and

12



coworkers extended their concept of LLA catalysis to oxazaborolidine catalyst 1-68 by
employing Lewis acid SnCl, instead of Brgnsted acid as an activator. They successfully
applied this moisture-tolerant 1-68 in the ADA reaction of dienes with a,B-unsaturated
carbonyl compounds (eq 1, Scheme 1.10)"° and a-halo-a,B-unsaturated ketones (eq 4,
Scheme 1.10)"". Corey and coworkers also demonstrated that oxazaborolidine 1-69
activated by Lewis acid AlBr; were effective in catalyzing the ADA reactions (eq 1,
Scheme 1.10)"®"® and [2+2] cycloadditon reaction of trifluoroehtyl acrylate I-77 to enol
ethers (eq 5, Scheme 1.10)*. Ryu and coworkers reported®'®? an asymmetric three-
component coupling reaction catalyzed by oxazaborolidine catalyst 1-63. The chiral B-
iodo Morita-Baylis-Hillman product I-81 can be prepared in up to 99% yield and excellent
asymmetric induction (62-94% ee) (eq 6, Scheme 1.10). Subsequently they reported a
variety of enantioselective reactions involving diazoesters catalyzed by acid activated
oxazaborolidine catalyst 1-65-67°°%°. Cyclopropanation of substituted acroleins afforded
the chiral trans-cyclopropane 1-84 in excellent yield and ee (eq 7, Scheme 1.10).
Interestingly, a similar reaction in DCM catalyzed by 1-66 gave 1,3-dipolar adducts with

8790 of diazo

high to excellent ees (not shown)®®. An asymmetric Roskamp reaction
compounds with aldehydes catalyzed by I-66 produced chiral B-keto carbonyl compounds
in high yields and excellent enantioselectivities (eq 8, Scheme 1.10). When they switched
solvent from toluene to propionitrile, the same insertion intermediate underwent 1,2-aryl
migration instead of 1,2-hydride migration to yield the formal aryl-CHO bond insertion

product (not shown)®'. A highly enantioselective formal Csp2-H insertion of diazo esters to

cyclic enones has been developed® (eq 9, Scheme 1.10).
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Scheme 1.10 Activated oxazaborolidine catalysts
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catalyst/condition for eq 1
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DCM, -78°C, 2 h

4 mol% 1-69
-78°C,2h

99%, 95% ee
68:32 exo/endo

99%, 93% ee
92:8 exo/endo

B
er Ar
1-62, Ar = 2-methylphenyl,

X=0Tf,R=H
1-63, Ar = 2-methylphenyl,
X =0Tf, R=Me
1-64, Ar = 2-methylphenyl,
X=NTf,, R=H
1-65, Ar = 1-naphthyl,
X=0Tf R=Me
1-66, Ar = 2,4-dimethylphenyl,
X=NTf, R=H
1-67, Ar = 1-naphthyl,
X =NTf; R =Me

9)




Figure 1.1 X-ray Structure of boroxinate-imine complex

Another important boron catalyst in asymmetric catalysis has been contributed by
the Wulff group (Scheme 1.11). In 1999, Wulff and Antilla reported®™ the asymmetric
aziridination (AA) reaction of imines with ethyl diazoacetate 1-94 (EDA) catalyzed by a
VAPOL-boron species. The catalyst was generated by reacting 1 equiv of VAPOL with 3
equiv BH3z*THF and was thought to be functioning as a Lewis acid catalyst. Understanding

of the nature of the catalyst increased along with the evolution®*®°

of the preparation
method for the catalyst. Nonlinear studies® with the ligands revealed a linear relationship
between the ee of the ligands and product, suggesting that one molecule of the ligand
most likely was involved in the active catalyst. Mechanistic investigations®*®’ by ''B and

'H NMR, together with crystal structures of the precatalyst-iminium complex (Figure 1.1)

provide strong evidence that the reaction of imines is catalyzed by a Brgnsted acid

15



mechanism. Natural abundance *C KIE studies®® showing unity for the iminium carbon
in contrast to a large KIE for the a-carbon of the EDA suggested that aziridine formation
is a two-step process with the ring closure step to be the first irreversible step. This
aziridination of imines was extensively studied by Wulff and coworkers (eq 1, Scheme
1.11). Benzhydryl imines 1-93a prepared from aromatic and aliphatic aldehydes can be
aziridinated with EDA in high yield and excellent asymmetric induction. By introducing
electron-donating groups into the phenyl group of the benzhydryl imine®*'°' (DAM 1-93b,
MEDAM I-93c, BUDAM 1-93d), both the yields and stereoselectivities of the cis-aziridines
were generally improved. In terms of the scope of the diazo compounds, diazomethyl
ketones bearing alkene, alkyne, ester, amide, acetal and bromo group, prepared either
from diazo transfer reaction of methyl ketone with 4-dodecylbenzenesulfonyl azides'%, or
by reacting acid chlorides with TMSCHN,'® were compatible with the reaction condition,
giving cis-aziridines with high yields and excellent ees. Trisubstituted aziridines can also

be obtained'®*

with good yields (30-85%) and excellent ees (83-98%) by employing a-
alkyl-diazo-N-acyloxazolidinone with the more reactive N-Boc aryl imines. More recently,
a multi-component AA of aldehydes with amines and EDA was developed'®"%. This
method enables the preparation of unbranched aliphatic substituted aziridines since their

imines were difficult to obtained in high purity. A systematic study'®’

of structure-activity
relationship on the VANOL ligand for the cis-aziridination identified the optimal VANOL
ligand as 7,7-tBu,VANOL. The synthetic utility of cis-aziridination has been illustrated by

the synthesis of (-)-Chloroamphenicol'®, BIRT-377'% and most recently, two

stereoisomers of sphinganine'’ via a multicomponent AA. By simply changing the ethyl
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diazo acetate (EDA) to diazoacetamide 1-23b, trans-aziridines could be prepared' in
good (7:1 to 36:1) trans/cis ratios and excellent (82-99%) ees (eq 2, Scheme 1.11). The
reason for the reversal in diastereoselectivity has been identified''? by DFT calculation to
be associated with a H-bonding between the amidic hydrogen and an oxygen atom of the
boroxinate catalyst. The synthetic application of the trans AA was demonstrated in the
syntheses of all four stereoisomers of sphinganine''?. Hetero ADA of imines 1-93a with
Danishefsky diene I-56a was developed''® by Wulff and coworkers (eq 3, Scheme 1.11).
Interestingly, it was found that an excess of triphenylborate could help with the turnover
with sub-stoichiometric amount of chiral boron catalyst. The catalyst was proposed to be
a Lewis acid in the original report but now it is thought that a boroxinate is involved® ''*.
In 2011, Wulff and Ren reported''* the aza-Cope rearrangement of imines 1-98 catalyzed
by a boroxinate catalyst in the presence of benzoic acid (eq 4, Scheme 1.11). Chiral
homoallylic amines 1-99 could be prepared with excellent optically purities (80-96%) via a
simple process. The usefulness of this method has also been demonstrated''® in the total
synthesis of (+)-sedridine and (+)-allosedridine. Wulff and coworkers reported’'® that the
asymmetric catalytic three-component Ugi reaction could be possible by using a
boroxinate catalyst (eq 5, Scheme 1.11). The optimal catalyst 1-92 was identified by

screening 13 ligands, 12 amines and 47 alcohols or phenols.
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Scheme 1.11 Boroxinate catalysts by Wulff

) .
“<° 3 equiv BHz*Me,S,
2 equiv PhOH,

3 equiv H,0, _ Basg

toluene, 100 °C, 1 h
then 0.5 mm Hg,

100°C,0.5h
(S)-VANOL/VAPOL VANOL Boroxinate catalyst I-90
VAPOL Boroxinate catalyst 1-91
OMe /@
cis-Aziridination - ©/ 4 i /\
Base = imine 1-93a-1-93d
R = aryl, 1°-, 2°-, 3°-alkyl;
Ar O Ot 2-10mol% AFY Ar 1-93a, Ar = Ph, 15 examples, 54-91%, 90-98% ee
— Arl o 0,
« (S)-1-90 or 1-91 N (1) 1-93b, Ar = Ar', 10 examples, 14-95%, 52-98% ee
RN M T — > /\ 1-93c, Ar = Ar2, 10 examples, 67-98%, 90-99% ee
Nz R COOEt | 1-93d, Ar = Ar3, 11 examples, 57-99%, 78-99% ee
1-93 1-94 1-95 R = alkynyl,
trans-Aziridination 1-93d, 6 examples, 24-86%, 53-97% ee

