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ABSTRACT: VANOL and VAPOL ligands are known to
react with three equivalents of B(OPh), to form a catalytic
species that contains a boroxinate core with three boron
atoms, and these have proven to be effective catalysts for a
number of reactions. However, it was not known whether the
closely related BINOL ligand will likewise form a boroxinate
species. It had simply been observed that mixtures of BINOL
and B(OPh), were very poor catalysts compared to the same
mixtures with VANOL or VAPOL. Borate esters of BINOL
have been investigated as chiral catalysts, and these include
meso-borates, spiro-borates, and diborabicyclo-borate esters.
Borate esters are often in equilibrium, and their structures
can be determined by stoichiometry and/or thermodynamics,
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especially in the presence of a base. The present study examines the structures of borate esters of BINOL that are produced with
different stoichiometric combinations of BINOL with B(OPh); in the presence and absence of a base. Depending on conditions,
pyro-borates, spiro-borates, and boroxinate species can be generated and their effectiveness in a catalytic asymmetric aziridination
was evaluated. The finding is that BINOL borate species are not necessarily inferior catalysts to those of VANOL and VAPOL
but that, under the conditions, BINOL forms two different catalytic species (a boroxinate and a spiro-borate) that give opposite
asymmetric inductions. However, many BINOL derivatives with substitutents in the 3- and 3’-positions gave only the boroxinate
species and the 3,3’-Ph,BINOL ligand gave a boroxinate catalyst that gives excellent inductions in the aziridination reaction.
BINOL derivatives with larger groups in the 3,3"-position will not form either spiro-borates or boroxinate species and thus are not

effective catalysts at all.

1. INTRODUCTION

BINOL 1 is a C,-symmetrical biaryl ligand that has been widely
used in a variety of asymmetric reactions.” The lack of ability of
BINOL 1a to render high asymmetric inductions in many
systems has been related to the topological fact that its largest
chiral pocket (naphthalene rings) and its active site (hydroxy
groups) are on opposite sides of the axis of chirality. The
traditional solution to this limitation is to employ BINOL
derivatives which have substituents in the 3- and 3’-positions,
thus enhancing the chiral pocket around the active site (Figure
1). This approach has led to the generation of a large family of
BINOL ligands which, as a whole, have made BINOL and its
derivatives one of the most important ligand types in
asymmetric catalysis.” Our approach to this problem has been
to reorient the direction of the naphthalene rings such that they
are projected in a vaulted fashion around the active site, and
prototypical examples of this family of vaulted biaryls are iso-
VAPOL 2, VANOL 3, and VAPOL 4. These vaulted biaryl
ligands have been demonstrated to be useful in a variety of
useful asymmetric reactions including Diels—Alder reactions,”*
Mannich reactions,’ Baeyer—Villiger reactions,” heteroatom
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Diels—Alder reactions,’” the amidation® and imidation’ of
imines, the asymmetric reduction of imines,"” desymmetriza-
. e 1. 1la—e . . . 11f
tion of aziridines, desymmetrization of diesters, ~ the
Petasis reaction,'” the hydroarylation of alkenes,'” cis-
. L. 14,15 . .. 16
aziridination of imines and trans-aziridination of imines,
benzozfloxylation of aryloxindoles,"” the 2-aza-Cope rearrange-
8 . . 21 . 19
ment, = the Ugi reaction,” aza-Darzens reaction, ~ hydro-
: 20 . 22 -
genation of alkenes,” propargylation of ketones,” chorination
and Michael reactions of oxindoles,” hydroacylation of
alkenes,”* pinacol rearranﬁgement,25a a-imino rearrangement,25b
reduction of aminals,®® Michael addition of alkynes,27a
Y S . . o
chromene functionalization,”” carbonylative spirolactonization
of enallenols,”” and controlled switching in a foldamer.””?
More recently, we have reported the preparation of a number
of derivatives of these vaulted ligands and these new ligand
types have been evaluated in the catalytic asymmetric
aziridination reaction,"”> Diels—Alder reactions,” Ugi reac-
tions,”' and enantioselective protonation.27c
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Figure 1. Linear and vaulted biaryls.

The aziridination of imines with diazo compounds is
arguably the most successful reaction to date that is catalyzed
by a VANOL or VAPOL derived catalyst.*"'° These
aziridination catalysts were originally prepared by heating the
ligand with 3 equiv of B(OPh); and then removing all volatiles
under a vacuum, as indicated by the procedure in Table 1.'**
Data that compare the relative effectiveness of BINOL,
VANOL, and VAPOL with imines with different protecting
groups on the nitrogen have been collected from the literature
and presented in Table 1. In each case, it can be seen that the
BINOL derived catalyst gives far inferior asymmetric inductions
when compared to the catalyst generated from either VANOL

or VAPOL. This observation is consistent with the hypothesis
that motivated the design and synthesis of the vaulted biaryl
ligands: BINOL has a smaller chiral pocket around the active
site. than VANOL or VAPOL. Also consistent with this
hypothesis is the increase of asymmetric induction for the
aziridine 7a from 13% ee to 54% ee when the BINOL catalyst
has 3- and 3'-substituents (Table 1, entries 1 vs 2).** Not
consistent with this hypothesis is the fact that for all three
imines shown in Table 1 the catalysts derived from VANOL
and VAPOL give nearly identical asymmetric inductions. It
would have been expected that the VAPOL catalyst would have
given higher asymmetric inductions than VANOL, since the
active site is contained within a deeper chiral pocket in VAPOL
than in VANOL.”” Any attempt to correlate the effectiveness of
these ligands and the size of the chiral pocket around the active
site of course must presuppose that the structure of the catalyst
is the same for all of the ligands. Thus, while we have recently
gained some information concerning the structure of the boron
based catalysts'*? generated from VANOL and VAPOL and
B(OPh);, not nearly as much is known about BINOL borates.
The purpose of the present work is to take a closer look at the
structure and reactivity of various BINOL borate esters that are
generated upon interaction of BINOL and B(OPh);. The
findings are that the supposition that BINOL, VANOL, and
VAPOL give the same type of catalyst is not correct and,
furthermore, that BINOL gives a mixture of two species under
conditions where VANOL and VAPOL give a single borate
species. Computational analysis of the aziridination reactions
catalyzed with the different BINOL borate species supports the
experimental observations that the low asymmetric inductions
with BINOL derived borate catalysts (Table 1) are due to the
presence of two catalyst species that give opposite enantiomers.

Table 1. BINOL Catalysts for the Catalytic Asymmetric Aziridination Reaction

(0] P P. _H
5-10 mol% (S)-pre-catalyst N N
PhoNp + OEt + - COE
,\‘J solvent, 25 °C, 24 h (Ph)H
2 Ph  COEt Ph(H)
5 6 7 8(9)
1) B(OPh)3 (3 equiv) 2) 0.1 mm Hg
CH,Cl,, 55°C, 1 h 55°C,0.5h
(9-1-4 (S)-pre-catalyst
. . mol% %yield cisftrans %ee % yield
series P ligand solvent oy
'gan catalyst cis-72 70 7¢ 8+9b

O O BINOL1ad¢ 10 toluene 66 >50:1 13 17
a BINOL1g® 10 toluene 55 99:1 54 nd
Benz,:;g’ry, Bh) VANOL3 5 toluene 87 >50:1 89 <1
VAPOL4f 5 toluene 82 >33:1 94 2
MeO. OMe BINOL 1a9 toluene 72 17:1 38 24

b O O VANOL 3 toluene 98 50:1 97

~an VAPOL 4" toluene 98 >33:1 99

MEDAM
+Bu t+Bu h
MeO OMe BINOL 1a 10 CH,Cl, 71 nd 67 nd
c O O VANOL 3 5 toluene 98 >50:1 96 <2
tBu . tBu vaPOL4" 10 CH,Cl, 96 >50:1 99 <2
1
BUDAM

“Isolated yield after silica gel chromatography. Determined from the '"H NMR spectrum of the crude reaction mixture. “Determined by chiral

HPLC on purified cis-7. “See Table 2, entry 9. “Reference 28.”Precatalyst

of B(OPh), in toluene at 85 °C and then removal of volatiles; ref 14c.
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repared by method B in Table 2; ref 14a. ®Precatalyst made from 4 equiv
Reference 14b.
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Scheme 1
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H® B(OPh)s '
Oe O 1 equiv BH,Br-SMe, is0-17 0
o\@ o 4 Awms, CH,Cl, —20t0 25 °C
B( CH,Cl, 1.1 equiv
o Yo 25°C,1h H3BO3 ‘
OO OO toluene, reflux Q
14 O
J Lewis base @e 00
/
B
CL OO O O 5%
0\ /O o\ /O Q
S o ) )
Ty gt d ®
15 16 98% 17 97% O
R R R
1) 1.0 equiv BHg* THF
1.0 equiv HOAc fo)
OH THF, 20 °C, 10 min SN 2) HOAr NB—o
OH O/B—OAC —— 0/ \
) o0 Se g™
R R R
(5)-1 (R=H) (S)- 21 (R=H) 18 (R=H)
14f

