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Abstract: Catalytic allylboron additions to aldimines are
presented for which small amounts of Zn(OMe), serve as the
co-catalyst to accelerate allyl exchange and 1,3-borotropic shift
processes. Low-yielding and moderately a- and diastereose-
lective reactions are thus turned into highly efficient y-,
diastereo-, and enantioselective transformations that exhibit
considerable scope.

Catalytic enantioselective additions of unsaturated organo-
boron compounds to imines are a convenient way of
synthesizing homoallylic amines."! When the allylboron
reagent is terminally substituted (R'# H, Scheme 1a), the
product identity and its isomeric purity hinge on how many
1,3-boryl shifts occur before a C—C bond is formed (Scheme
1a); a-addition is observed if the C—B bond relocates once

a. Phenomenon: The number of boron relays (shifts between Ca and Cy) determines the final product identity:

NPG NHPG
RJ catalyst R i N
PG = protecting group) R
R PR ( p g group
(PiINB.C R none or two boron relays
¥ prior to y -addition

b. Previous work: Net x-addition through a sequence of two y-selective steps:

iPr
NPOPh
| 2 N NMe,
Ph 6.0 mol % H 0 _
OH L;B—OMe

(pin)B%\ tBu 1a _ .

or R

from the Ca to the Cy carbon atom, and no or two relays
means net y-addition. Rational strategies for the reliable
control of boryl isomerizations are therefore much needed.

Catalysts assembled in situ from (pin)B-derived (pin=
pinacolato) reagents and an enantiomerically pure amino-
phenol (e.g., 1a; Scheme 1b) facilitate additions of allylbor-
onates to imines.””! These transformations proceed with high
a-selectivity (Scheme 1b)P because of a pair of y-selective
events: one delivers organoboron intermediate (Z)-i and the
other the homoallylic amide product. However, a preferred
approach would involve converting a more easily accessible
achiral organoboron reagent into the same type of product by
a y-, diastereo-, and enantioselective route (Scheme 1c).[*!
One way of achieving this would entail the inclusion of a 1,3-
boryl shift in a re-designed pathway. Herein, we describe the
implementation of this
objective.

Our plan was to
induce a borotropic
shift  (iv—ov—(2)-,
Scheme 2) that would
take place between
the y-selective pro-
cesses (ii—iii—iv and
(Z2)-i—vi—ii). The
driving force would
be the lowering of
steric strain caused by

NHPG
o8 N R!

one boron relay
prior to y-addition

tBu

NHPOPh;
0 v-addition 2

- : o
/ N Phy\
B B H

H B7 a 5.0 mol % NaOtBu, 2.5 equiv. MeOH, M;qw n the tertiary boron-sub-

enantiomerically enriched toluene, 22°C, 18 h o--H W 84% yield, >98:2 oy,  stituted carbon center

organoboron Y-addition 1 (2) 84:16dr, 955 er. in iv and formation of

(946er) (G = CHzBn) a more substituted

c. This work: May the catalytic cycle be re-designed to include two boron relays, favoring net y-addition? alkene. The question

{Bu then was: How might

NPOPh, _ the conditions be

Ph | chiral aminophenol L;B—OMe ’?\IH::OPhZ altered so that iv iso-

S = e merizes o (Z) via ¥

il i M;q P faster than it reacts

st | T 5 with o phosphinoy.
dr?er?

Scheme 1. The role of boryl relays and shifts and the challenge of controlling them in the design of a catalytic

process.
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imine?
1,3-Borotropic