L /

Base = imine 1-93c or 1-93d
Ar Ar _ .
Ar Os_NHPh e R=aryl, 1%, 12 2°-alkyl,
« 5 mol% (S)-1-90 N @) Ar =Ar’, Ar,
RN Ar +N Z > L\ 13 examples,
2 R* CONHPh 64-90%, 82-99% ee
1-93c or I-93d 1-23b 1-96
Heteroatom Diels-Alder
Base = imine 1-93a Ph
5-10 mol% (S)-1-90
Ph OoTMS 1 equivB(OPh); (Z N)\Ph @) R = aryl, 2°-alkyl,
~ )\ + = —_— 10 examples,
R™ "N” "Ph OMe o R 45-85%, 73-93% ee
1-93a I-56a 1-97
aza-Cope rearrangement - N
Base = imine 1-98
= 5mol% (R)--90 2 N HCI Ar=
BN Ar > > 2,
) 1 1 .
Ar 5 mol% benzoic acid R ,NH2'HC| (4) R = aryl, 10-, 20, 30_a|ky|;
1-98 1-99 18 examples,
in situ generated 57-99%, 80-96% ee
Three-Component Asymmetric Catalytic Ugi Reaction
Base = iminium generated from I-15 and I-100
Bn.. .Bn
(0] N
J\ + Bn. .Bn 20 mol% (R)-1-92 H R = aryl
R” “H ” >R (5) 16 examples,
CN 5 51-87%, 56-90% ee
0.5 mmol 2.0 mmol 1.5 mmol
I-15 1-100 I-101 1-102
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While developing the trans-aziridination of imines with diazoacetamides with
boroxinate catalyst, Desai and Wulff found''” that cis-epoxides could be formed from
aldehydes and diazoacetamides, although in low yields. Gupta and Wulff went on to
further develop this reactions''® and found that the cis-epoxide can be obtained in 62%
yield by reacting benzaldehyde and phenyl diazoacetamide in the presence of 20 mol%
B(OPh)s. And gratifyingly, chiral cis-epoxides could be obtained in the presence of 10
mol% of boroxinate catalyst albeit with rather low yields and asymmetric inductions.
Gupta also found that DMSO was the optimal base for generation of the boroxinate
catalyst (an aldehyde is not basic enough to induce boroxinate formation). After further
optimization by screening different diazoacetamides, concentration, solvent and
temperature, the optimal condition for boroxinate-catalyzed epoxidation was established
by Gupta (Table 1.1). Excellent yields and ees were observed for aromatic aldehydes
with substitutions in the m- or p-positions. o-Substituted aromatic aldehydes and aliphatic
aldehydes only gave moderate to good results. The goal of further studies would focus
on improving asymmetric inductions for these substrates. The strategy of optimization
would be similar to that used for Ugi reaction development which led to the first highly

enantioselective Ugi reaction''®.
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Table 1.1 Scope of boroxinate catalyzed asymmetric epoxidation’®

30 mol% BH3*Me,S ©)
20 mol% PhOH DMSO-H OPh
10 mol% 30 mol% H,0 _ 10 mol% DMSO _ CO‘ B%_B‘o
R)-VANOL > > G -BO ¢
R toluene, 100 °C, 1 h, toluene, rt, 1 h, 0" o-8
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —60 °C 'OPh
Boroxinate catalyst I-103a
0 9 10 mol% I-103 0
Jo o+ szl\ AN > 14 examples
R™ 'H ” toluene, —60 °C, R CONHBu | 781099% ee
24 h,0.05 M 60 to 97% yield
I-15 I-23a I-104
1
VYl

““ T 0 Tt

© U
88%, 99% ee 97%, 92% ee 92%, 98% ee 60%, 80% ee  80%, 99% ee  80%, 90% ee  70%, 92% ee
\és \sss Br ~, \sss ESS . .

Br CN OAc

88%, 99% ee 88%, 96% ee 70%, 80% ee 84%,96% ee  82%, 97% ee 65%, 78% ee  84%, 90% ee

1.3 Optimization and KIE study of epoxidation catalyzed by VANOL-boroxinate
We started the investigation by preparing the diazo acetamide by a modified
procedure from literature'’ (Scheme 1.12). Succinimidyl diazoacetate 1-110 could be
obtained in good vyield from gram scale preparation and is stable in crystalline form at
room temperature under nitrogen for months. The N-alkyl diazoacetamide 1-23a and I-
23c can be prepared in excellent yield in a single step under mild conditions from 1-110.
However, the reaction of I-110 with aniline is quite slow. Therefore, the preparation of the
N-aryl diazoacetamide 1-23b was achieved by reaction of 1-108 with aniline and then

elimination of the tosyl group in the presence of DBU.
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Scheme 1.12 Syntheses of diazoacetamide 1-23

@ 0
H 2.5 M HCl 2 equiv SOCI 9
N HO L s pTs. N 2
HN" pTs 7 \HLOH H,0 Py §)j\OH > P TS~NfN§)j\C,
OH H benzene, reflux H
I-105 1-106 0.5 mol I-107 210 mmol I-108
86% 70%
o 1.1 equiv aniline
N 50 mmol 2 equiv. DBU
1.2 equiv “OH 0 °g|-t|2$t|2,2 h
O I-109 2.0 equiv ; or,
R-NH o] :
p- TS\ N\)L Na,COg3, CH20|2‘ 2 \)j\ R ! (0]
cl > N2 ~ Nox . : szl\
N 0°Ctort,6h THF, i, 1 h N : N
40 mmol H
I-108 50 mmol I-110 -23a, R = Bu, 90% | I-23b

60% 1-23c, R = Bn, 92%. 63%

With the diazoacetamides in hand, attention was next turned to testing the
epoxidation of benzaldehyde with N-butyl diazoacetamide 1-23a following the procedures
by Gupta (Table 1.2). It was found that the results of reactive aromatic aldehydes could
be reproduced (entry 1 and 2, Table 1.2). The results from reactions with less reactive
substrates were rather hit and miss (entry 3-5, Table 1.2). It was also noticed that the
yields and asymmetric inductions of the reaction were very sensitive to temperature (entry
4 vs 6, Table 1.2). When the addition of aldehydes was carried out as a solution at —60
°C instead of neat at rt, the reduced temperature fluctuations improved the ees of the
epoxides. To increase the reproducibility, we made a few modifications to the procedure:
1) increased the scale of the reaction from 0.2 to 0.5 mmol; 2) the aldehydes were cooled

to the reaction temperature before addition.
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Table 1.2 Boroxinate catalyzed asymmetric epoxidation

30 mol% BH3°MGQS
20 mol% PhOH

30 mol% H,O

10 mol% DMSO

C)

DMSO-H OPh

10 mol% o _ 0. 2B,
(R)-VANOL > > (¢ oBe 0
toluene, 100 °C, 1 h, toluene, rt, 1 h, O—B\
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —60 °C OPh
Boroxinate catalyst I-103a
o]
(0] 10 mol% I-103a O
+ N2 N >
RJLH \)Lﬂ/\/\ toluene, —60 °C, RACONHBu
24 h,0.05M
I-51 I-23a -111a
1.1 equiv
entry aldehyde R %conversion®  %yieldd %ee®
(I-23a) (-111a)  (I-111a)
12 I-51a Ph >99 88 >99
28 I-51b 4-MeCgH, >99 81 99
32 I-51¢c 2-MeCgH, 84 53 79
4b I-51d cyclohexyl 93 54 67
50 I-51e nonyl ND 81 79
6o I-51d cyclohexyl 93 55 84

aThe reaction was carried out on a 0.2 mmol scale. °The reaction was carried out on
a 0.5 mmol scale. °Determined by "H NMR analysis of crude product using Ph;CH
as an internal standard. %Isolated yield after chromatography on silica gel. ®As
judged by chiral HPLC. fAldehyde was added as a toluene solution precooled to

—60°C.

Scheme 1.13 Protonation/nucleophilic addition to I1-23b

0
UNGEN O ¥ SOsH_opc 01m
N t, 3 h

1-23b

In order to have a good comparison, it was decided to use N-phenyl
diazoacetamide I-23b as the substrate for '°C KIE study because the same substrate has
been employed in the KIE studies for trans-'?° and alkynyl cis-aziridination'?'. Epoxidation
of benzaldehyde I-561a with 1-23b was chosen as the model epoxidation and further
optimized (Table 1.3). The reaction is very sluggish at room temperature giving low yield

and racemic product (entry 1 and 2, Table 1.3). Presumably this was due to the side

1-112
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reaction between diazoacetamide with boroxinate catalysts or ligands at room
temperature'®. Indeed, treatment of diazoacetamide I1-23b with 1 equiv TsOH at room
temperature gave rise to I-113 in 74% yield (Scheme 1.13). The same reaction at —60 °C
only gave 25% of the O-H insertion product. In terms of ligands, VANOL is superior to
VAPOL, which gave almost racemic epoxide at —40 °C either with or without DMSO (entry
4 & 6 vs 3 & 5, Table 1.3). The enantioselectivity of epoxidation was improved in the
presence of weak basic additives (entry 4,7,8 vs 6, Table 1.3). Whereas, stronger amine
base shut down the reaction completely (entry 9 & 10, Table 1.3). Among the bases we
screened, DMSO gave best result in terms of yield. Surprisingly the reaction gave
comparable result with aniline given that there is the significant pKa difference between
protonated aniline and aldehyde (pKa = 4.6 vs pKa = —7). Unlike N-butyl diazoacetamide
I-23a, switching the solvent from chloroform to toluene resulted in lower conversion and
lower ee (entry 11 & 12 vs 4 & 14, Table 1.3). This might be explained by the huge
solubility difference of these two diazoacetamides in toluene. Enantioselectivity was
indicated to be dependent on concentration. Lowering the concentration resulted in higher
ee but gave a slower reaction (entry 13 & 15 vs 12 & 14, Table 1.3). Further experiments
using different addition techniques indicated that the local warming effect seems to play
arole (entry 17 & 18 vs 14, Table 1.3). A higher yield and enantioselectivity was observed
when boron source was changed from triphenylborate to borane dimethyl sulfide complex
(entry 16 vs 14, Table 1.3). It is worth noting that in the epoxidation reaction catalyzed by
boroxinate, the major side product we observed in 5-15% NMR vyield is the Roskamp

product 3-ketoamide I-114b.
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Table 1.3 Optimization of asymmetric epoxidation using N-phenyl diazoacetamide I-107b