2. BACKGROUND

VANOL and VAPOL Catalysts and Precatalysts. The
procedure involving heating the VAPOL ligand with 3 equiv of
B(OPh); as indicated in Scheme 1 (Indirect Catalyst
Assembly) produces two species, and the 'H NMR, B
NMR, and mass spectroscopic analysis of this mixture support
the assignment of the meso-borate 10 and the pyro-borate 11 as

the components of this mixture. ~ The ratio of these two
species varies with the method of preparation, but typically the
pyro-borate 11 is favored by a factor of ~4. The VAPOL pyro-
borate was originally tentatively assigned as the linear isomer,'**
but more recent studies have led to its reassignment as the
cyclic isomer 11."* Neither the meso-borate 10 nor the pyro-

borate 11 are catalysts in the aziridination reaction, and the
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Figure 2. 'H NMR of BINOL—borate complexes. Unless otherwise specified, all NMR spectra were performed in CDCl,. (1) Pure BINOL in
CDCl,. (2) BINOL and B(OPh); (1:1) were combined in CDCl, for 10 min. (3) BINOL pyroborate 19 prepared by heating a mixture of BINOL,
BH;-Me,S, phenol, and H,O (1:2:3:1) at 55 °C. (4) BINOL pyroborate 19 prepared by heating a mixture of BINOL and B(OPh); (1:3) at 100 °C.
(5) BINOL pyroborate 19 prepared by heating a mixture of BINOL, BH;-Me,S, phenol, and H,O (1:3:2:3) at 80 °C. (6) A mixture of BINOL, BH;-
Me,S, and phenol (1:1:1) was heated at 50 °C. (7) Kaufmann’s propeller prepared by heating a mixture of BINOL and BH;-Me,S (1:1) at 80 °C.

mixture of these two species is in fact a precatalyst. Treatment
of the mixture of 10 and 11 with an imine leads to the
generation of the boroxinate 12 which is the active catalyst and
which consists of an ion pair comprised of a chiral boroxinate
anion and a protonated iminium."*® The complex 12 has been
fully characterized including X-ray analysis, and crglstals of this
complex will catalyze the aziridination reaction.'*" A complex
array of noncovalent interactions between the catalyst and the
substrate in 12 was revealed by the X-ray diffraction analysis."*
We have subsequently found that it is not necessary to prepare
the precatalyst in order to generate the VAPOL boroxinate 12
(BOROX catalyst). The covalent assembly of complex 12 can
be induced in a few minutes at room temperature upon mixing
VAPOL, B(OPh);, and an imine (Direct Catalyst Assembly),
conditions under which there is no reaction between VAPOL
and B(OPh);."*! It is also interesting to note that the formation
of the three B—O—B bonds in the boroxinate core of complex
12 from B(OPh); requires 3 equiv of H,O. This is consistent
with the fact that the use of purified B(OPh); will not lead to
the generation of the boroxinate catalyst 12 unless 3 equiv of
H,O are added. Nearly all of the commercial samples of
B(OPh), that we have examined over the years will generate
active catalysts, suggesting that these samples contain at least
three OH equivalents resulting from partial hydrolysis."*! In
addition to aziridination reactions,'*'® BOROX catalysts of
the type 12 have been shown to be involved in 2-aza-Cope
rearrangements,'” a catalytic asymmetric Ugi reaction,”’ and
presumably heteroatom Diels—Alder reactions’ as well.
Known Borate Esters of BINOL. The most common
structural types reported for borate esters of BINOL are shown
in Scheme 2.°° The reaction of BINOL with 1 equiv of
B(OPh); has been reported to give a compound for which the
most probable structure was suggested to be the meso-borate 13
but other possible structures could not be excluded.*'*** This
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material has been examined as a catalyst for Mannich and
heteroatom Diels—Alder reactions of imines,*' the heteroatom
Diels—Alder reactions of aldehydes,33 Diels—Alder reactions,*
and aldol reactions. The reaction of BINOL with 0.5 equiv of
B(OPh); or B(OMe); has been reported to give the spiro-
borate 14. Structure 14 has been suggested to function as a
chiral Lewis acid catalyst for a number of reactions including
Mannich reactions,®'™*° heteroatom Diels—Alder reactions of
imines,*'™” and Pictet—Spengler reaction.”® The catalytic
function of 14 was proposed to behave as a chiral Lewis acid
where interaction with a Lewis base disrupts one of the boron—
oxygen bonds to give the Lewis acid—Lewis base complex
15.°'™%% There has been considerable interest in the chiral
anion unit in 14, and the sources of interest include use as a
vehicle for the resolution of BINOL,* for examining chiral
recognition in contact ion pairs,40a as a structural unit in
solution and in the solid state,‘mb’C as a chiral shift reagent,41
and also as a chiral counterion catalyst in aziridination
reactions,”” in Friedel—Crafts reactions,”* in hydrogena-
tions,43b in ring-opening of meso-aziridiniums,*** and in the
ring-opening of meso-epoxides.”* The intriguing propeller-like
structure 17 was discovered by Kaufmann and Boese when they
reacted BINOL with 1 equiv of BH,Br-SMe, complex.”* This
bis-triaryl borate was isolated in nearly quantitative yield and
contains a [6.6.6]-propellane unit composed of three units of
BINOL and two borons and was characterized by X-ray
diffraction. This complex has been shown to give high
asymmetric inductions in Diels—Alder reactions as a chiral
Lewis acid; however, as might be expected, the rates of reaction
are quite slow.”* An isomer of 17 has been reported by Liu
and co-workers (Scheme 2).*® This compound iso-17 was also
found to be composed of three units of BINOL and two borons
and was characterized by NMR spectroscopy. It was reported to
be formed from the decomposition of the allyl-boronate (not
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shown) that was generated from the reaction of BINOL 1a with
triallylborane upon standing for several days. Another
interesting structure that has been reported is the pyro-borate
16, which was reported to form upon refluxing BINOL in
toluene with 1.1 equiv of boric acid."” The pyro-borate 16 was
characterized by combustion analysis and by IR spectroscopy
and was used in the resolution of BINOL. The veracity of the
structural assignment of 16 has been called into question, as it
has been reported that heating BINOL and boric acid in
refluxing benzene gives rise to the Kaufmann’s propeller 17.°*
Perhaps the earliest and most widely used class of triaryl
borates are those that have internal chelation of the boron to a
quinone moiety. Kelly first prepared borates of the type 18 in
1986 for the purpose of effectin ng asymmetric Diels—Alder
reactions on naphthoquinones. S

3. RESULTS AND DISCUSSION

Borate Esters from a 1:1 Ratio of BINOL and B(OPh);.
While the reaction of VAPOL 4 with 3 equiv of B(OPh); gives
a 4:1 mixture of pyro-borate 11 to meso-borate 10 (Scheme 1),
a simple change in stoichiometry to a 1:1 mixture of VAPOL
and B(OPh); gives a 17:1 mixture in favor of the meso-borate
10."*" Similarly, a 1:1 mixture of VANOL 3 and B(OPh), gives
a 10:1 mixture in favor of the meso-borate.'* In contrast, in the
present work, we find that a 1:1 mixture of BINOL and
B(OPh), gives predominately the pyro-borate 19 (Figure 2,
entry 2, and Scheme 3). Essentially, all of the BINOL is
accounted for in 19 and unreacted BINOL. The assignment of
the structure of 19 will be discussed later (Scheme 6), and the
complete assignment of all of the protons of 19 can be found in
the Supporting Information. The spectra in entry 2 of Figure 2
were taken on a sample generated by combining BINOL and 1
equiv of B(OPh), in CDCl for 10 min. Essentially, the same
spectrum was observed when BINOL and 1 equiv of B(OPh),
were allowed to react in CD,Cl, for 1 h in the presence of 4 A
molecular sieves according to the original report’'** (see the
Supporting Information for 'H and "B NMR spectra). If the
B(OPh); is purified and stored in a drybox, essentially no
reaction will occur with BINOL (this was done with a 2:1
mixture of BINOL and B(OPh)s; see Figure 7a, entry 2). This
lack of reactivity with purified B(OPh); has been previously
observed with VANOL or VAPOL."*® This is in contrast to the
reaction of BINOL with commercial B(OPh), shown in entry 2
of Figure 2. An equivalent of H,O is needed to create the B—
O-B linkage, and it is our experience that most commercial
B(OPh), samples contain 20—30% phenol as a result of partial
hydrolysis."*! Cleaner spectra for the pyro-borate 19 could be
obtained by heating BINOL with 2 or 3 equiv of a boron source
(B(OPh), or BH;-SMe, + phenol), as indicated in entries 3 and
4 in Figure 2.