shifts have been exam-
ined extensively,’® and
several observations have been attributed to them.I”" Hancock
and Kramer have shown!®"! that the ease of these isomer-
izations depends on the electronic attributes of the boron
center. For instance, there is <2 % rearrangement with the
diaminoboryl system A at 170°C after 24 hours (Scheme 3)
but (amino)alkyl derivative B isomerizes at 150°C in six
hours, and the boryl shift in dialkylboryl compound D takes
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_ tBu
’g‘”;’ophz LsB—OMe
R B
+
(anti)-y-addition M;l\q\N/B\OMe G B(pin)
product 2 ||-|
) . allyl transfer
L (boron relay)
tBu _ tBu
L;B—OMe L;B—OMe
o0 R O
WS L
M;q.N’ N7 Me?@.N e
o-H ’h'(’fh Issues to be addressed: o_-H (o
vi o \Ph 1. How may 1,3-borotropic shifts be facilitated? i e pin group omitted
7 (Can the y-addition product be rendered favorable?) for clarity
addition 2. Will there be stereospecificity?
(Would E- and Z-crotyl-B(pin) give anti and syn
NPOPh, addition products, respectively?) (pin)B—OMe
R | 3. Can high efficiency, d.r., and e.r. be obtained?
MeOH Bu tBu
LsB—OMe L,B—OMe
p P
+ J : +
N-B 4’ 1,3-borotropic Shlft—’i N-B N
MeN—f ) MeoN—( ) ~1
oH oH ¢
@4 @ Y

Scheme 2. A 1,3-borotropic shift (iv—v— (Z)-i) might give rise to the preferential formation of y-addition

products.
II\IMeQ IIEt elllkyl
.B B _B
Me,N j/\ Me,N j/\ RO j/\
Me Me Me
A B ¢ Cc ¢
~NM A
Me/\/\l?,NMez Me/\/\ll?: A Me/\/\B OR
NMe, Et alkyl
Experimental <2% isomerization isomerization isomerization
data: at170°C, 24 h at 150 °C, 6 h at —78 °C—~room temp., 14 h

(Hancock, 1974) (Hancock, 1973) (Aggarwal, 2013)lal

Calculated barrier 37.8 35.7 24 9lal
(kcal/mol, 22 °C):
5
acr. Qch
_B _B
oS o
Me Me

£y
Il\lMe
O/B\/\/Me

39.5

Fy

Calculated barrier 18.5

(kcal/mol, 22 °C):

+
II\IHMe
O/B\/\/Me
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place at —78°C (6 h). Cross-
over experiments indicate
that the rearrangements
are intramolecular.[**"!
Congruent with Hancock’s
conclusions is the proposal
by Aggarwal™ and co-
workers that an (alkoxy)-
alkylboron species (C) rear-
ranges at lower temperature
(=78—-22°C, 14h); the
energy barrier calculated
by us for this transforma-
tion supports the suggested
scenario (Scheme 3).51 In
the systems more directly
relevant to the studies
below (E and F;
Scheme 3), the ammonium
salt derivative (i.e., F)
should rearrange more
readily. Still, the high a-
selectivities in the original
studies”! (see Scheme 1b)
mean that the boron atom
within a chiral complex
(e.g., iv; Scheme 2) is not
Lewis acidic enough for
swift borotropic shifts.

The idea of deploying
a Lewis acidic co-catalyst

Et

Et/BY\

Me
>y
Me/\/\B/Et
|
Et
isomerization
at-78°C,6h
(Hancock, 1974)

11.0

Scheme 3. Previous observations and calculations performed in this study (with the ®B97XD/Def2TZVPP functional, solvation in toluene) point to
a significant substituent influence on the rate of the borotropic shift (the more nt-donating the substituent, the slower the rearrangement). [a] For

the experimental observation: alkyl=nBu, R=C(Me),C(Me),OLi. For the calculations: alkyl = Et, R=Me.
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Bu 6.0 mol % iPr
o NMe:
LsB—OMe Lewis NPOPh, HJ\W ’
.-\ acid J OH [¢]
o gl RHY 1o NHPOPh, NHPOPh,
¢ tBu 1a : ;
+N’B H Ph/Y\ ph/\/\d‘Me
MeoN b /P< (piMB._~_Me 5.0 mol % NaOfBu, Me
(08 2.5 equiv. MeOH, anti-4a (E)-5a
I (E)-3 toluene, 22°C, 24 h 35% conv.,
(1.5 equiv.) 25:75 y: (d.r. 88:12 for anti-4a)
Bu Bu _ tBu
LsB—OMe LzB—OMe L,;B—OMe
[¢) (0] o}
+N’B/ > +N’E{ Strengthening of MeO—B(pin) association: +N Bl O
Me,N 1A | L more efficient allyl group exchange MeoN o B\/
H L =0 (first boron relay; ii—iii—iv, Scheme 2)? o—‘H o
0 Me,N H™, Me
Lewis I m Lewis Lewis
acid acid acid