30 mol% B(OPh)g base-H OPh
10 mol% 30 mol% H,0 10 mol% base g, OB
(R)-VANOL > > (,o* BO O
or VAPOL toluene, 80 °C, 1 h, toluene, rt, 1 h, 0-B
then 0.5 mm Hg, 80 °C, 0.5h  then cool to -60 °C OPh
Boroxinate catalyst I-103
Q 9 CONHPh
Ho+ szj\ 10 mol% 1-103 . CONHPh
N +
H solvent, temperature,
I-51a I-23b 24h I-111b I-114b
1.1 equiv 5-15%
entry? ligand base solvent conc.  temperature %conversion®  %yield®  cis/trans® %eef
[M] [°C] (1-23b) (I-111b)  (I-111b) (-111b)
1 VAPOL DMSO CHCl4 0.5 25 99 26 8.8:1 7
2 VANOL DMSO CHCl4 0.5 25 99 25 11:1 0
3 VAPOL DMSO CHCl4 0.5 —40 99 47 25:1 -5
4 VANOL DMSO CHCl3 0.5 —40 99 64 4911 62
5 VAPOL none CHCl3 0.5 —40 99 48 26:1 5
6 VANOL none CHCl3 0.5 —40 99 53 35:1 36
7 VANOL PhNH,  CHClg 0.5 —40 98 51 > 50:1 64
8 VANOL acetanilide CHCl; 0.5 —40 99 51 241 51
9 VANOL DMAP CHCl,4 0.5 —40 ND <1 — —
10 VANOL EtsN CHCl4 0.5 —40 ND <1 — —
11 VANOL DMSO toluene 0.5 -40 99 60 26:1 41
12 VANOL DMSO toluene 0.5 —60 99 44 2911 51
13 VANOL DMSO toluene  0.05 -60 ND 29 32:1 82
14  VANOL DMSO CHCl; 0.5 -60 95 60 > 50:1 61
15 VANOL DMSO CHCl;  0.05 -60 87 53 > 50:1 92
16® VANOL DMSO CHCl; 05 -60 99 70 > 50:1 67
17¢ VANOL DMSO CHCl, 0.5 —60 99 69 > 50:1 70
189 VANOL DMSO CHCl4 0.4 —60 99 58 > 50:1 76

aGeneral procedure: Reaction was performed in a Schlenk flask. Benzaldehyde was added using a syringe at rt. "BHz*Me,S
and PhOH were used instead of B(OPh);. °Benzaldehyde was precooled and added using canula. “Reaction was
performed in a RBF; catalyst was precooled and added using syringe. Determined by 'H NMR analysis of crude product
using Ph;CH as an internal standard. 9Isolated yield after chromatography on silica gel. ®As judged by chiral HPLC.
fAldehyde was added as a precooled toluene solution.
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Table 1.4 KIE samples preparation

30 mol% BH;-Me,S ®
20 mol% PhOH DMSO-H™  OPh
10 mol% 30 mol% HZO 10 mol% DMSO ".O ,O_B\
(S)-VANOL > > < 0B O
toluene, 100 °C, 1 h, toluene, rt, 1 h, O0-B
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to 60 °C OPh

30 mol% BH3*Me,S @
20 mol% PhOH base-H OPh
10 mol% 30 mol% Hzo 100 mol% I-23b ".O ,O_B\
(S)-VANOL > > ( o-Be 0O
toluene, 100 °C, 1 h, cool to —60 °C O—B\
then 0.5 mm Hg, 100 °C, 0.5 h OPh

boroxinate catalyst B

CHCl3, 0.2 M, —60 °C,

O 0 /@ 10 mol% A or B &
Ho© NN)LN > ©‘“ “CONHPh
H

24 h

I-51a I-23b I-111b
Set  Catalyst I-51a I-23b %yield? %eeP
[mmol] [mmol] (-111b)  (I-111b)

1 A 2 10 57 a1

A 10 2 37 82

2 A 2.4 12 80 90

A 12 2.4 67 93

3 B 2.4 12 65 60

B 12 2.4 45 58

4 B 2.4 12 65 61

B 12 2.4 60 58

3|solated yield after chromatography on silica gel. °As judged by chiral HPLC.
Entry 16 in Table 1.3 was chosen as the condition for KIE sample preparation with
0.2 M as the concentration to ensure 100% conversion of the limiting reagent. Under the
optimized reaction conditions, 4 sets of modified procedures'?® to measure KIE were
performed (Table 1.4). Two sets were with DMSO as an additive while the other two were

without DMSO to explore the possibility of a different mechanism. In each set of
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experiments, there were two reactions: reaction #1 with 0.2 equivalent aldehyde and 1.0
equiv of diazoacetamide and the reverse stoichiometry for reaction #2. One reactant is
excess and reacts with low conversion in reaction #1, while it is the limiting reagent in
reaction #2, where the product serves as the 100%-reaction standard. Interestingly, in 4
sets of experiments, those with excess diazoacetamide gave higher yields than those
with excess aldehyde. In agreement with the optimization studies, the samples obtained
from the reactions with DMSO were determined to have higher ees (entry 1&2 vs 384,

Table 1.4).

with DMSO with DMSO .
1.022 (3) 0.993 (3) without DMSO
1.023 (2) 0.996 (4) 0.999 (8)

\IAI/
A3 ‘.
w CONHPh
I-111b

PhCHO
boroxinate cat
(@)

\-MEDAM /@ N
)
1.022 (5) \)LN Z 1.031 (5) 3 (6)

without DMSO
1.054(7)

002 (2) Ph 1.00
1.019 (4) 001 (3) 1.027 (7) 1.004 (6)
MED I- 23b \ MEDA
boroxinate cat boroxinate ca N
/AL
© N Conmph " CONHPh
I-115 Ph I-116

Figure 1.2 Experimental '*C KIE for the reaction of N-phenyl diazoacetamide I-107b

The '®C KIEs for both substrates in this reaction were determined by the
methodology'® for high-precision determination of small KIEs at natural abundance
developed by Singleton and coworkers. The data was collected and processed by Dr.
Mathew Vetticatt. The KIE values obtained from three independent experiments are

124

shown in Figure 1.2, together with the KIE data <" of frans-aziridination and alkynyl cis-
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aziridination. In contrast to the KIE results from cis-aziridination®® where a large '*C KIE
of ~5% was observed for the a-carbon of EDA, moderate '*C KIEs (2-3%) were observed
for the a-carbon of the imine or of the aldehyde for the three reactions with N-phenyl
diazoacetamide I-107b. This suggest that the first irreversible step would be the addition
of the diazoacetamide to imine/aldehyde carbons to form the diazonium ion intermediate.
The disparity of KIE between epoxidation reactions with and without DMSO indicated the
mechanism is different for two conditions.
1.4 Screening of aniline as base additive

During the optimization of the epoxidation reaction, it was found that addition of
aniline gave comparable result to DMSO. Examining variations of aniline might be
worthwhile for further optimization and a mechanistic study. A variety of aniline derivatives
I-117a—j was tested under the optimized condition (Table 1.5).

The weakest base in the bunch, diphenylamine I-117b, gave a result that is close
to DMSO and better than aniline. Interestingly, the highest ee was observed when 2-
aminophenol I-117j was used, a base that is slightly stronger than aniline. All the other
anilines with either an electron donating group (I-117i) or withdrawing groups (I-117c-e,
I-117f-h) gave slightly worse results than aniline. Another observation is that when the
reaction is more enantioselective, the yield of the side product I-114b was subdued.
However, the real role of 2-aminophenol is not clear. Because not only can I-117j function
as a base, but it also can switch with the phenol in the boroxinate and become incorporate

into the catalyst.
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Table 1.5 Epoxidation catalyzed by boroxinate with various anilines as base additive

30 mol% BH3z*Me,S @
20 mol% PhOH [I-117-H] pPh
10 mol% 30 mol% H,0 10 mol% aniline 117 0. 0O-B
(R)-VANOL > > e B© O
toluene, 100 °C, 1 h, CHClg, rt, 1 h, O—B\
then 0.5 mm Hg, 100 °C, 0.5 h then cool to —60 °C OPh
Boroxinate catalyst I-103b
0 O O
10 mol% I-103b
+ szj\ > CONHPh CONHPh
H N CHCly, 0.5 M, =60 °C, *
24 h
I-51a 1-23b I-111b I-114b
NH, NH,
NH NH
2 H Br< i Br Br Br 2
I |
t : : Br C C
I-117a 1-117b I-117¢ 1-117d -117e
NH NH NH
2 NH, 2 2 NH,
OH
Cl NO,
Cl Cl
-117f -117g I-117h I-117i 1-117j
entry base  %conversion? %yield®  %yield® cisftrans®  %ee®
(1-23b) (-114)  (F111b)  (-111b)  (I-111b)
1 none 95 9 56 37:1 70
2 DMSO 99 6 59 > 50:1 79
3 I-117a 92 9 47 > 50:1 76
4 1-117b 96 5 65 > 50:1 81
5 I-117¢ 99 9 48 45:1 70
6 1-117d 97 7 64 45:1 73
7 I-117e 94 16 28 18:1 71
8 I-117f 95 16 33 29:1 75
9 I-117g 93 14 42 40:1 74
10 I-117h 95 10 42 > 50:1 71
11 -117i ND 6 44 > 50:1 72
12 1-117j 99 5 55 28:1 87

aDetermined by 'H NMR analysis of crude product using PhsCH as an internal standard.
blsolated yield after chromatography on silica gel. °As judged by chiral HPLC.
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1.5 Discovery of VANOL meso-borate catalyst

We attempted to optimize the boroxinate catalyst by varying the phenol/alcohol
component. We start off the screening by setting up a control experiment without the
phenol, where a negative result was expected. Surprisingly, the reaction gave an equally
great yield and excellent ee (entry 3 vs 1, Table 1.6). For the reaction without DMSO, the
control (without phenol) experiment gave higher yield than the experiment with phenol
with a comparable ee (entry 4 vs 2, Table 1.6). In the absence of phenol, it is still possible
that a boroxinate forms from water molecule to give a catalyst where the phenols are
replaced by hydroxides. Therefore, both phenol and water were left out of the recipe for
the precatalyst. It was shocking to find that the results are as good as, if not better than,
those from original conditions (entry 5 & 6 vs 1 & 2, Table 1.6). The boroxinate catalyst I-
103a can’t be the catalytic species under these new conditions. After reviewing the types
of chiral borate catalysts known in the literature, it was suspected that the active catalyst
might be a mesoborate BLA®® or a propeller borate®*. The stoichiometry of BHz*Me,S was
readjusted to such that the VANOL/borane ratio was 2:1 based on a mesoborate
structure. We were delighted to obtain the cis-epoxide I-111a in 98.6% yield and >99%
ee after 5 hours (entry 7, Table 1.6). The reaction that was catalyzed by a precatalyst
generated with a ligand/boron ratio of 2:1 proceeded faster and gave higher
enantioselectivity at —40 °C (entry 8 vs 9, Table 1.6). A control experiment showed that
the boron is essential for the catalytic reaction (entry 10, Table 1.6). Modifications such

as decreasing the catalyst loading, and precatalyst formation by heating DMSO with
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VANOL and borane, have negative effects on the yield of the reaction (entry 11 & 12,
Table 1.6).