Given the failure to prepare the meso-borate ester 13 from
BINOL and B(OPh);, other approaches were attempted. The
first was to heat a 1:1:1 mixture of BINOL, BH;-SMe,, and
phenol at 50 °C, and the 'H NMR spectrum of the resulting
mixture is shown in entry 6 of Figure 2. The BINOL is
completely consumed, but the major product is Kaufmann’s
propeller 17 along with the pyro-borate 19 (doublet, § = 6.17
ppm) as the second major product (the mole ratio of 17:19 =
53:47). Other minor products were observed, but their identity
could not be determined. A clean spectrum of Kaufmann’s
propeller 17 was generated by heating a 1:1 mixture of BINOL
and BH;-SMe, (Figure 2, entry 7).
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Scheme 3
boron source
(1 equiv) O,B
condmons O‘B
(S )-BINOL BINOL pyro-borate 19

0

00
Q‘ o __/Bl PhO. O, OPh
and/or and/or Cl)\ ,Cl)
i
OPh

OO

Kaufmann's propeller 17

triphenoxyboroxine 20

A second strategy for access to the meso-borate 13 is shown
in Scheme 4 and involves the method of Kelly."*** Kelly had

Scheme 4
) 1.0 equiv BH3*THF Ogp
1.0 equiv HOAc /B'
THF, 20 °C, 10 min OB\
) ) \ o
(S)-BINOL 1a O
R 17 94%
‘ ‘ (o]
~ 17 21%
,B—OAc 2) HOPh
(0] + (1 equiv)
BINOL 1 23%
R CDCly
+ 20 °C,
10 min

other species
21a (R=H) not observed after step 1

found that acetic acid will accelerate the reaction of BINOL
derivatives with borane—THF complex and thus would
generate the intermediate borate mixed anhydrides of the
type 21 to activate the boron for reaction with 8-
hydroxynaphthoquinone species to give borate esters of the
type 18 shown in Scheme 2. Following Kelly’s procedure,
BINOL 1a was allowed to react with 1 equiv of BH; THF
complex and 1 equiv of acetic acid in THF at 20 °C for 10 min,
and then, all volatiles were removed and the residue taken up in
CDCl;. However, the 'H NMR spectrum revealed that
Kaufmann’s propeller had formed in 94% yield (Scheme 4).
Addition of 1 equiv of phenol to the NMR tube revealed that,
after 10 min at room temperature, much of Kaufmann’s
propeller had exchanged into a number of species with the
liberation of 23% of the BINOL. A complex mixture of minor
species was observed that included a 2% yield of the pyro-borate
19. Kaufmann’s propeller remained the major borate ester
species that contains a BINOL ligand. In light of the failure to
in situ generate the acetoxy borate ester derivative 21a (R = H),
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Figure 3. (a) '"H NMR of BINOL—spiro-borate complex 22a—S5a. Unless otherwise specified, all NMR spectra were performed in CD,Cl,. (1) Pure
BINOL. (2) A mixture of BINOL and B(OPh); (1:1) was allowed to react in CD,Cl, for 1 h at 25 °C over 4 A molecular sieves. (3) A mixture of
BINOL and B(OPh); (2:1) was allowed to react in CD,Cl, for 1 h at 25 °C over 4 A molecular sieves (4) One equivalent of imine $a added to entry

2. (5) One equivalent of imine 5a added to entry 3. (b) ''B NMR of

BINOL—spiro-borate complex 22a—5a. Unless otherwise specified, all NMR

spectra were performed in CD,Cl,. (1) Pure B(OPh),. (2) A mixture of BINOL and B(OPh); (1:1) was allowed to react in CD,Cl, for 1 h at 25 °C

over 4 A molecular sieves. (3) A mixture of BINOL and B(OPh), (2:1

) was allowed to react in CD,Cl, for 1 h at 25 °C over 4 A molecular sieves.

(4) One equivalent of imine Sa added to entry 2. (5) One equivalent of imine Sa added to entry 3.

it should be pointed out that the successful preparation of 18
by Kelly was with a 3,3’-disubstituted BINOL derivative (1d, R
= Ph), a class of compounds that are known not to form

> . 34
Kaufmann’s trimer.

Borate Esters from a 1:0.5 Ratio of BINOL and
B(OPh);. The reaction of B(OPh); with 2 equiv of BINOL
was reported by Yamamoto to give the spiro-borate 14 simply

by stirring the two in CD,Cl, over 4 A molecular sieves for 1 h

at room temperature (Scheme 2).31h’51

We have repeated this
reaction and examined the 'H and ''B NMR spectra which are
presented in Figure 3. The 'H NMR spectrum (Figure 3a, entry
3) reveals that unreacted BINOL is present in substantial
amounts (47%) along with the pyro-borate 19 (6%).°° A small

amount of a number of other species are present, as indicated

10272 DOI: 10.1021/jacs.7b02317
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Scheme §

\7
COL, o
OH (1 equiv) 4 equlv)
OH 4 AMmS, CD.Cl,
OO CD,Cly 25 °C,
25°C,1h 10 min
(S)-BINOL 1a
(2 equiv)

spiro-borate 22a-5a

by the '"H NMR spectrum, but these have not been identified.
The '"H NMR spectra of a 1:1 and 2:1 mixture of BINOL and
B(OPh), are quite similar to unreacted BINOL as the major
species present (37% vs 47%, respectively, Figure 3a, entries 2
and 3). Comparing Figure 3a, entry 2, and Figure 2, entry 2, the
amount of pyro-borate 19 that is produced varies quite a bit and
is dependent on the batch of B(OPh); that is used.

A dramatic simplification of the spectra is observed when the
mixtures of BINOL and B(OPh); are treated with the imine Sa.
When the mixture of 2 equiv of BINOL and 1 equiv of
B(OPh); (Figure 3a, entry 3) is treated with 1 equiv of the
imine Sa (Figure 3a, entry S), the complex mixture of
compounds is converted cleanly into a single compound
which is identified as the spiro-borate 22a—5a (Scheme $). The
same clean formation of 22a—5a is observed whether BINOL
and B(OPh); are first mixed with 4 A MS for 1 h followed by
imine Sa or whether BINOL, B(OPh);, and imine Sa are
immediately mixed and allowed to react only within the time
that it takes to load an NMR tube and take the "H NMR and
"B NMR spectra (Figure 3a, entry S, and Figure 3b, entry 5).
This compound is assigned as the ion pair 22a—S5a comprised
of a spiro-borate anion and the protonated form of the imine Sa
and is formed in 94% yield.”® The '"H NMR spectrum in entry 5
of Figure 3a is of a 3:1 mixture of phenol to 22a—5a, as would
be expected from the reaction of a 2:1:1 mixture of BINOL,
imine 5a, and B(OPh);. The four-coordinate anionic borate
unit in 22a—5a displays a characteristic sharp absorption at 6 =
8.9 ppm in the "B NMR spectrum (Figure 3b, entry 5) and
reveals the complete disappearance of the broad three-
coordinate borate absorption at 6 = 16 ppm, consistent with
the formation of 22a—S5a in very high yield. The spiro-borate
22a—5a is also formed (75% yield)** when 1 equiv of imine Sa
is added to a 1:1 mixture of BINOL and B(OPh),, but in this
case, the "B NMR spectrum indicates the presence of both the
three- and four-coordinate borons in a 1.0:1.2 ratio (Figure 3b,
entry 4). Taken together with the fact that the '"H NMR reveals
(Figure 3a, entry 4) that BINOL is completely consumed when
the imine is added, this is consistent with conversion of all of
the BINOL and half of the B(OPh); to the complex 22a—S5a.
Thus, the treatment of B(OPh); with either 1 or 2 equiv of
BINOL leads only to partial conversion to a complex mixture of
compounds. However, treatment of either of these mixtures
with an imine gives clean conversion to a chiral spiro-borate.

Support for the structure 22a—S5a containing a spiro-borate
anion and an iminium cation comes from the work of
Yamamoto and co-workers who have previously studied
heteroatom Diels—Alder and Mannich reactions of imines
mediated by a stoichiometric amount of a catalyst prepared
from 2 equiv of BINOL and 1 equiv of B(OPh);.*"" They were
able to isolate and determine the X-ray structure of the complex
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22a—5d, although no other spectral data for 22a—5d was
presented (Figure 4).>'™ This complex consists of the spiro-

P%NCQ /@ lN/LPh

COCO

22a-5d

(S)-5d

Figure 4. Schematic drawing of Yamamoto’s crystal structure of 22a—
5d from (S)-BINOL, B(OPh),, and imine (S)-5d.

borate anion, a molecule of phenol, and the protonated form of
imine (S)-5d. There is no direct H-bonding between the
protonated iminium and the spiro-borate anion, but rather, the
protonated iminium is H-bonded to the phenol, which in turn
is H-bonded to the spiro-borate anion. This crystal was of the
mismatched pair of (S)-BINOL and (S)-5d, and perhaps, in the
matched pair, noncovalent contacts between the (S)-BINOL
core and protonated (R)-5d would be more favorable. While
studying the NMR spectra of the complex 22a—S5a containing
an achiral imine (Figure S), yellow crystals were serendipitously
formed in the NMR tube and thus the opportunity to
determine the crystal structure of the ion pair 22a—Sa (Figure
S) presented itself. It was hoped that noncovalent interactions
between the spiro-borate core and the iminium could be found
in 22a—Sa, since the imine Sa from which it is derived is not
chiral.