L = OMe: Lewis acid makes B site available for allyl transfer
L = allylic group: Lewis acid makes B site available for borotropic shift

Figure 1. Possible ways through which a Lewis acid may facilitate
borotropic shifts.

was based on the following reasoning: First, as illustrated in I
(Figure 1), by coordination to the aryloxy arm of the chiral
complex, the Lewis acidity of the boron center and thus the
rate of isomerization could be enhanced (i.e., iv—>v—(Z)-i;
Scheme 2). Second, association of the amide carbonyl group
with a Lewis acid (II, Figure 1) could disrupt its coordination
with the boron atom (III), facilitating allyl exchange (L=
OMe) and/or a 1,3-borotropic shift (L = allylic group). DFT
calculations!®! suggested that complex III (without the Lewis
acid) is favored, although the reaction most probably
proceeds via II (and/or the complex without a bound Lewis
acid).

Our initial foray uncovered another problem (Scheme 4):
Under the previous conditions,” reaction of E-configured
crotyl-B(pin) ((E)-3) with imine 2a resulted in
only 35% conversion after 24 h [y/a=25:75;
88:12 diastereomeric ratio (d.r.) for the y-

Scheme 4. Possible role of a Lewis acidic co-catalyst in facilitating the
initial allyl transfer.

stereo- and enantioselectivity were higher still (94:6 d.r. and
96.5:3.5 er.).'! The transformation with the Z-configured
organoboron reagent proceeded to 97 % conversion in three
hours (vs. 24 h with (E)-3), furnishing the same diastereomer
as with the E isomer in > 98 % y-selectivity, 93:7 d.r., and 96:4
e.r. (Scheme 5b). Control experiments indicated that (E)- and
(Z)-3 do not undergo isomerization.

The data in Scheme 6 offer further insight.'!! Reaction
with deuterium-labeled allyl—B(pin) 6 led to high a-selectiv-
ity when NaOrBu was present (96:4 [D,]-7a/[D,]-7b; Scheme
6a) but with Zn(OMe),, the y-product was formed preferen-
tially (y/o.=70:30). The impact of the co-catalyst thus extends
to the unsubstituted organoboron system. The
vy/o ratio is lower (than with (E)- or (Z)-3; Scheme 5), likely
because the less hindered chiral allylboron intermediate (see

a. The effect of Zn alkoxides as co-catalysts:

product]. We surmised that the low rate might 6.0 mol % iPr
be due to the fact that the methyl substituent [vs. N/'ﬁ‘/""""92
. . . NPOPh, B

a terminal olefin in Scheme 1b or with allyl— j o]

. . . . Ph OH NHPOPh, NHPOPh,
B(pin)] causes the chiral allylboron intermedi- 2a tBu 1a : : Me

. .. x ph/\/\yl‘

ate to be generated inefficiently because of Ph/T\

. . s see s | (PiN)B_ -~ -Me 2.5 mol % Zn alkoxide, e
sterlz faczitqrfs (1.e.‘,j.11—?111—>1;1, Echeme 2}; We 2.5 oquiv. MeOH, antida (E)5a
wondered if coordination of the same Lewis ’ S(i)(iiv) toluene, 22 °C, 24 h with Zn(OtBu),: with Zn(OMe)y:

acidic co-catalyst to the B(pin) moiety!” might
strengthen chelation of its boron center with the
methoxy unit of the chiral complex to accelerate
allyl transfer as well (Scheme 4).

>98% conv., 83% yield,
75:25y:«,
89:11d.r, 95:5e.r.