Table 1.6 Evolution of catalyst

“boroxinate conditon”

30 mol% BH3*MesS @
20 mol% PhOH DMSO-H OPh
10 mol% 30 mol% H2O 10 mol% DMSO . :,,o /O_B\
(R)-VANOL > > ( o-B@ O
toluene, 100 °C, 1 h, toluene, rt, 1 h, O-B
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —60 °C OPh

Boroxinate catalyst I-103a

j\ \ Q 10 mol% I-103a o o
+ 2 .Bu +
N —60° A CONHBu
Ph H toluene, —60 °C, )l\/
H time, 0.10 M Ph CONHBu — Ph
I-51a I-23a I-111a I-114a
1.1 equiv 0.50 mmol cis/trans > 50 : 1

entry  variation from “boroxinate conditon” time (h) %yield? (I-111a) %eeP (I-111a) %yield® (I-114a)

1 none 24 88 99 <1
2 w/o DMSO 24 79 90 5
3 w/o phenol 24 92 99 <1
4 w/o phenol and DMSO 24 90 89 <1
5 w/o phenol and H,O 8 92 99 <1
6 w/o phenol, H,O and DMSO 24 90 96 <1
7 entry 4, 5 mol% BH3*Me,S 5 99 99 <1
8 entry 7,-40 °C 1 97 99 <1
9 —40°C 24 90 98 <1
10 entry 7, w/o BHz*Me,S 24 0 — —
11 entry 7, half the catalyst loading 24 69 — 18
12 entry 7, heating with DMSO 24 36 — 18

3Jsolated yield after chromatography on silica gel. °As judged by chiral HPLC. °Determined by "H NMR analysis
of crude product using Ph3CH as an internal standard.
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Table 1.7 Optimization of condition for epoxidation catalyzed by mesoborate 1-118

“mesoborate conditon”

10 mol% 5 mol% BH3*Me,yS

L

10 mol% DMSO

-

(R)-VANOL
toluene, 100 °C, 1 h,
then 0.5 mm Hg, 100 °C, 0.5 h

toluene, rt, 1 h,
then cool to —40 °C

mesoborate catalyst I-118

0 \ Q o, _10mol% 118 o o
+ >
Ph)LH S N ’ toluene, —40 'C, PhACONHBu ' ph)j\/CONHB“
I-51a 1-23a I-111a I-114a
1.1 equiv 0.50 mmol cis/trans > 50 : 1
entry variation from “boroxinate conditon” %yield? (I-111a) %eeP (I-111a) %yield® (I-114a)

1 none 97 99 <1
2 4 AMS, -60 °C 99 99 <1
3 w/0 0.5 mm Hg, —60 °C 99 99 <1
4 w/o 0.5 mm Hg 97 929 <1
5 w/o 0.5 mm Hg, —20 °C 42 - 31
6 w/o 0.5 mm Hg, 0 °C 16 — 38
7 w/0 0.5 mm Hg, w/o DMSO, 4 A MS 34 — 1
8 w/o DMSO, 4 A MS 86 87 1
9 heating for 0.5 h, skip 1h after addition of DMSO, 4 A MS 97 99 <1
10 entry 9, 0 °C, w/o 4 AMS 94 96 <1
1 entry 9, w/o 4 A MS, 10 mol% H,O at —40 °C 99 99 <1
12 entry 9, w/o 4 A MS, 10 mol% H,0 at rt 8 — —
13 entry 9, B(OPh); instead of BH3*Me,S 99 99 <1
14 entry 9, B(OPh); instead of BH3*Me,S, no heating 45 — 2

aJsolated yield after chromatography on silica gel. °As judged by chiral HPLC. °Determined by 'H NMR analysis of crude
product using Ph3CH as an internal standard.

It was decided to further optimize the mesoborate system. Removing solvents after

the precatalyst formation will presumably get rid of the unreacted borane and Me,S

molecules. This step proved to be worthwhile at higher temperature where the catalyst

becomes less efficient (entry 6 vs 10, 7 vs 8, Table 1.7). The incorporation of 4 A

molecular sieves was thought to help increase the stability of the borate catalyst but it

turned out to be unnecessary and even detrimental in many reactions. As shown in control

experiments, the catalyst is sensitive to water but tolerant of water at low temperature
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(entry 11 and 12, Table 1.7). These findings prompted us to omit the 4 A MS from the
optimal conditions and use a simple round bottom flask to run the reactions rather than in
a Schlenck flask. The 30 min heating time for precatalyst formation was proved to be
enough and no induction time was needed for DMSO to engage in the system (entry 9,
Table 1.7). These procedural adjustments decreased the set-up time for the reaction
significantly from 3 h to 1 h. Finally, triphenyl borate can be used as an alternative boron
source. However, in contrast to boroxinate formation, heating is required for effective 2:1
mesoborate catalyst generation (entry 13 and 14, Table 1.7).

Next experiments were carried out to figure out the limit of catalyst loading (Table
1.8). When the concentration of the catalyst was kept constant, the reaction was equally
effective in the presence of 2.5 mol% catalyst. When 2.0 mol% catalyst loading was
employed, the epoxide was obtained with excellent enantioselectivity, albeit in slightly
lower yield. (entry 1-3, Table 1.8). Further decreasing the loading was impractical and

caused a considerable loss in yield (entry 4-5, Table 1.8).
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Table 1.8 Catalyst loading study

O3
2 equiv 1 equiv BHz*Me,S . 2equivDMSO CO:B_O
(S)-VANOL > > 0 Y
toluene, 100 °C, 0.5 h, toluene, rt, 1 h, O=g
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —40 °C \
mesoborate catalyst 1-118
o Q 1-118 o
)L + Nooo .Bu o .\
Ph H H toluene, —40 olC, Ph\“ "ICONHBU
1 h, concentration
I-51a I-23a I-111a
1.2 equiv cis/trans > 50 : 1

entry mmol concentration mol%  %yield®  %eeP
(I-61a) ofl-51a (M) (1-118) (I-111a) (I-111a)

1 0.5 0.1 5 94 99
2 0.5 0.2 2.5 99 99
3 0.5 0.25 2.0 88 99
4 1.0 0.25 1.0 (48) —
5 1.0 0.25 0.5 (5) —

3Isolated yield after chromatography on silica gel. Yields in
parentheses are determined by 'H NMR analysis using Ph;CH as
an internal standard. PAs judged by chiral HPLC. Ccis/trans = 27:1

To test the idea of whether the reaction can be run with catalyst prepared in

advance as a stock solution to avoid preparation of the catalyst each time before every

reaction, a stability study was conducted (Table 1.9). The mesoborate catalyst I-118 was

generated and stored in a Shlenk Flask under nitrogen atmosphere on the benchtop. The

results showed that the catalyst is relatively stable under moisture-free conditions and

maintained its catalytic ability over 5 weeks.
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Table 1.9 Catalyst stability study

H-0—
* O:B_O
10 mol% 5 mol% BH3*Me,S 10 mol% DMSO o Gt
(S)-VANOL > > ‘S\
toluene, 100 °C, 0.5 h, toluene, rt,
then 0.5 mm Hg, 100 °C, 0.5h  then cool to —40 °C mesoborate catalyst I-118
time stock solution under Ny
0]

entry days time %yield® %eeP

0 0
10 mol% I-118 VAN min) (I-129a) (I-129a
H Nz\)LN,Bu > * CONHBu (min) ) )
+ H toluene, —40 °C,
Br time, 0.10M B 1 0 10 99 99
I-51f 1-23a I-129a 2 8 30 98 99

1.2 equiv 0.50 mmol cis/trans > 50 : 1 3 37 130 97 99

8|solated yield after chromatography on
silica gel. PAs judged by chiral HPLC.