It was found that complex 22a—S5a also crystallized with a
molecule of phenol, but an X-ray diffraction analysis of these
crystals revealed that the noncovalent interactions present in
complex 22a—S5a (Figure S) are much different than those in
Yamamoto’s complex 22a—Sd (Figure 4). There are several
direct interactions between the iminium jon and the spiro-
borate core. The iminium proton is directly H-bonded to the
spiro-borate anion with a biased bifurcated H-bond that spans
two of the oxygens of the spiro-borate (Figure S, d, and d;).
The phenol unit is also H-bonded to the spiro-borate core but
to the opposite side of the anion to which the iminium is H-
bonded. Additional secondary interactions between the
iminium substrate and the spiro-borate catalyst include two
CH—r interactions between the edges of the phenyl rings of
the iminium and the faces of the naphthalene rings of the spiro-
borate anion (Figure S, d; and d,). As a result of these
interactions, the benzylidene iminium plane (with the coplanar
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Figure S. Crystal structure of complex 22a—S5a visualized by the Mercury Program. Calculated hydrogens and solvent molecules were omitted for
clarity. Parameters for major secondary interactions: d; = 3.40 A, d, = 2.58 A, d; = 2.05 A, d, = 3.60 A, d = 2.71 A. The spiro-borate anion is shown

in green.

iminium bond) forms an angle of 106.4° with a naphthalene
ring of one of the BINOLs. The nature of the docking of imine
Sa in the spiro-borate catalyst derived from (S)-BINOL reveals
that the Re-face of the imine is exposed to nucleophilic attack.
The correlation of this observation with the actual stereo-
selectivity observed with spiro-borate catalysts of BINOL will be
discussed below.

In an attempt to obtain an X-ray structure of the iminium
catalyst complex 22a—S5a free of phenol, solutions of this spiro-
borate were generated from the reaction of a 2:1 mixture of
BINOL and BH;-THF complex with imine Sa, but all attempts
to grow crystals of this complex were unsuccessful. We had
previously found for the VAPOL boroxinate complex 12
(Scheme 1) that crystals of 12 were much easier to come by for
the MEDAM imine Sb than for the benzhydryl imine Sa (Table
1)."*! This also proved to be true in the present case as crystals
of the catalyst—substrate complex 22a—S5b could be grown
from a complex generated from BINOL 1la, BH;-THF, and
imine Sb (2:1:1). The binding of the iminium substrate to the
spiro-borate catalyst is essentially unchanged from that of
complex 22a—35a in spite of the fact that it does not have an H-
bonded phenol. The bifurcated H-bond (Figure 6, d, and ds)
could also be located so that it links the two ions in the ion pair.
The two CH—7 interactions between the edges of the phenyl
rings of the iminium and the faces of the naphthalene rings of
the catalyst are also present (Figure 6, d; and d,). The angle
between the benzylidene unit of the iminium and the
naphthalene of one of the BINOLs is a little closer to
perpendicular in the present case (97.3°). An additional
interaction is present in the structure of 22a—Sb that is not
in 22a—Sa, a CH—r interaction between the one of the methyl

groups of the imine Sb and one of the naphthalene rings of the
catalyst (Figure 6, ds). This same type of interaction exists in
the substrate—catalyst complex 12 (Scheme 1) derived from
the same imine and the VAPOL ligand which gives a boroxinate
catalyst. However, the binding of the rest of the imine in
complex 12 is very different than that in the complex 22a—S5b.
As for complex 22a—S5a, the binding of the iminium in complex
22a—5b indicates that the Re-face of the iminium is the one
that is most open to nucleophilic attack and how this correlates
with stereoselectivity in the aziridination reactions will be
considered below.

Borate Esters from a 1:3 Ratio of BINOL and B(OPh);.
Our venture into the arena of borate complexes with BINOL
began with trying to understand why BINOL does not produce
an effective catalyst for the aziridination reaction when catalyst
preparation was performed with the same protocol used in the
aziridination reaction with VANOL and VAPOL ligands shown
in Scheme 1. Precatalyst formation was performed in the same
way by heating (S)-BINOL with 3 equiv of commercial
B(OPh);; however, unlike VAPOL and VANOL which give
mixtures of meso- and pyro-borates, the reaction with BINOL
gives clean conversion to the pyro-borate 19a shown in Scheme
6. The "H NMR spectra of this reaction mixture are shown in
Figure 2 (entry 4) and reveal that BINOL reacts to give
essentially a single species with at most trace amounts of
Kaufmann’s propeller 17 or any other species containing a
BINOL ligand. The main contaminants in this mixture are
unreacted B(OPh); and a trace amount of triphenoxyboroxine
20 (Scheme 3), as evidenced by the 'H NMR spectrum with
the aid of independently prepared and purified samples of each
(see the Supporting Information).
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Scheme 6
1) B(OPh)3 (3 equiv)
oL, s OO
OH THF,80°C,1h o-8B
OH 2) 0.1 mm Hg O\B\’
OO 100 °C, 0.5h OPh
(S)-BINOL 1a BINOL pyro-borate 19a
O
Me:N imine 5 (oN _OPh
\@N (1 equiv) O,B—O—B\o
2N. Ph
5e MEDAM CDClg, 25°C, 1 h OO
23a
+ -H +
COL O OO o
0° 0 PhO, OPh
\ s @
/B\
ooineolNee
spiro-borate 22a-5 boroxinate 24a-5 borate 25-5

100: 40: 80 withimine 5e
100: 41:76 withimine 5a

The pyro-borate 19a can also be generated by heating
BINOL with 2 equiv of BH;-SMe,, 3 equiv of phenol, and 1
equiv of H,O (Figure 2, entry 3). The H,O is necessary to
make the B—O—B linkage. Even heating BINOL with 3 equiv
of BH;-SMe,, 2 equiv of phenol, and 3 equiv of H,O afforded

pyro-borate 19a as the major compound (Figure 2, entry S).
The pyro-borate 19a was characterized as the mixture obtained
by the method shown in Scheme 6 which produced 19a as
essentially the only BINOL containing species in the mixture

(Figure 2, entry 4). While the NMR and mass spectral data
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were consistent with the structure of the cyclic pyro-borate 19a,
an alternative linear pyro-borate structure would be 23a. The
assignment of all of the protons of the cyclic pyro-borate 19a
was made on the basis of 'H NMR experiments that were
employed in the assignment of the structure of the pyro-borate
11 of VAPOL' that involved preparing the pyro-borate from
per-deuterated triphenylborate, and these experiments are
detailed in the Supporting Information. In addition, the cyclic
pyro-borate 19a was found to be 5.22 kcal/mol more stable
than the linear pyro-borate 23a, as determined at the B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d) level of theory and the details
can be found in the Supporting Information. The energy
minimized structure for the cyclic pyro-borate 19a has one of
the ortho-hydrogens of one of the phenoxy groups within a
distance (C—C, 4.8 A) compatible with a CH—x interaction
with a naphthalene ring (see the Supporting Information). In
the energy minimized structure for the linear pyro-borate 23a,
the closest such interaction is 5.4 A. Since the doublet at § =
6.17 ppm (Figure 2) has been assigned as the ortho-hydrogens
on the phenoxy groups, this chemical shift is most consistent
with the cyclic pyro-borate 19a. The overall finding is that
BINOL has a much greater propensity for the pyro-borate over
the meso-borate than either VANOL or VAPOL (Scheme 1 vs
Scheme 6).

While the reaction of VAPOL with 3 equiv of B(OPh); gives
a mixture of meso-and pyro-borates 10 and 11, subsequent
reaction with an imine gives the active catalyst as a single
species, the ion pair 12, which contains a chiral boroxinate
anion with a boroxine core (Scheme 1). The opposite situation
pertains to BINOL. The reaction of 3 equiv of B(OPh); with
BINOL 1a gives a single species (pyro-borate 19a), but the
subsequent reaction with an imine Se gives a 5:2 mixture of the
spiro-borate 22a—Se and the boroxinate 24a—Se, respectively,
along with the tetra-phenoxyborate 25a—5e (Scheme 6). A very
similar ratio was noted with the imine 5a (Scheme 6 and Table
1). The presence of each of these species is most easily
determined from the ''B NMR spectrum. The distribution of
these three species as a function of the nature of the BINOL
ligand, the type of imine, and the stoichiometry of B(OPh); has
been investigated, and the results are summarized in Figure 7.

First, it is to be noted that, when the stoichiometry of the
ligand, B(OPh);, and imine is 2:1:1, a clean formation of the
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spiro-borate complex 22a is observed and this is true with
imines Sa and Se, as shown by the presence of a sharp peak
around § ~ 9 ppm (Figure 7a, entries 3—4) in the ''B NMR
spectrum. The spiro-borate 22a can also be generated as a
phenol free solution from the reaction of BH;THF with
BINOL and imine Sb (Figure 7a, entry S). Interestingly, the
aziridine 7a (Table 1) is not a strong enough base to assemble
the spiro-borate anion 22a (Figure 7a, entry 6). When the ratio
of BINOL to B(OPh), is 1:4, one no longer sees a clean
formation of the spiro-borate 22a (Figure 7a, entries 4 vs 8).
Instead, a 5:2:4 mixture of the spiro-borate 22a, the boroxinate
24a, and the nonchiral borate 25a is observed. The major
BINOL containing species is still the spiro-borate 22a, but the
appearance of a peak at 0 ~ 6 ppm indicates that the boroxinate
24a is also formed under these conditions. A number of
different boroxinate complexes of VANOL and VAPOL of the
type 12 (Scheme 1) all have absorptions in the range 5—6
ppm.'** We assume that the anionic BINOL borates species
22a and 24a are in equilibrium, and since the spiro-borate 22a
is still the major species in the presence of 4 equiv of B(OPh),,
one can deduce that the equilibrium favors the spiro-borate 22a.
In support of this assumption, Bull, James, and co-workers have
observed dynamic ligand exchange of BINOL between chiral
and nonchiral boron aryloxy complexes in a heteroatom
Diels—Alder reaction.”” As expected, the neutral pyro-borate
19a is the major species in the presence of excess B(OPh),
prior to the addition of imine Se. The borate species 25 with
the absorption at  ~ 2 ppm in the !'B NMR spectrum can also
be formed from just B(OPh); and imine Se (entry 1), and thus,
this species was determined not to contain a molecule of
BINOL. The assignment of the peak at 6 ~ 2 ppm as the
tetraphenoxyborate 25 is based on literature values for related
tetraaryloxy borate salts.’> For the 'H NMR spectra
corresponding to the entries in Figure 7a, see the Supporting
Information.