>98% conv., 84% vyield,
90:10 y:«,
94:6d.r, 96.5:3.5e.r.

b. The influence of organoboron reagent stereochemistry:

Several Lewis acidic metal salts were 6.0 mol % iPr
screened,™ resulting in the discovery that with N NMe,
2.5 mol % Zn(OrBu), (Scheme 5a) not only may HiPOPha H o
efficiency be improved substantially (> 98 % vs. 2a Bu on 1a NHPOPh;
35% conv. with NaOrBu; Scheme 4), but also > Ph/Y\
the a-addition product was generated predom- (pimB_~Z 5.0 mol % Zn(OMe,, Me
. . 2.5 equiv. MeOH, anti-4a
inantly (y/a=25:75) in 89:11 d.r. and 95:5 23 Me toluene. 22°C, 3 h 97% conv., 87% yield,
enantiomeric ratio (e.r.). The catalyst’s tert- (1.5 equiv.) >98:2 y:1x,

butyl substituent meant that a diminutive co-
catalyst could be better. Indeed, with the smaller

93:7dr,96:4 e.r.

Zn(OMe),, the y/a ratio (90:10) and the dia-

Angew. Chem. 2016, 128, 4779 —4784
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Scheme 5. The influence of Zn(OMe), and the crotyl—B(pin) stereochemistry on
efficiency and selectivity.
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a. Zn(OMe), promotes 1,3-boryl shift regardless of organoboron structure:

6.0 mol % iPr O
N
N/H(

NPOPh,
| H lo)
PR 24 OH NHPOPh, NHPOPh,
tBu 1b B />tx<\ Ph /\Y/\ro
(Pi”)B>0((\Y 2.5 mol % metal alkoxide, e b D
g o 2.5 equiv. MeOH, [D2l-7a [D2l-7b
6 toluene, 22 °C, 24 h with NaOtBu:
(1.5 equiv.) >98% conv., 96:4 oy
(98:2er.)
with Zn(OMe),:
>98% conv., 30:70 x:y
(97:3er.)

b. High diastereoselectivity is not due to higher activity of Z-allylboron:
tBu

L3§ —OMe

CJTN/ \\>
PIRBS 2.0 mol % 1b 2)i 2a NHPOPh;

&
Me Ph =
5.0 mol % Zn(OMe)s, /\(\

Z tBu Me
“ Sraecqﬁiv) 2.5 equiv. MeOH,
’ ’ toluene, 22 °C, 24 h - 4a
LsB—OMe 87% yield, >98:2 «:y,
— . /0 — 62:38 d.r.,
Cﬁ\N,B 89.5:10.5 e.r. (for both isomers)
N | L\\
--H
0 L -
(E)i

Z and E chiral organoboron intermediates afford anti- and syn-4a, respectively:
High anti selectivity with Z- or E-crotylboron reagents due to kinetically preferred formation of (2)-i.

Scheme 6. Experiments indicating that a) Zn(OMe), promotes the borotropic shift and that
b) formation of the anti diastereomer with the E and Z organoboron reagent is due to a kinetic
preference for the formation of the chiral Z-crotylboron intermediate.

iv, G = H) reacts faster with the imine, competing more easily
with a borotropic shift. There is no steric or electronic impetus
for isomerization (see above). Furthermore, with rac-8, the

Borotropic shift accelerated by
Zn(OMe), N
tBu tBu
Accelerated by =
L;B—OM
7 Zn(OMe), 3 2

LsB—OM
(cf. IV, Scheme 4) 2 ©

(0]
B(pln +// H —> —
—Bal>
JT =~y
oH © oH
iv L vii _
L3B—OMe
(6]
Wi
MeN—{ N ome
ot ii

v .
>/=\—B(pin)

Accelerated by
Zn(OMe),
(cf. IV, Scheme 4) o8

viii
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product from

a-addition was formed exclusively in
62:38 d.r. (Scheme 6b), indicating that
conversion into (E)-i and (Z)-i is prob-
ably followed by an eventual y-addition
to the imine 2a."? The predominant
formation of the anti diastereomer in
the reaction with E- or Z-configured
crotyl-B(pin)  ((E)-3 or (Z)-3;
Scheme 5) must therefore originate
from a kinetic preference for isomer-
ization to afford the chiral Z-allylboron
intermediate ((Z)-i; Scheme 2).