1.6 Ligand comparison and a distinction between two catalysts

The ligand effect was investigated with the 2:1 mesoborate catalyst (Table 1.10).
It was surprising to observe a dramatic decrease in yield when BINOL and VAPOL were
used as ligands under the optimal condition (entry 1-3 vs 4, Table 1.10). It was decided
to increase the reaction temperature in order to elevate their reactivity to produce a better
comparison between the ligands. The reactions performed at 0 °C indicated that catalysts
generated from VANOL are superior to BINOL and VAPOL in terms of yield and ee no
matter whether DMSO is added or not. Oddly, BINOL and VAPOL catalyst performed
better in the absence of DMSO (entry 5 vs 6 and 7 vs 8, Table 1.10). Moderate yield and
ee of the epoxide was observed for BINOL catalyst while almost racemic epoxide was
produced with the VAPOL catalyst (entry 5-8 vs 9-10, Table 1.10). The notable difference
in performance of the 2:1 catalyst in the epoxidation might be explained by their inherent
structural characteristics. First, the BINOL mesoborate should have a wider crevice in the

chiral pocket since the fused benzene rings are located distal to the phenol hydroxyl
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groups. This would decrease the energy difference of the transition states leading to the
major and minor enantiomers. Second, BINOL is reported to react with BH3 generate
mesoborates® or propeller borates®. Under the conditions for the preparation of the 2:1
catalyst, the propeller borate could be generated as a byproduct. Both propeller borate
and mesoborate of BINOL could catalyze the epoxidation of aldehydes. It is likely that the
propeller borate would be a less enantioselective catalyst than mesoborate which causes
the decrease in ee. On the other hand, VAPOL is more sterically hindered than VANOL
in its chiral pocket. This might result in a lower conversion into mesoborate. It would also
be difficult for the aldehyde substrate to bind to the active catalytic site. Both factors might
cause the lower conversion and enantioselectivity of VAPOL mesoborate catalyst.

The question remains whether the active catalysts generated from 1:3 boroxinate
or 2:1 mesoborate conditions are distinct species or not. Although the epoxidation
reactions under mesoborate conditions were faster and more enantioselective for many
substrates, it might be explained by a situation where the active catalyst is the same but
generated in a more efficient manner under the 2:1 conditions. Indeed, the
enantioselectivity can be hampered by adding 20 mol% phenol or by recombining the

missing components from the boroxinate conditions (Table 1.11).
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Table 1.10 Ligand effect in epoxidation catalyzed by mesoborate 1-118

(R)-Ligand > > A
toluene, 100 °C, 0.5 h, toluene, rt,
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —40 °C

CoaoD
10 mol% 5 mol% BHz*Me,S 10 mol% DMSO 7 "'g:B_ o

%

=3

mesoborate catalyst 1-118

0 \ 0 10 mol% I-118 0
+ 28 .Bu >
Ph)LH N toluene, PhACONHBu
temperature
I-51a I-23a time, 0.10M H11a
1.2 equiv 0.50 mmol

entry ligand DMSO temperature time (h)  %conv? (I-23a) %yield® (I-111a)  %ee® (I-111a)

1 BINOL yes —40°C 24 47 (3) —
2 BINOL no —40°C 22 66 (12) —
3 VAPOL yes -40°C 24 73 (13) -
4  VANOL vyes —40°C 1 100 97 99
5 BINOL yes 0°C 12 51 (5) —
6 BINOL no 0°C 0.5 100 62 62
7 VAPOL vyes 0°C 24 79 (23) -
8 VAPOL no 0°C 24 91 43 6
9 VANOL vyes 0°C 0.5 100 94 96
10 VANOL no 0°C 0.5 100 84 88

aDetermined by "H NMR analysis of crude product using Ph3CH as an internal standard. Plsolated yield after
chromatography on silica gel. Yields in parentheses are determined by 'H NMR analysis. °As judged by chiral
HPLC.

Table 1.11 Effect of PhOH in epoxidation catalyzed by mesoborate 1-118

oD
10 mol% 5 mol% BHy-Me,S 10 mol% DMSO - '.838—0
(R)-VANOL > - 0=¢”

toluene, 100 °C, 0.5 h, toluene, rt,

then 0.5 mm Hg, 100 °C, 0.5h  then cool to —40 °C \

mesoborate catalyst 1-118

toluene, 100 °C, 0.5 h,
25 mol% BH3*MesS  then 0.5 mm Hg, 100 °C, 0.5 h _
20 mol% PhOH, » “complement” to boroxinate

30 mol% H,0,

0 o 0 entry variation %yield®  %eeP
P L f)"g"'CONHPh (1137b) (-137b)
\QJL H + N toluene, —40 °C, 7
7 24 h,0.10 M 1 none 88 89
I-51g I-23b 1-137b o +20mol%PhOH 72 63
1.2 equiv 0.50 mmol cisftrans > 50 : 1 3 +‘complement’ 92 83

3lsolated yield after chromatography on silica gel.
bAs judged by chiral HPLC.
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To resolve this issue, it was decided to perform nonlinear effect (NLE) studies to
investigate the nature of these two catalyst systems. Nonlinear studies have been
employed to probe boron-catalyzed reactions, such as Yamamoto’s BINOL-BLA
catalyzed AHDA by James and Bull*®, boroxinate catalyzed aziridination by Wulff*® and
3-borono-BINOL catalyzed aza-Michael additions by Maruoka'?°.

The results of the experiment are shown below (Table 1.11, Figure 1.3, Figure 1.4).
A large difference between these two catalysts in the epoxidation can be observed from
the data and the graph. For the boroxinate catalyst, the yields of epoxide remain
consistent when varying the enantiopurity of VANOL. And in support the proposed
boroxinate catalyst, no nonlinear effect was observed in the graph, which is in agreement
of the NLE studies in aziridination®® and consistent with the structure A that a single
molecule of the ligand in the catalyst. In contrast, the yields and rates of epoxidation
increase as the enantiopurity of the VANOL in the mesoborate catalyst increases. A
significant (+)-NLE was revealed, providing strong experimental evidence that the active
catalyst responsible for asymmetric induction under the 2:1 conditions contains more than
1 equivalent of VANOL.

Therefore, the catalysts generated from these two conditions are distinct boron
catalysts. Both catalysts are effective in catalyzing epoxidation of aldehydes with

diazoacetamides. But the mesoborate has the edge over the boroxinate with regards to

rate and enantioselectivity of reactions at higher temperatures.

37



Table 1.12 Nonlinear effect study on two catalytic systems

30 mol% BH3*Me,S ©)
20 mol% PhOH DMSO-H OPh
10 mol% 30 mol% Hzo 10 mol% DMSO I,.O ,O—B\
(R)-VANOL ) > > (- o0-BO 0O
of various ee toluene, 100 °C, 1 h, toluene, rt, 1 h, O-B

then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —40 °C OFh

boroxinate catalyst A

A

R)-VANOL -
o(f V)arious ce toluene, 100 °C, 0.5 h, toluene, rt,

then 0.5 mm Hg, 100°C, 0.5h  then cool to —40 °C

e
10 mol% 5 mol% BHz*Me,S 10 mol% DMSO
=s

mesoborate catalyst B

O
9] O
H 10 mol% catalyst
+ Nag A\ -BU > CONHBu
B H toluene, —40 °C, 0.10 M
' 2-12hfor A Br
I-51f 1-23a time for B, 1-129a
1.2 equiv 0.50 mmol
catalsyt A catalsyt B
entry %ee of %yield®  %eeP time %yield® %eeP
VANOL (IF129a) (I-129a) (min) (I-129a) (I-129a)
1 0 68 0 30 55 0
2 10 69 11 30 52 23
3 19 67 21 30 56 57
4 32 67 33 30 75 69
5 39 69 43 30 91 82
6 50 68 51 10 70 85
7 57 68 58 20 86 95
8 69 68 69 10 93 97
9 79 73 74 10 96 98
10 93 61 84 10 88 98
11 >99 77 88 10 99 99

aJsolated yield after chromatography on silica gel. PAs judged by chiral HPLC.
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Figure 1.3 Yield of epoxide I-129a for non-linear studies
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Figure 1.4 Non-linear effect studies on two catalysts

1.7 Reaction scope
Having identified the optimal conditions for the asymmetric epoxidation catalyzed
by the mesoborate catalyst, attention was next turned to the evaluation of the scope of

this reaction for the aldehyde component. As shown in Scheme 1,14, a wide variety of
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aryl aldehydes were first investigated. In general, electronically varied benzaldehyde
derivatives (I-111-142) underwent the epoxidation reaction in excellent yield with
excellent asymmetric inductions. The reaction tolerates various functional groups
including alkyl (I-119-120), methoxy (I-123-124), ester (I-125), halogen (I-127-132), nitrile
(I-133), and nitro (I-134-135) moieties. The reactions of aryl aldehydes with substituents
at o-position were slower and gave the epoxide with slightly lower ee (I-119, 121, 123,
127). In addition, the substrates with electron withdrawing group on the phenyl ring
underwent the reaction slower and gave lower asymmetric inductions (I-133-135).
Epoxidation of 5-bromo-2-fluorobenzaldehyde gave 1-132 in 82% yield and with moderate
induction after 24 h. The reaction of 4-methoxybenzaldehyde was sluggish even when 10
mol% of catalyst was employed. This might be due to the instability of the resulting
epoxide under these conditions and the resulting ring-opened product might bind to the
catalyst and cause inhibition. Subsequently, aliphatic aldehydes were examined. It was
delightful to find that the epoxidation could be extended to both unbranched and a-
branched aliphatic aldehydes with excellent asymmetric inductions (I-136¢-138c). It was
found that the N-benzyl diazoacetamide I-23c was more suitable for aliphatic substrates.
Alkyl substituted cis-epoxides were obtained with almost perfect ees, although the
reactions were slower and this is thought to be due to the lower solubility of I-23c.
Reaction of a, a -bis-branched alkyl aldehyde was substantially slower and only gave
moderate yield when 10 mol% catalyst was used (I-139). Reaction with an alkenyl
aldehyde was unfruitful (I1-140). However, alkynyl aldehdyes were well-tolerated, albeit

giving only moderate yields (I-141-142).
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Scheme 1.14 Substrate scope of asymmetric epoxidation with mesoborate catalyst I-118:
variation of aldehydes®