A significantly different outcome is observed when 3,3'-
disubstituted BINOL derivatives are treated with B(OPh), (4
equiv) and then with an imine (Scheme 7). For the 3,3’
diphenyl BINOL 1d, only the boroxinate 24d—S5a is formed
with imine Sa (along with tetraaryloxyborate 25—5a) and there
is at most a trace of the spiro-borate 22d—Sa (Figure 7a, entry
10). This is interpreted to be the consequence of steric
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Figure 7. (a) ''B NMR spectra of the boron complex derived from BINOL 1a and 1d in CDCl,. B(OPh), was used as purchased unless otherwise
specified. All NMR spectra were acquired within 10 min after the sample was prepared. (1) Mixture of B(OPh); and imine Se (1:1). (2) Mixture of
(S)-BINOL 1a and purified B(OPh); (2:1). (3) Mixture of (S)-BINOL 1a, purified B(OPh);, and imine 5a (2:1:1). (4) Mixture of (S)-BINOL,
purified B(OPh);, and imine Se (2:1:1). (S) Mixture of (S)-BINOL 1a, BH;-THF, and imine Sb (2:1:1). (6) Mixture of (S)-BINOL la, purified
B(OPh);, and aziridine (R,R)-7a (2:1:1); a similar spectrum was observed with (S,S)-7a. (7) Precatalyst made by heating a 1:4:1 mixture of (S)-
BINOL 1a, B(OPh)s, and H,O in toluene at 80 °C for 1 h and then removal of volatiles. (8) Mixture of imine Se and precatalyst (1:1) made in entry
7. (9) Precatalyst made by heating a 1:4:1 mixture of substituted (S)-BINOL 1d, B(OPh);, and H,O in toluene at 80 °C for 1 h and then removal of
volatiles. (10) Mixture of imine Sa and precatalyst (1:1) made in entry 9. (11) A 1:1 mixture of imine Sa and precatalyst prepared by reaction of (S)-
BINOL 1d, BH;-SMe,, PhOH, and H,O (1:3:2:3) in toluene at 100 °C for 1 h and then removal of the volatiles. (12) A 10:1 mixture of imine Sa
and precatalyst prepared by reaction of (S)-BINOL 1d, BH;-SMe,, PhOH, and H,O (1:3:2:3) in toluene at 100 °C for 1 h and then removal of the
volatiles. (b) ''B NMR spectra of the boron complex derived from BINOL analogues in CDCl,. B(OPh), was used as purchased unless otherwise
specified. (1) Mixture of B(OPh); and imine Se (1:1). (2) Mixture of imine Se and precatalyst (1:1) made by heating a 1:4:1 mixture of (S)-BINOL
1d, B(OPh)s, and H,O in toluene at 80 °C for 1 h and then removal of volatiles. (3) Mixture of imine Se and preformed catalyst (1:1) made from
substituted (S)-BINOL 1b, B(OPh);, and H,O (1:4:1). (4) Mixture of imine Se and preformed catalyst (1:1) made from substituted (S)-BINOL lc,
B(OPh);, and H,0 (1:4:1). (S) Mixture of imine Se and preformed catalyst (1:1) made from substituted (S)-BINOL 1h, B(OPh);, and H,O
(1:4:1). (6) Mixture of imine Se and preformed catalyst (1:1) made from substituted (S)-BINOL 1i, B(OPh);, and H,O (1:4:1). (7) Mixture of
imine Se and preformed catalyst (1:1) made from substituted (S)-BINOL 1j, B(OPh),, and H,0O (1:4:1). (8) Mixture of imine Se and preformed
catalyst (1:1) made from substituted (S)-BINOL 1k, B(OPh);, and H,O (1:4:1).
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Table 2. Catalysts Derived from BINOL 1a and 1d in the Catalytic Asymmetric Aziridination Reaction®

o P P, -H
x mol% (S)-catalyst ! N
Pho _N__ 4 N +
NN p OEt X COEL
l\ll solvent, 25 °C, 24 h (Ph)H
2 Ph CO,Et Ph(H)
5a P=Bh 6 (2R3R)-7a P =Bh 8(9)
5b P = MEDAM (2R,3R)-7b P = MEDAM
5¢ P = BUDAM (2R,3R)-7c P = BUDAM
. mol% b B(OPh)s %yield cisftrans %ee % yield
method solvent y! y
entry P ligand catalyst Nigand ratio cis-7 ¢ 74d 7¢ 8:9d
1 Bh none 0 A - toluene 78 >50:1 - 8/2
2 Bh (S)-VAPOL4 10 A 3:1 toluene g0’ >50:1 91 5/6
3 Bn (S)-VAPOL4 10 A 1:2 toluene 75 7:1 78 nd
4 Bh (S)-VAPOL4 5 B 4:1 toluene 829 25011 94 <
5 Bh (S)-VAPOL 4 B 4:1 CH,Cl, 679 =331 91 2
6 MEDAM (S)-VAPOL 4 B 4:1 toluene 98 h 233:1 99 2
7 BUDAM (S)-VAPOL 4 o] 3:1 toluene 98’ =50:1 99 <2
8 Bh (S)-BINOL1a 10 A 3:1 toluene 63 18:1 13 3/4
9 Bh (S)-BINOL1a 10 C 3:1 toluene 66 >50:1 13 1077
10| Bh (S-BINOL1a 10 D 3:1 CH,Cl, 58/ 18:1 24 139
11 MEDAM (S)-BINOL 1a 5 B 4:1 toluene 72 h 17:1 38 24
12 BUDAM (S)-BINOL1a 10 D 3:1 CH,Cl, 71" nd 67 nd
13 | Bh (S)-BINOL1a 10 E 1:2 CH,Cl, 44" 81 -26K o24/23 |
14 Bh (R)-BINOL1a 100 E 1:2 CH,Cl, 8 50:1 76 5/5
15 MEDAM (S)}-BINOL1a 10 F 1:2 CH,Cl, 36 21 -63% 188
16 Bh (S)-1d 10 A 3:1 toluene 84 50:1 75 7/8
17 Bh (9-1d 10 B 4:1 toluene 90 >50:1 76 4/6
18 Bh (S)-1d 10 ¢ 3:1 toluene 84m 40:1 70 4/5
19 Bh (S)-1d 10 C 3:1 CH,Cl, 80" 19:1 53 nd
20 Bh (S)-1d 10 G 3:1 toluene 89 50:1 76 417
21 MEDAM (S)-1d 10 B 4:1 toluene 89 >50:1 79 2/6
22 MEDAM (S)-1d 10 G 3:1 toluene 85 25:1 78 5/9
23 BUDAM (S)-1d 10 B 4:1 toluene 88 >50:1 76 4/8
24 BUDAM (S)-1d 10 G 3:1 toluene 90 >50:1 90 17

“Unless otherwise specified, all reactions were run with 1.0 mmol of imine at 0.5 M and 1.2 equiv of 6 at 25 °C for 24 h. ”A’: reaction performed
with 0.4 equiv of B(OPh); and 1.0 equiv of Sa with 1.2 equiv of 6. A: catalyst was directly generated by mixing of 1 equiv of (S)-ligand, 3 equiv of
B(OPh);, and 10 equiv of imine Sa in toluene at 25 °C for S min. B: precatalyst prepared by reaction of (S)-ligand with 4 equiv of B(OPh); and 1
equiv of H,O in toluene at 80 °C for 1 h and then removal of volatiles. C: precatalyst prepared by reaction of (S)-ligand with 3 equiv of B(OPh); in
toluene at 80 °C for 1 h and then removal of volatiles. D: precatalyst prepared by reaction of (S)-ligand with 3 equiv of B(OPh); in CH,CI, at 55 °C
for 1 h and then removal of volatiles. E: reaction performed by adding 12 equiv of 6 to a CH,CI, solution of a (2:1:10) mixture of 1a, B(OPh);, and
imine Sa. F: Catalyst prepared by stirring a solution of 2 equiv of BINOL with 1 equiv of BH;-THF and 1 equiv of amine Sb for 30 min and then
removal of volatiles. After dissolution, 9 equiv of Sb and 12 equiv of 6 were added. G: precatalyst prepared by reaction of the ligand, BH;-Me,S,
PhOH, and H,0 (1:3:2:3) in toluene at 100 °C for 1 h and then removal of the volatiles. “Isolated yield after silica gel chromatography.
“Determined from the 'H NMR spectrum of the crude reaction mixtures. “Determined by HPLC on purified cis-7./Reference 14d. SReference 14a.
"Reference 14c. ‘Reference 14b. ’Average of three runs. “Enantiomer of 7 was obtained. 'Average of four runs. "*Average of two runs. "Average of
three runs.