5 mol% BH3*Me,S 10 mol% DMSO

oL
> ( %s-0

10 mol% _
(R)-VANOL - (o] ,
toluene, 100 °C, 1 h, toluene, rt, =g
then 0.5 mm Hg, 100 °C, 0.5 h  then cool to —40 °C \
mesoborate catalyst I1-118
o) )
RJLH + NZ%)LNfW 5 mol% I-118, o
H ™ R” YCONHR'

1.2 equiv. 0.5 mmol (or without DMSO)P
I-23a, R'=Bu toluene, —40 °C cis : trans>50 : 1
1-23b, R' = Ph time, 0.1 M
1-23c, R' = Bn
O 6]
0 ij\CONHBu /@L\CONHBU
CONHR!
1-119, 2 h, 89%, 97% ee 1-120, 0.17 h, 94%, 99% ee

I-111a, R' = Bu, 0.17 h, 99%, >99% ee
(2 h, 86%, 93% ee)

I-111b, R' = Ph, 12 h, 93%, 98% ee
I-111¢, R'=Bn, 1 h, 88%, >99% ee

(8 h, 98%, 97% ee)

SWs:

1-121, 1 h, 88%, 97% ee

CONHBu CONHBu

o

1-122, 0.25 h, 91%, >99% ee

OMe o

MeO CONHBU

CONHBuU CONHBuU

!
e
R,

MeO

1-123, 0.17 h, 92%, 94% ee 1-124, 0.17 h, 92%, 97% ee 1125, 24 he, 19%9, —

Br 0]

CONHBu

e

AcO
1-126, 0.25 h, 92%, >99% ee

CONHBu

o

Br

1-129a, 0.17 h, 99%, >99% ee
(2 h, 72%, 90% ee)

Br CONHBU

e

1-132, 24 h, 82%, 63% ee

CONHBu

9
%

1-127, 0.5 h, 94%, 90% ee

CONHBu

xt

1-130, 0.17 h, 93%, 98% ee

CONHBuU

e

NC
1-133, 0.25 h, 98%, 96% ee
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Scheme 1.14 (cont’d)

o)

ozNUL\CONHBu
cl

1-135, 1 h, 98%, 89% ee

O

/%CONHW
6

I-137b, R' = Ph, 12 h, 88%, 89% ee
I-137¢, R' = Bn, 12 h, 93%, >99% ee
(12 h, 82%, >99% ee)

O
X CONHBnN

1-140, 24 h, <5%, —

)

MCONHR*

1-136a, R' = Bu, 0.25 h, 87%, 96% ee
1-136b, R' = Ph, 12 h, 94%, 90% ee
1-136¢, R' = Bn, 12 h, 93%, >99% ee

O o)
gu\CONHBn >rL\CONHR1

I-138b, R' = Ph, 12 h, 99%, 98% ee |-139b, R' = Ph, 36 h, 70%, 92% ee
I-138¢c, R'=Bn, 2 h, 92%, >99% ee  |-139¢, R' = Bn, 24 h°, 47%°, >99% ee
(1 h, 93%, >99% ee)

O 0
\Q/L\ CONHR! ///ACONHBU
1 Ph

I-141a, R' = Bu, 24 h, 63%, 91% ee I-142, 4 h, 53%', 93% ee
I-141c, R' = Bn, 24 h, 63%, >99% ee
(1 h, 79%, 93% ee)

aReported are Isolated yields after chromatography on silica gel and ees judged by chiral HPLC. PResults of reaction without
DMSO are shown in parentheses. ©10 mol% catalyst was used %65% conversion. 78% conversion. ‘cis : trans = 26 : 1

The scope of various N-substituted diazoacetamide or diazo esters with 4-
bromobenzaldehyde I-51f was evaluated. The diazo acetamides 23c-o0 were synthesized
by the aforementioned procedure (Scheme 1.12).
diazoacetamides bearing phenyl, 2° and 3° alkyl, alkene, alkyne, ester and ether
functional groups performed well in the reaction to afford the epoxides in moderate to
good vyields with excellent ees (I-129¢c-129j). Contrastingly, reactions with the N-
substituted diazoacetamides bearing free hydroxyl, indole N-H, acidic sensitive Boc and
acetal groups were sluggish and failed to go to completion. Our attempts to applied N,N-
disubstituted acetamide 1-1290 and diazo esters 1-129p-q were unsuccessful. These

results suggested the important role of the amide group and amidic N-H in this epoxidation

reaction.
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Scheme 1.15 Substrate scope of asymmetric epoxidation with mesoborate catalyst I-118:
variation of diazo compounds?®

H-O
10 Mol% 5 mol% BHg-Me,S 10 mol% DMSO el )
(R)-VANOL > > ( o-B-0
toluene, 100 °C, 1 h, toluene, rt, O= /
then 0.5 mm Hg, 100°C, 0.5 h  then cool to —40 °C ~S\
o mesoborate catalyst I-118
H 0
N 1% 1-11
+ ZQ)LR 5 mol% 8, -~ CONHR!
Br o
151§ 1-23c-q foluene, —40°C g 1129
1.2 equiv. 0.5 mmol time, 0.1 M cis : trans > 50 : 1
m’\l mN\/\Q m’\l\o
B 0 Br © Br ©
I-129¢, 3.0 h, 90%, 99% ee 1-129d, 3.0 h, 88%, 99% ee 1-129e, 1.0 h, 91%, 99% ee

O N ol
N

O
H H
mNK m -~ mN\///
Br o Br o Br o

I-129f, 1.0 h, 87%, 99% ee I-129g, 12 h, 47%, 99% ee I-129h, 15 h, 97%, 94% ee
o) o o) o)
H H H
N N H
Y Y Yy
Br o Br © Br ©
I-129i, 24 h, 90%, 99% ee I-129j, 1.0 h, 93%, 99% ee I-129K, 17 h, (9%)
I-1291, 17 h, (35%) I-129m, 17 h, (24%) I-129n, 17 h, (30%)
1) | (0] 9] (0]
mN\/\/ moa /moﬁ
o]
Br 0 Br © Br o)
I-1290, 24 h, 0% I-129p, 24 h, 0% I-129q, 24 h, 0%

@Reported are Isolated yields after chromatography on silica gel and ees judged by chiral HPLC. Yield in parentheses are
determined by "H NMR analysis. 10 mol% catalyst was used 965% conversion. ¢78% conversion. ‘cis : trans = 26 : 1
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1.8 Gram-scale reaction and synthesis of Taxol-side chain

The asymmetric epoxidation of benzaldehyde with N-butyl diazoacetamide 1-23a
catalyzed by mesoborate catalyst I-118 could be easily scaled up 10-fold to afford 1.25 g
of I-111a with >99%ee in 20 min. Pleasingly, we could recover 98.6% of VANOL ligand
from the reaction mixture by chromatography. The gram-scale reaction was much slower
in the presence of 4 A MS. After 17 h only a 54% yield of I-111a was obtained with 92%
ee and it delivered I-111a of 97% ee in 86% yield after 80 h.

Scheme 1.16 Gram-scale synthesis of cis-epoxide 1-108a

O (@) 0)
5 mol% 1-118
H + H\N'Bu > CONHBU
N, H toluene, —40 °C
05h
I-51a 1-23a I-111a
1.2 equiv 6 mmol 1.254 g, 95% yield, 99% ee
98% of VANOL was recovered

The synthetic usefulness of this methodology was demonstrated in the synthesis
of taxol side-chain I1-146. Taxol I-145, whose structure first elucidated'®® by Wani and
coworkers in 1971, is one of the best-selling cancer drugs ever manufactured. Due of the
limited amount of taxol that can be isolated from the yew tree (0.02%), organic chemists
have been interested in the synthesis of taxol to meet its increasing demand. The first
total synthesis of taxol was achieved'?”'®® by Holton and coworkers in Dec 9", 1993.
However, the synthesis was not commercially viable due to the low yield and complexity.
The large-scale production of taxol was made possible from a semisynthesis from 10-
deacetyl-baccatin 11l I-143, which can be extracted from leaves of yew tree (0.1%). This

process was first addressed'® by Potier and developed by Holton. The key step is
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installing the C-13 side chain by Ojima’s lactam'®® I-144 (a. Scheme 1.17). Therefore, the
enantioselective synthesis of the taxol side chain has attracted the attention of many
synthetic chemists. The first asymmetric synthesis of the taxol side chain was reported'"”
132 by Greene et al. They used the Sharpless asymmetric epoxidation for the introduction
of two chiral centers. The desired ester was isolated in 23% overall yield but
recrystallization was needed to enrich the ee to >95%. Multiple pathways to the taxol side
chain were developed by many other groups, including Ojima'®, Jacobsen'*,
Yamamoto'®, Sharpless'® and Shibasaki'®’ etc., using different strategies (b. Scheme
1.17).

The synthesis of the taxol side chain begins with epoxide I-111a which was
prepared by asymmetric epoxidation of benzaldehyde described in this chapter. Amide I-
111a was first converted to ester I-25 in 78% yield, a common intermediate in the
synthesis by Greene'®' and Jacobsen'*. The ethyl glycidate I-25 was then reacted with
TMSN; in the presence of ZnCl, to afford azido alcohol 1-153 in 96% yield. Benzoylation
of followed by CuCl-catalyzed azide reduction'®® gave the desired ester 1146 in 90%
yield. In this way, the taxol side chain was isolated after 5 steps in 63% overall yield

without erosion of ee.
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Scheme 1.17 Synthetic strategies of taxol and the taxol side chain 1-146

a. Semisynthesis of taxol

P, @ ( )
OH g
QIJLPh
M Esio”
Ho 144 O 07 NH O
—_— - Y O
X I
)§O 4 steps, 80% \ oH J
1-143 I-145

b. Strategies in asymmetric syntheses of taxol side chain

0]

Greene (1986)
Ph/\)LNMe Shibasaki (2005) R = Me, 5 steps, >95% ee, \
k152 2 R =Me, 7 steps, 99% ee, 23% overall yield
58% overall yield 36% overall yield (1990) e
asymmetric
epoxidation Sharpless epoxidation
'Y A
Sharpless (1994) Oii
B jima (1991)
R =H, 7 steps, 99% ee, R =H, 4 steps, >99% ee OTIPS
0o 23% overall yield ‘o . ’
58% overall yield \
/\)J\ < > i
Ph OCH3 o) NH O - — % OLi
1151 Sharpless dihydroxylation H chiral auxiliary ROH 48
Y OR
OH R* = (-)-trans-2-phenylcyclohexanol
L 1-146 )

Jacobsen (1992)
R =H, 5 steps, 95-97% ee
25% overall yield

Yamamoto (1993)
R =H, 3 steps, 95-97% ee
65% overall yield

chiral boron promoted Jacobsen

Manich reaction epoxidation
Ph oTBS ———CO,Et
= OMe 1-149
I-58b TBSOI-1 50
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Scheme 1.18 Synthesis of the taxol side chain I-146

1) BuLi, THF,
0 -78°C, 30 min 0
2) Boc,0, -78°C, 2 h 1) 0.1 equiv ZnCl,,
CONHBu then -45°C, 2 h Ot TMSN;, 70°C, 24 h
3) EtONa, EtOH, O 2) HCI, HOAG, THF,
l-111a 0 °C to rt, 30 min I-25 it 1h
99% ee 78% ’
o)
BzCl, Et;N OEt 0.2 equiv CuCl R
0.05 equiv DMAP aq. (NH,),S ZHN OEt
CHCly, rt, 1 h Bz MeCN, rt, overnight
I-146 (R = Et)
I-154 taxol side-chain
99% 90%, 99% ee

1.9 NMR studies and DFT calculations

For a better understanding the mechanism of the mesoborate-catalyzed
epoxidation of aldehydes with diazoacetamides and the role of DMSO, NMR studies were
conducted by preparing a mesoborate sample by the general procedure which was then
subjected to ''B NMR, '"H NMR and °C NMR analysis.

In the DMSO titration studies, the 'B NMR spectra clearly showed that the peak
of mesoborate at ~20 ppm shifts upfield to ~7.0 ppm gradually (a-f, Figure 1.5). The most
upfield peak (6.7 ppm) results from 1.0 equiv DMSO. These observations suggest that
the formation of a 1:1 complex with DMSO coordinating to the boron of the mesoborate.
In support of the coordination of DMSO, '*C NMR spectra from the same studies showed
that the change of chemical shift (40.9 ppm for e vs 35.3 ppm for b) and peak broadening
of the methyl carbon signal of DMSO (b-d vs e, Figure 1.6). Addition of 1 equiv of
benzaldehyde to the mesoborate catalyst barely changed the characteristic tricoodinated

boron peak of ~20 ppm in the "'B NMR (b vs a, Figure 1.7). In contrast, in the presence
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of 1 equiv DMSO, a distinctive shoulder peak at ~15 ppm could be observed (c, Figure
1.7). Obviously, the coordination of the mesoborate with DMSO is more favorable than
with benzaldehyde. Compared with the '"H NMR spectrum of mesoborate with 1 equiv
benzaldehyde, the spectrum with an additional 1 equiv DMSO showed a notable increase
in the intensity of a peak at 7.8 ppm and line broadening for most peaks in the aromatic
region in the '"H NMR spectrum (c vs b, Figure 1.8). In comparison, addition of 10 equiv
of aldehyde to mesoborate 1-118 revealed a peak at 6.1 ppm in the "B NMR, which
suggested the coordination of aldehyde to boron of mesoborate catalyst in the reaction
conditions. Finally, the additive studies showed the different borate species resulting from
addition of different additives with various pKas. For benzhydryl aldimine I-176 (pKa = ~7)
and 2-Aminophenol I-117j (pKa = 4.84), the mesoborate was deprotonated to form an
ionic spiroborate complex (~10 ppm sharp peak in ''B NMR) with protonated imine/aniline
(b & c, Figure 1.9). Benzaldehyde I-52a (pKa = —7), diazo acetamide I-23a (pKa = ~0)
and DMSO (pKa = —2) were too weak to deprotonate the mesoborate (d-f, Figure 1.9).
Thus, the interaction was likely to be coordination to boron. The fact that the weaker base
DMSO coordinates better than the diazoacetamide I-23a could be explained by the steric
effect: DMSO is small enough to bind to the boron in the chiral pocket of the mesoborate

catalyst.
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Figure 1.5 ''B NMR spectra of mesoborate I-118 and DMSO titration studies
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H-0
i 1 equiv BHg*Me,S .t )  0.7mLCDCl
2 . C O.
(S)-VANOL ; = Lol “xoquv . CCNMR
0.1 mmol toluene, 100 °C, 0.5 h, o

then 0.5 mm Hg, 100 °C, 0.5 h mesoborate catalyst

a. mesoborate 1-118

b. mesoborate I-118 + 0.5 equiv DMSO

8

c. mesoborate 1-118 + 1.0 equiv DMSO

g 7 6 5 4 3 2 1
ppm

d. mesoborate I-118 + 2.0 equiv DMSO

80 70 60 5b 40 30 2b 10 0
ppm

Figure 1.6 '°C NMR spectra of mesoborate I-118 and DMSO titration studies
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H-O

. 1 equiv BHz*Me,S d' ) 0.7 mL CDClj
(S?—\e/ﬁllj\i\(/x > ( o-B-0O ————> "BNMR
0.1 mmol toluene, 100 °C, 0.5 h, 1-118 additive

then 0.5 mm Hg, 100 °C, 0.5 h mesoborate catalyst

a. mesoborate I-118

—20.222

Figure 1.7 ''B NMR spectra of mesoborate 1-118 with benzaldehyde
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H-0

2 equiv 1 equiv BH3*Me,S o )  0.7mLCDCly

(S)-VANOL > ( oBO — > 'HNMR
0.1 mmol toluene, 100 °C, 0.5 h, I-118 additive

then 0.5 mm Hg, 100 °C, 0.5 h mesoborate catalyst

a. mesoborate I-118

10 9 8 7 6 5 4 3 2 1 ppm

b. mesoborate I-118 + 1.0 equiv PhCHO I-51a

10 9 8 7 6 5 4 3 2 1 ppm

¢. mesoborate I-118 + 1.0 equiv PMSO + 1.0 equiv PhCHO I-51a
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Figure 1.8 'H NMR spectra of mesoborate 1-118 with benzaldehyde
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-B-0 ————> 1IBNMR
S)-VANOL .
(0)1 mmol toluene, 100 °C, 0.5 h, O'k118 x equiv PhCHO

' then 0.5 mm Hg, 100 °C, 0.5 h mesoborate catalyst

H-O
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o
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Figure 1.9 ''B NMR spectra of mesoborate I-118 with 10 equiv benzaldehyde
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H-O
. 1 equiv BHz*Me,S 'O' ) 0.7 mL CDClg
2 equiv - (* *B-0 8 NMR

-VANOL o g e
<§?1 mmg, toluene, 100 °C, 0.5 h, O1118 additive
then 0.5 mm Hg, 100 °C, 0.5 h mesoborate catalyst

a. mesoborate I-118
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ppm
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b. mesoborate I-118 + 1.0 equiv imine I-176 Cﬁ
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c. mesoborate I-118 + 1.0 equiv aniline I-117j

80 60 40 20 0 -20 -40 -60 -80

0
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f. mesoborate 1-118 + 1.0 equiv DMSO

Figure 1.10 ''B NMR spectra of mesoborate I-118 with additives

Computational modeling of the VANOL mesoborate catalyst using density
functional theory (DFT) revealed a minimum energy structure in which the boron is
tricoordinated with three phenol hydroxyl group with the free hydroxyl H-bonding (2.07 A)
to an O of the other molecule of the ligand (Figure 1.10). Modeling the DMSO with
different coordination patterns result in the lowest-energy structure where the oxygen of

DMSO is bound to the boron from the same side of boron as where the H-bonding occurs
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(Figure 1.11). The shorter distance of the H-bonding (1.73 A) indicates the synergetic

effect of the hydroxyl group (BLA).

Figure 1.11 Lowest-energy ground-state structure of mesoborate 1-118 at the B3LYP/6-
31G(d) level

Figure 1.12 Lowest-energy ground-state structure of mesoborate 1-118 bound to DMSO
at the B3LYP/6-31G(d) level
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The role of DMSO in improving the yields and ees for the epoxidation reactions is
still not clear at this point. It would be reasonable to hypothesize that the DMSO molecule
functions as a “recruiter’. Because an electrophilic sulfur atom that results upon
coordination of the oxygen of the DMSO to the mesoborate is more accessible than the
boron in the mesoborate, which is deep down in the chiral pocket. The DMSO could be
replaced via a ligand exchange process to give structure B, where the aldehyde is
activated by boron coordination (Lewis acid activation). Alternatively, the aldehyde can
be activated by coordination to sulfur as shown in the structure A. On the other hand,
DMSO molecule assembles the mesoborate catalyst from various possible species of
three-coordinated borate ester. Thus, this recruiting effect increases the rates of the
reactions.