interactions between the Ph groups on one BINOL with those incorporation into either the spiro-borate 22j or the boroxinate
on another in the possible spiro-borate species 22d—S5a. Also to 24j (Figure 7b, entry 7). The only borate species observed in
be noted is that the spectrum does not change whether 1 or 10 this case is the tetra-phenoxyborate 25 which exists as a salt
equiv of the imine Sa is added (Figure 7a, entries 11 and 12). with the protonated form of imine Se. A similar observation
Among other BINOL derivatives, boroxinate species of the type was made in the case of the BINOL derivative 1k with large
24 were observed with ligands 1b (R = Br) and 1c (R = I) triphenylsilyl groups at the 3- and 3’-positions (Figure 7b, entry
(Figure 7b, entries 3 and 4). As was the case for BINOL 1d 8).
(Figure 7b, entry 2), no spiro-borate 22b/22c was formed with Comparison of the BINOL spiro-Borate 22 and the
BINOL 1b or 1¢, as noted by the absence of absorptions at BINOL Boroxinate 24 as Catalysts in the Aziridination
~9—10 ppm in entries 3 and 4 of Figure 7b. Only small Reaction. We have not observed a spiro-borate species of the
amounts of boroxinates 24h/24i were obtained in the cases of type 22 with either the VAPOL or VANOL ligand, although
BINOL derivatives 1h (R = 9-phenanthryl) and 1i (R = 9- this will be the subject of additional study. The fact that BINOL
anthracenyl) (Figure 7b, entries S and 6). The introduction of can be induced to cleanly generate the spiro-borate 22
the very large 2,4,6-(i-Pr);C¢H, groups in the 3- and 3'- presented the opportunity to investigate the ability of this
positions of BINOL (1j) causes the boron to forego chiral borate to induce asymmetric induction in the
10278 DOI: 10.1021/jacs.7b02317
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aziridination of imines with ethyl diazoacetate. The data in
Table 2 include results with catalysts generated with both a 1:2
and a 3—4:1 ratio of B(OPh); to BINOL. For comparison,
results of catalysts prepared from a 1:2 and a 3—4:1 ratio of
B(OPh); to VAPOL are also included in the table (entries 2
and 3). Our previous studies indicate that VAPOL does not
form a spiro-borate for steric reasons, and thus, the result in
entry 3 is thought to most likely involve a boroxinate catalyst. A
control experiment was performed where only B(OPh); was
used as the catalyst (no ligand) and a 78% yield of the aziridine
7a was isolated (entry 1). Since it was shown that the reaction
of B(OPh), and an imine can generate the tetraphenoxyborate
25 (Figure 7a, entry 1), this control experiment provides
evidence that this species catalyzes the background reaction.
However, as will be discussed below, we have evidence that the
background reaction is not the source of the lower inductions
for the BINOL catalyst. As has been determined to be the case
for VAPOL,'* BINOL catalysts give higher asymmetric
inductions in the series, BUDAM imines > MEDAM imines
> benzhydryl imines, under boroxinate forming conditions with
a 3:1 ratio of B(OPh);/BINOL (Table 2, entries 10—12). As
was shown by the B NMR spectra in entries 3—5 in Figure 7a,
the use of a 1:2 ratio of B(OPh); to BINOL gives the clean
formation of the spiro-borate 22, and as can be seen from entry
13 in Table 2, this species does catalyze the aziridination and
gives the aziridine 7a in 26% ee. The asymmetric induction can
be increased from 26% ee to 76% ee with 100 mol % catalyst,
but for reasons we do not understand, the yield falls to 8%
(entry 14). The % ee can also be increased by using the
MEDAM imine 5b, giving 7b in 63% ee (entry 15). When the
ratio of B(OPh), to BINOL is 3:1, a mixture of spiro-borate 22
and boroxinate 24 is produced, as indicated by the ''B NMR
spectra, and as indicated in Scheme 6, the ratio of 22:24 is
100:40 with imines Se and 100:41 with imine Sa. For imine Sa,
this catalyst mixture results in the formation of the aziridine 7a
in 24% ee, and this rises to 67% ee with the BUDAM imine Sc¢
(entries 10 and 12). For the boroxinate catalysts of VANOL
and VAPOL, it has been found that the asymmetric inductions
of a range of substrates are slightly higher for toluene as solvent
than methylene chloride.'** This solvent effect was found also
to be true for the boroxinate catalyst generated from the
BINOL ligand 1d (entries 18 vs 19). The ''B NMR spectra
reveal that ligand 1d forms the boroxinate species to the
exclusion of the spiro-borate (Figure 7a, entries 10—12).
However, the catalysts generated from a 1:2 ratio of B(OPh),
to BINOL could not be studied in both solvents. This catalyst
mixture was not soluble in toluene but was completely soluble
in methylene chloride (entry 13). When the reaction in entry
13 is run in toluene, there is a solid present in the reaction
mixture during the entire course of the reaction and the results
are variable and not deemed reliable (see the Supporting
Information). On the other hand, the catalyst generated from a
3:1 ratio of B(OPh); and BINOL is soluble in toluene (entries
8 and 9).

The most interesting observation to be made from the data
in Table 2 is that the BINOL catalyst prepared with a 1:2 ratio
of B(OPh),; to BINOL gives the opposite configuration of
aziridine 7a than the catalyst generated from a 4:1 ratio (entries
10 vs 13). Since the former gives a catalyst consisting of just the
spiro-borate 22a (Figure 7a, entry 3) and the latter gives a
catalyst consisting of a mixture of the spiro-borate 22a and the
boroxinate 24a (Figure 7a, entry 3), this suggests that, as
catalysts, the spiro-borate 22a and the boroxinate 24a give

opposite asymmetric inductions in the aziridination reaction.
The "B NMR studies summarized in Figure 7 reveal that the
3,3'-diphenyl BINOL ligand 1d produces a catalyst that
contains only the boroxinate 24 and none of the spiro-borate
22 (Figure 7a, entries 10—12) Thus, this presents an
opportunity to determine how the BINOL boroxinate catalyst
24 with the boroxinate core will function in the aziridination
catalyst unencumbered by the presence of the competing spiro-
borate catalyst 22 and, furthermore, to determine how it
compares to the boroxinate VAPOL catalyst 12. As expected,
the diphenyl BINOL derivative 1d gave much higher
asymmetric induction than the unsubstituted BINOL, giving
70% ee under conditions where BINOL gives only 13% ee
(Table 2, entry 16 vs entry 8). This is still as significantly lower
selectivity than that observed for the boroxinate VAPOL
catalyst 12 under the same conditions (91% ee, Table 2, entry
2). These results reveal that, while the (R)-enantiomer of the
pure BINOL boroxinate catalyst 24d gives the (25,35)-aziridine
7a, the same enantiomer of this aziridine is obtained from the
(S)-enantiomer of the pure spiro-borate BINOL catalyst 22a.
Interestingly, an asymmetric induction up to 90% ee was
obtained with the BUDAM phenyl imine Sc when the boron
source was switched from B(OPh); to BH;-SMe, (entry 23 vs
entry 24). However, no significant changes were observed for
the imines Sa and 5b (entries 17 vs 21 and entries 20 vs 22).
Additionally, comparable results were obtained when the
catalyst was formed from BINOL 1d by the direct method
involving simply mixing 1d with B(OPh); and imine Sa as
when the catalyst was prepared by the indirect method
involving the initial generation of a precatalyst, as indicated in
Scheme 1 (75% ee, entry 16 vs 76% ee, entry 17). It should be
noted that Chen and co-workers reported a huge drop in
enantioinduction (34% ee) using BINOL derivative 1d and an
imine derived from 4-CH,SO,—CcH,CHO for the catalytic
asymmetric aziridination reaction.'**

A question arises in comparing the asymmetric induction
observed for the VAPOL boroxinate catalyst (94% ee, Table 2,
entry 4) and the BINOL boroxinate catalyst (76% ee, Table 2,
entry 17). Is this difference the result of an inherent difference
in the boroxinate complex 12 with VAPOL and the boroxinate
complex 24d for the BINOL ligand 1d? Alternatively, could the
difference be due to a greater background reaction by the
nonchiral borate species 25 for the BINOL boroxinate than for
the VAPOL boroxinate? We have obtained evidence that this is
not the case. Depending on the stoichiometry, varying amounts
of the nonchiral borate species 25 are formed. For example, the
BINOL boroxinate 24d generated from the reaction of the
BINOL ligand 1d with 4 equiv of a boron precursor is formed
with significant amounts of the nonchiral borate 25 (38% of
24d) (Figure 7a, entry 10), whereas, with only 3 equiv of
boron, the boroxinate 24d is formed with no discernible
amount of the nonchiral borate 25 (Figure 7a, entry 11).
Despite this, the formation of the BINOL boroxinate 24d
under these two conditions gives the same asymmetric
induction (Table 2, entries 17 and 20).

In order to examine the electronic and steric effects of other
substituted BINOL ligands, a series of catalysts were generated
from several different 3,3’-disubstituted BINOLs with 3—4
equiv of B(OPh); (or BH;-SMe, and PhOH) and the results
from the screening of these catalysts in the aziridination of
imines Sa and 5f with ethyl diazoacetate are presented in Table
3. Since the ''"B NMR spectra revealed that the dibromo and
diiodo BINOL derivatives 1b and lc gave relatively clean
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Table 3. 3.3'-Disubstituted BINOL Catalysts for Asymmetric
Aziridination”

Ph o 10mol%  Ph YPh Ph y
)\ Hk (R)-catalyst N Ph” >N”
)lN Ph + l\ll OBt toluene — (ADH X COzEt
Ar 2 25°C,24h  Ar  CO,Et Ar(H)
5a (Ar = CgHs) 6 (25,39)-7a (Ar = CgHg) 8(9)

5f (Ar = 4-BrCgH,) (25,39)-7f (Ar = 4-BrCgH,)

- 3 -
entry Imine BINOL Rin BINOL method b % Yield % ee % yield
7 7 8(9)°
1 5a 1a $H c 66 13 107
2  sa 1b  4Br B 89 55 43
3 5a  1c 41l B 80 51 6/6
4 52  1d B 90 76 4/6
5 1d @ c 88 75 4/5
6f 1d c 91 76 1/5
7 1d G 85 78 3/9
89  5f 1te D 68 69 -
99 5f 1f O O D 76 78 —
109 5a 1f Q D 55 54 -
1o 5 1g D 63 58 -
12 5a 1h OQ B 50" 13 1011
13 5a  1i O B 751 3 13/10
14 5a 1] B 78 -2 5/9
15 5a 1] H 55 -0.4 810
16 5a 1k  £SiPhg B 80 1 212

“Unless otherwise specified, all reactions were run with 1.0 mmol of
imine at 0.5 M in toluene and 1.2 equiv of 6 at 25 °C for 24 h. The
cis:itrans  selectivity was >50:1 unless otherwise specified. “The
reactions were run with 10 mol % of a catalyst prepared from the
(R)-enantiomer of the ligand. Methods B—G are given in Table 2.
Method H: A solution of the ligand, 4 equiv of B(OPh);, and 10 equiv
of imine was heated in toluene at 80 °C for 0.5 h and then cooled to
25 °C, and 12 equiv of 6 was added to start the reaction. “Isolated
yield after silica gel chromatography. “Determined by HPLC on
purified cis-7. “Determined from the 'H NMR spectrum of the crude
reaction mixture. /Reaction at 0 °C. $Reference 28. "cis:trans = 15:1.
“cis:trans = 25:1.

catalysts that contained the boroxinate complex 24b/24c¢ but at
most traces of the spiro-borate 22b/22c (Figure 7b, entries 3
and 4), these catalysts as expected gave higher asymmetric
inductions (~50% ee) than the BINOL itself (Table 3, entries 2
and 3 vs entry 1). The finding that 3,3'-disubstituted BINOL
derivatives give higher asymmetric inductions in the aziridina-
tion reaction than the parent BINOL had been previously
observed by Wipf and Lyon (entries 8—11).”° Interestingly,
while they tried ligands bearing meta- (entry 11) and para-
substituted aryl rings (entries 8—10) at the 3,3’ positions, no
ligand bearing an ortho-substituted aryl ring was examined nor
was the unsubstituted phenyl analog 1d examined. The
observation that the BINOL derivative 1j (R = 2,4,6-(i-
Pr);C¢H,) containing iso-propyl groups in the ortho-positions
gives the aziridine 7a in —2% ee (entry 14) was in fact
anticipated from the ''B NMR spectrum in entry 7 of Figure
7b, since it reveals the absence of both the spiro-borate catalyst
22j and the boroxinate catalyst 24j. However, the reaction does
occur in 78% yield (when R = 2,4,6-(i-Pr);C4H,) which can be
explained by the fact that the only borate species observed in
the 'B NMR spectrum was the nonchiral borate 25. Also, as
expected for the same reasons, a similar observation (1% ee,
entry 16) was made for the BINOL derivative 1k (R = SiPh,).
While a 58% ee (entry 11) was reported by Wipf and co-
workers for aziridine 7f with a catalyst prepared from the 2-
naphthyl BINOL derivative 1g (R 2-naphthyl), nearly
racemic aziridines 7a were obtained when the BINOL
derivatives 1h (R = 9-phenanthryl) and 1i (R = 9-anthracenyl)
were employed (entries 12—13). This suggests that ortho-
substitution in an aryl ring in the 3,3’-positions of BINOL
hinders the formation of the boroxinate catalyst, thus lowering
the asymmetric induction. This is supported by the ''B NMR
spectrum which indicates the formation of a much reduced
amount of the boroxinate catalyst 24h and 24i (Figure 7b,
entries S and 6). It is interesting to note that the present work
reveals that BINOL ligand 1d bearing a phenyl group in the 3-
and 3'-positions is superior to the BINOL ligand 1f with a para-
2-naphthylphenyl group (entries S vs 10). Finally, in 2011,
Chen and co-workers reported similar observations with
BINOL derivatives 1i and 1k when they performed catalytic
asymmetric aziridination reactions with an imine derived from
4-S0,CH,—C¢H,CHO."*

Computational Analysis of the Asymmetric Induc-
tions for the Spiro-Borate 22 and the Boroxinate 24. We
investigated the origins of opposite asymmetric induction for
the reaction of Sa and 6 catalyzed by (R)-BINOL—spiro-borate
22a and (R)-BINOL—boroxinate 24a using the B3LYP>’
method employing a 6-31G* basis set (for the entire system) as
implemented in Gaussian 09.°* The mechanism of the
aziridination reaction of MEDAM imine Sb and 6 catalyzed
by VANOL-based boroxinate has been established using

Scheme 8
Bh v * v *
TS1 Hon X oo | X Bh
N2 H i HX* [P XK tat E1Q (P TS2 Noet * M
X N OFt 2 rotate ’ on /%r Et
N H 0] o]
Ph H 2 | j -HX* (o]
2
5a 6 OEt * 7a
gauche anti
diazonium ion diazonium ion
intermediate intermediate
10280 DOI: 10.1021/jacs.7b02317
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experimental kinetic isotope effects (KIEs) and theoretical
calculations.'*® The reaction proceeds via initial carbon—carbon
bond formation (TS1) between Sa and 6 to reversibly yield the
diazonium ion intermediate followed by rate-determining Sy2-
like attack of the imine nitrogen with concomitant displacement
of N, (TS2) to furnish the final cis-aziridine product 7a
(Scheme 8). The origin of enantioselectivity is obtained from
the relative energetics of TS2 in the pathways leading to the
major and minor enantiomers of 7a.

Rather than assume the same mechanism for the analogous
reaction catalyzed by 22a and 24a, we thought it appropriate to
model both the C—C bond forming (TS1) and ring-closing
(TS2) transition structures leading to both the major and minor
enantiomers for both catalysts. Generation of the energy profile
of the reaction coordinate is expected to provide insight into
the enantiodivergence observed in reactions catalyzed by these
two distinct species 22a and 24a. Such a comprehensive
analysis of a large computational system is challenging, but our
extensive experience in modeling these reactions allowed us to
streamline the process. It must be noted here that the use of
benzhydryl instead of MEDAM imine and BINOL instead of
VAPOL significantly reduced the size of the model system
compared to our previous studies. This enabled treatment of
the full model system using the DFT method, which is expected
to provide more reliable energetics compared to our previous
studies that utilized the hybrid DFT:semiempirical ONIOM
method."*®

The reaction pathways leading to the major and minor
enantiomers of the cis-aziridine product 7a catalyzed by (R)-
BINOL—spiro-borate 22a are shown in Figure 8. The highest

rds

324

29.8

catalyst-diazonium
ion complex

enantiomer (Re attack)

Origin of enantioselectivity
ANGH=1.2

catalyst-7a

catalyst-5a complex

complex + 6

Figure 8. Reaction coordinate spiro-borate (22a) catalyzed aziridina-
tion reaction of 5a and 6.

energy barrier in the reaction coordinates for the major (red, Si
attack) and minor (blue, Re attack) enantiomer is the Sy2-like
ring-closing step. The enantioselectivity is therefore a result of
the difference in energy, AAGH, of the two ring-closing
transition structures spiro-Re-TS2 and spiro-Si-TS2. This
difference is found to be 1.2 kcal/mol, which corresponds to
82% ee at room temperature—with the preferred product
corresponding to initial attack of 6 to the Si-face of imine Sa.
While this is an overestimation of the experimental
enantioselectivity (26% ee; Table 2, entry 13), it is in
qualitative agreement with experiment. All four relevant
transition structures along with key distances of bond-forming
and stabilizing interactions (with distances in A) are shown in
Figure 9. Rate-determining transition structures in both

10281

spiro-Si-TS1

spiro-Re-TS1

Lo,

17734 176,

Figure 9. Relevant transition structures along the reaction coordinates
leading to the major and minor enantiomers of product 7a in the
reaction of Sa and 6 catalyzed by spiro-borate 22a.

pathways (spiro-Re-TS2 and spiro-Si-TS2) benefit from similar
stabilizing interactions, namely, (a) a CH--O noncovalent
interaction between the a-CH of 6 and an anionic spiro-borate
oxygen atom and (b) an intramolecular H-bonding interaction
between the N—H and the carbonyl moiety of the diazonium
ion intermediate.”> The transition structure spiro-Si-TS2 is
lower in energy than spiro-Re-TS2, since both of these
interactions, (a) and (b), are enhanced in spiro-Si-TS2
(rego = 191 A and ryy..o = 2.09 A) versus spiro-Re-TS2
(repo = 1.93 A and ryyy.0 = 226 A).