Meanwhile, the coordination of DMSO decreases the Bronsted acidity of the
mesoborate, which could possibly make the reaction more enantioselective if there is a

less enantioselective Bronsted acid catalysis pathway that is operational.

naphthyl groups of the Iigand
are not shown for clarity

H-0’> ANV H-O
. DMSO O ~ DMSO N
. 2B-O ——— OBV ———> O-g
0’118 aldehdye o Oi( g o R
mesoborate catalyst A R B
diazo acetamidel diazo acetamidel
epoxides epoxides

Figure 1.13 Proposed role of DMSO
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1.10 Hetero Diels-Alder reactions (HDA) catalyzed by VANOL mesoborates
With the successful application of mesoborate catalyst on asymmetric epoxidation
of aldehydes, an attempt was made to extend this catalyst to other reactions with

d'% since

aldehydes. The catalytic asymmetric HDA reaction has been intensively explore
Danishefsky et al reported’* the first HDA with aldehydes catalyzed by ZnCl,in 1982. A
wide variety of chiral Lewis acids have been developed for the HDA reaction of
Danishefsky’s diene with aldehydes (Scheme 1.19). Yamamoto and coworkers
reported'* the first efficient asymmetric HDA catalyzed by chiral aluminum catalyst I-156.
Corey and coworkers employed'*? the chiral oxazaborolidine 1157 to catalyze the
formation of Mukaiyama aldol products. Subsequent acid treatment of the aldol products
gave the formal HDA adducts I-155 with high enantioselectivities. Chiral Cr(lll) complex
I-158 was applied'*® by Jacobsen in HDA with various aldehydes to give 1-155 and
derivatives with high enantioselectivities. Several highly efficient Lewis acid catalysts,
including aluminum™*, titanium'*®, zinc'*®, magnesium'*’ and zirconium'*® complexes
generated from BINOL derivatives 1-159-162 were developed by Jgrgensen, Ding and

Kobayashi. In 2012, List and coworker reported’*?

a highly enantioselective HDA reaction
of aldehydes with I-66a and related catalyzed by chiral disulfonimide 1-163. The HDA
reaction was performed at —78 °C for 4 days to afford a number of 2,6-disubstituted and

2,5,6-trisubstituted dihydropyrones in high yields (up to 97%) and excellent ees (up to

98%).
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Scheme 1.19 Hetero Diels-Alder reaction of Danishefsky’s diene I-57a with aldehydes

OMe
y 0 1) catalyst 2 0
—>
*OH g «Ph
T™MSO™ 2)™H o H
I-56a I-51a I-155a
Danishefsky et al'3® (1982) Yamamoto et al'®° (1988)  Corey et al’#? (1992) Jacobsen et al'#! (1998)
0.5 equiv ZnCl, 10 mol% I-156 20 mol% 1-157 2 mol% I-158
rt, 1-2 days toluene, —20 °C, hours EtCN, -78°C, 14 h tBuOMe, —30 °C,
s 5% e 7% 67%ee®) .. 100%,82%ee (R) ... 85%, 87%ee (R) ___
Jorgensen et al'42 (2000) Ding et al'43 (2002) Ding et al'44 (2002) Ding et al'*® (2008)
10 mol% 1-159/AIMe3 0.05 mol% Ti(OiPr),/ 1-160 1:2 5 mol% I-161/Et,Zn 10 mol% 1-160/MgBu, 1:1.5
tBuOMe, —38 °C, neat, rt, toluene, —25 °C, toluten, rt,
97% _=09% ee (R) 99%. 99% ee (R) 99%. 97% ee (R) 99%, 99% ee (S)
H
SiPhg i
() @
@)
O Al-Me =
1 N—B\
e o
SiPhs 1157
1-156

I-158
g9 90 ¢ G
OH OH OH
oyt o 94¢
Br CoFs I
1-160 1-161 1-162

During the development of aza-Diels-Alder reaction of in situ generated imines,

Newman and Wulff attempted the HDA reaction of benzaldehyde with I-56a catalyzed by
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VAPOL/B(OPh); 1:3 catalyst. The desired dihydropyrone was isolated in 67% yield with
28% ee. We then tested the same reaction with the VANOL boroxinate catalyst with
DMSO under the same condition. The reaction gave low conversion (<20%) and the
product was not isolated (Scheme 1.20).

Scheme 1.20 HDA reaction of Danishefsky’s diene I-56a with aldehydes catalyzed by
boroxinate catalyst

OMe 0 30 mol% B(OPh),
f (S)-VAPOL /K\/?‘H
H - ,
+ o -
T™MSO” J\© i 7 o
I-56a I-51a I-155a
2.0 equiv 67%, 28% ee
OMe o 10 mol% (S)-VANOL boroxinate
10 mol% DMSO, Z "0
=z b . ’
TMSO N toluene, —45 °C, 48 h (0] h
I-56a I-51a I-155a
2.0 equiv <20% conversion

It was pleasing to find that the HDA reaction of 4-bromobenzaldehyde with
Danishefsky’s diene catalyzed by VANOL mesoborate catalyst gave I-155b in 84% vyield
and 40% ee at rt. In contrast to the epoxidation reaction, the enantioselectivity increase
to 62% ee when DMSO was not added (entry 2 vs 1, Table 1.13). Decreasing the reaction
temperature for the reactions with 20 mol% DMSO did not improve the ee but slowed
down the rate significantly (entry 3 & 4 vs 1, Table 1.13). Attention was then turned to the
study of the ligand effect (entry 5-7 & 1, Table 1.13). The reaction with BINOL mesoborate
gave a better result (94%, 83% ee) than VANOL. Compared with VANOL, the reaction
catalyzed by BuVANOL mesoborate afforded I-155b in higher yield with comparable ee,

while the reaction with VAPOL mesoborate did not yield the desired product. This is quite
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surprising because the steric hindrance of VAPOL and tBuVANOL are similar. It was

delightful to see that lowering the reaction temperature to —40 °C in the absence of DMSO

had positive effects for both VANOL and BINOL. The dihydropyrone I-155b could be

isolated in 89% with 83% ee for VANOL mesoborate catalyst, and 96% with 91% ee for

BINOL mesoborate catalyst (entry 8 & 9, Table 1.13).

Table 1.13 Temperature and ligand screening for HDA reaction

20 mol%

10 mol% BHz*Me,S

(S)-ligand

OMe

0
Z +
H
™SO X
Br

I-56a
2.0 equiv

I-51f

toluene, 100 °C, 0.5 h,
then 0.5 mm Hg, 100 °C, 0.5 h

",
*

H-0
O.p_ )
0:B-0

mesoborate catalyst

10 mol% mesoborate

toluene, temp,

24 h

L
v

ﬁ’@ )
O ’H

1-155b

entry ligand DMSO

temperature %yield? (I-155b) %eeP (I-155b)

VANOL 20 mol%

VANOL

VANOL 20 mol%
VANOL 20 mol%

VAPOL
{BuVANOL
VANOL
BINOL

]
2
3
4
5 BINOL
6
7
8

©

rt
rt
0°C

-40 °C

rt

rt

rt
-40 °C
—40 °C

84
79
82
40
94
0
90
89
96

40
62
25
37
83
64
83
91

8lsolated yield after chromatography on silica gel.
bAs judged by chiral HPLC.

The reaction time was optimized. The reactions were completed within 1 h at rt

and at —40 °C (entry 1 vs 2, 3 vs 4, Table 1.14). However, a further decrease the reaction

temperature to —78 °C in an effort to increase the enantioselectivity proved to be fruitless.

The reaction became very sluggish and did not go to completion for a longer period of
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time (entry 5, 7-8, Table 1.14). As with the reaction with VANOL, the reaction with BINOL
mesoborate at —78 °C was also affected, and to a greater extent. Both the yield and ee
of the adduct were reduced substantially compared with that at —40 °C (96%, 91% ee)
(entry 6, Table 1.14). It is noteworthy that contrary to most of the HDA reactions in the
literature, the VANOL mesoborate catalyzed HDA did not require a treatment of acid to
yield the cyclized product. This observation suggests that the reaction might proceed
through a concerted [4+2] mechanism rather than the widely accepted'*® '*° stepwise
pathway (Mukaiyama aldol then cyclization). Mechanistic investigations in this regard
were not carried out.

Table 1.14 Studies of time and temperature for HDA reaction

OMe o 10 mol% (S)-VANOL

ﬁ mesoborate _ Kj’@/Br
+ K > -
e g J\@\B tolue;}?n,gemp, ) H
I-56a I-51f r I-155b
2.0 equiv
entry temperature time %yield? (I-155b) %ee® (1-155b)
1° rt 24 h 79 62
2¢ rt 1h 83 59
3¢ -40 °C 24 h 89 83
4d -40 °C 1h 92 84
5¢ -78 °C 1h 49 83
6°f -78°C 1h 16 71
7¢ -78 °C 2h 56 79
8¢ -78 °C 4 h 57 90
99 —60 °C 1.5h 61 87

3lsolated yield after chromatography on silica gel. PAs judged by chiral
HPLC. “Quenched by 1 M aq. HCI. 9Quenched by TFA. ®Quenched
by Et;N. 'BINOL was used instead of VANOL. 9Quenched by
EtOH/H,O

Next, the solvent effect was investigated for HDA reaction catalyzed by the VANOL

mesoborate at rt. Toluene appeared to be superior to the more polar solvents, such as
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DCM and THF (entry 2 & 3 vs 1, Table 1.15). The optimal solvent system for aza-HDA
reaction''® delivered the product with higher yield, albeit slightly lower ee (entry 4, Table
1.15). The attempts to search for a better solvent for the mesoborate catalyzed HDA
reaction at —40 °C were unsuccessful (entry 5-10, Table 1.15). The reaction in the polar
solvent chloroform and the coordinating solvent E