The reaction pathways leading to the major and minor
enantiomers of the cis-aziridine product 7a catalyzed by the
(R)-BINOL-boroxinate 24a are shown in Figure 10. The

rds

borox-Re-TS
25.2

4 ~
catalyst-diazonium
ion complex

Origin of enantioselectivity ‘.\‘
ANGF=15 \/
catalyst-7a\‘ N~ 2

complex

/catalyst-sa
0.0 complex + 6

Figure 10. Reaction coordinate boroxinate (24a) catalyzed aziridina-
tion reaction of Sa and 6.

highest energy barrier along the reaction coordinate for the
major enantiomer (blue, Re attack) is for the C—C bond-
forming step (borox-Re-TS1). Intriguingly, the highest energy
barrier for the minor enantiomer (red, Si attack) is the Sy2-like
ring-closing step (borox-Si-TS2). This presents a rather unique
situation where the origin of enantioselectivity in a catalytic

DOI: 10.1021/jacs.7b02317
J. Am. Chem. Soc. 2017, 139, 10267—-10285


http://dx.doi.org/10.1021/jacs.7b02317

Journal of the American Chemical Society

asymmetric reaction is determined by the comparison of the
relative energy of different steps along the reaction coordinate
of the two enantiomeric pathways. The AAG¥, the energy
difference between these two highest energy steps, is 1.5 kecal/
mol—with the preferred product corresponding to initial attack
of 6 to the Re-face of imine Sa. This corresponds to a
prediction of 89% ee at room temperature (of the opposite
enantiomer of 7a with respect to the reaction catalyzed by 22a)
if the boroxinate catalyst could be formed exclusively. There is
no experimental result corresponding to this theoretical finding,
since 24a is always formed as the minor component in the
catalyst mixture, regardless of the ratio of ligand to B(OPh),
used. However, this result suggests that, if formed exclusively,
24a would be a rather selective catalyst for this transformation.
Additionally, our computational study validates the hypothesis that
the low enantioselectivity, observed when a mixture of 22a and 24a
catalyzed the aziridination reaction of Sa and 6, results from the
opposite absolute asymmetric induction observed with the two
catalysts. All four of the transition structures for the reaction
catalyzed by 24a along with distances for key stabilizing
interactions are shown (Figure 11).

borox-Re-TS1 (\‘, hurn\—Si-‘]'s(l \
f\\ LD S

borox-Si-TS2

83

1.90

Figure 11. Relevant transition structures along the reaction
coordinates leading to the major and minor enantiomers of product
7a in the reaction of Sa and 6 catalyzed by boroxinate 24.

Which Is the Better Catalyst? We have shown that, when a
3:1 ratio of B(OPh); to (S)-BINOL is used, (S)-BINOL—spiro-
borate 22a and (S)-BINOL—boroxinate 24a are formed in the
ratio of 5:2 with imine Sa (Scheme 6 and Supporting
Information). The enantiomer of the aziridine 7a that is
formed under these conditions ((R,R)-7a, Table 2, entry 9)
does not correspond to the expected enantiomer if 22a was the
major catalyst species present in solution ((S,S)-7a, Table 2,
entry 12). In addition to the origin of enantioselectivity with
the two catalysts, our computational study provides valuable
information that accounts for this seemingly counterintuitive
observation. Comparison of the absolute barrier of the rate-
determining steps leading to the major enantiomer of product
in each of the catalytic systems (borox-Re-TS1 and spiro-Si-
TS2) reveals that the borox-Re-TS1 has a lower barrier (25.9
kcal/mol) to catalysis than the spiro-Si-TS2 (31.2 kcal/mol).

This energy difference corresponds to a reaction rate for 24a
that is ~10,000 times faster than 22a—a value that is likely
inflated (due to the size of the computational system and the
level of theory used) but one that provides valuable qualitative
information to compare the two catalysts. This observation
accounts for why even at a ratio of 5:2 of 22a:24a the
enantiomeric outcome of the reaction is dictated by the
boroxinate catalyst 24a.

What Is the Origin of the Reversal of Enantioselectivity? In
order to answer this question, we decided to compare the
absolute energy of each of the four transition structures for the
two catalysts (Table 4). It is clear from Table 4 that the

Table 4. Comparison of Absolute Barriers of Each
Transition State Catalyzed by the Two BINOL Based
Catalysts 22a and 24a

TS AGH TS AGH Lowering of A G¥
Catalyst 22a kcal/mol Catalyst 24a kcal/mol with catalyst 24a
spiro-Re-TS1 30.1 borox-Re-TS1 25.9 42
spiro-Si-TS1 29.8 borox-Si-TS1 24.1 5.7
spiro-Re-TS2 324 borox-Re-TS2 252 7.2
spiro-Si-TS2 31.2 borox-Si-TS2 274 3.8

transition structure that benefits the most (energetically) from
switching catalyst 22a to 24a is borox-Re-TS2 (7.2 kcal/mol
advantage) followed by spiro-Si-TS1 (5.7 kcal/mol advantage).
In order to understand the origin of this energetic effect, we
examined these transition structures for unique features that
were not present in the other six structures. We were able to
find a CH---O interaction between the benzhydryl CH and one
of the oxygen atoms of BINOL that was a distance of 2.41 A in
borox-Re-TS2 and 2.32 A in borox-Si-TS1. This benzyhydryl
CH is slightly acidic by virtue of being adjacent to two phenyl
groups and a nitrogen atom that bears a partial positive charge
at both TS1 and TS2. Such relatively weak noncovalent
interactions can sometimes make significant contributions to
transition state stabilization.”**”

We believe that this interaction is responsible for lowering
the energy of borox-Re-TS2—enough to cause an unprece-
dented switch in the rate-determining step (Figure 8) of a
boroxinate catalyzed aziridination reaction. Even though this
interaction is absent in the (new) rate-determining step (borox-
Re-TS1), the fact that the enantioselectivity is determined by
comparing the energies of this C—C bond-forming step (borox-
Re-TS1) to the ring-closing step in the enantiomeric pathway
(borox-Si-TS2) accounts for why the Re-pathway is favored
(our experimental and computational studies of related cis-
aziridination reactions'*® have shown that the ring-closing TS2
is inherently higher in energy than the C—C bond-forming
TS1). It is noteworthy that, even though this benzhydryl CH--
O interaction stabilizes borox-Si-TS1, it does not contribute to
stabilizing the rate-determining step in the Si-pathway and
therefore only facilitates the Re-pathway. Finally, careful
analysis of all transition structures for the spiro-borate catalyst
22a reveals that the crowding of the catalyst active site by the
two BINOL ligands precludes this stabilizing benzhydryl CH---
O interaction due to steric interactions between the BINOL
biaryl system and the phenyl rings of the benzhydryl group. We
also examined our previously published transition structures'*®
utilizing VANOL as the ligand and established that this
interaction was absent even in the VANOL-boroxinate
catalyst—the presence of a phenyl ring at the position
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analogous to the 3/3" position of BINOL precludes the
benzhydryl CH--O interaction, due to steric interactions
between the vaulted VANOL biaryl system and the phenyl
rings of the benzhydryl/MEDAM group. One can therefore
conclude that this novel interaction, that is proposed to be
responsible for the observed enantiodivergence, is found only
in BINOL—boroxinate systems that do not have a large
substituent at the 3,3’ position—ironically, the structural
feature that facilitates boroxinate formation with BINOL
derivatives! It will however be interesting to examine if the
boroxinate catalyst can selectively be assembled using a
relatively small, electronegative substituent (—O-tBu) at the
3/3" position of BINOL that will accommodate this newly
identified benzhydryl CH---O interaction at the transition state.

4. CONCLUSION

This investigation was prompted by two questions: can BINOL
form a boroxinate catalyst, and why is BINOL not as effective
as VANOL or VAPOL in the asymmetric catalytic aziridination
reaction? Both questions have been answered. BINOL can form
a boroxinate catalyst but only in a clean fashion if there are
substituents in the 3- and 3’-positions. In the absence of these
substituents, BINOL will react with B(OPh); to exclusively
form a spiro-borate anion containing two BINOL ligands per
boron in the presence of an imine with either a 2:1 or 1:1 ratio
of BINOL to B(OPh);. Interestingly, however, with a 1:3—4
ratio of BINOL to B(OPh), (boroxinate formation conditions),
a 2:5 mixture of the boroxinate (boroxinate 24a) and the spiro-
borate 22a is formed with imine Sa. These two species, derived
from the same enantiomer of BINOL, give opposite
asymmetric inductions in the aziridination reaction with ethyl
diazoacetate with the net overall result that the aziridine is
produced with very low optical purity (13—20% ee). A DFT
analysis of the transition states for the two species reveals that
the switch in the enantio-preference for the two species is a
result of a switch in the rate-determining step from the ring-
closing step for the spiro-borate 22a to the carbon—carbon
bond forming step for the boroxinate 24a. A possible
explanation can be associated with a stabilizing interaction
resulting from a CH—O hydrogen bond in the ring-closing step
for the boroxinate species. This interaction was not observed
for the spiro-borate species as a result of the steric congestion
associated with two BINOL ligands bonded to one boron.
Similarly, this interaction is not present in transition states for
the aziridination with VANOL and VAPOL boroxinate catalysts
for which the ring-closing step has been shown to be the rate-
limiting step.'*®
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