The routes in Scheme 7 account for
the kinetically controlled stereoselec-
tive Lewis acid promoted 1,3-boro-
tropic shifts. With the higher-energy
Z-configured reagent, complex iv is
produced faster than isomeric viii,
which is generated from the corre-
sponding E isomer. In either instance,
regardless of the stereochemistry of the
initial allylboronate, isomerization pro-
ceeds via transition states wherein the
substituent (G) is oriented away from
the chiral complex (see vii and ix;
Scheme 7). Allylboron intermediate
(Z2)-i" and the anti diastereomer of
the y-addition product are hence
favored. That is, diastereoselectivities
are high not because the Z and E isom-
ers rapidly interconvert, and the former
reacts faster (i.e., Curtin~-Hammett
kinetics are not operative). Moreover,
regardless of the crotyl-B(pin) stereo-

chemistry, product identity does not originate from the E and
Z chiral allylboron isomers reacting via different transition
structures to give the same stereoisomer.*!!

Bu
LsB—OMe JNPOPh? NHPOPh,
)P R N
-8 —— R o
MEZN | G
O -H (anti)-y-addition
e product
(@)

kinetically favored,
regardless of reagent
stereochemistry

Scheme 7. Rationale for the preferential generation of the Z-configured crotylboryl intermediate ((2)-i), irrespective of the reagent stereochemistry.

www.angewandte.de © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The catalytic protocol has considerable scope kinetic attributes (i.e., different turnover-limiting steps) to
(Scheme 8).""!  Reactions were often complete with become competitive; related arguments may apply to the
2.0 mol % aminophenol 1b and 5.0 mol % Zn(OMe), within  reaction leading to para-dimethylaminoaryl-substituted 4i.
three hours at ambient temperature. Aryl-substituted imines ~ Other than the processes with commercially available crotyl—
with various electronic attributes were converted into the  B(pin) reagent (Z)-3, the synthesis of 9 and especially that of
desired products efficiently and selectively (4a—41). Similar  chloro-substituted 10" underscore the method’s reach and
results were obtained with heterocyclic moieties, including  versatility.
those containing an oxygen (4m, 4n), sulfur (40, 4p), or Reactions are scalable (see 4k, Scheme 8), and the ligands
nitrogen substituent (4q). Additions to o,p-unsaturated and organoboron reagents are easy to access and manipulate.
aldimines needed more forcing conditions (4r). Transforma-  In most cases, the phosphinoyl group renders the substrates
tions with alkyl-substituted imines were equally efficient and  and products crystalline and isolable without chromatogra-
considerably y-selective but less diastereo- and enantioselec-  phy, and it is removable under mild conditions at low cost.*"
tive. This may be attributed to the diminished rates of  These characteristics compare favorably to the alternative
addition to the more electron-rich aliphatic substrates, strategies.! Homoallylic amines are precursors to an array of
allowing for alternative (uncatalyzed) pathways with different ~ important enantiomerically enriched N-containing molecules,
including  B-amino
acids.['>1¢!
E\IPOPhg The concepts elu-
R NHPOPh, cidated here should
2 2.0 mol % 1b . . .
. S——— R/\‘/\ find applications in
(pln)B\/\ 5.0 mol % Zn(OMe),, G the design of other
G e CEI O efficient catalytic
(1.2 equiv.) e and stereoselective
processes.
NHPOPh, F NHPOPh, ol NHPOPh, Br  NHPOPh,
NN ~ AN iy
m\ Me Me Me Acknowledge-
4b 4c 4d ments
87% yield, >98:2 v:«, 80% vyield, 96:4 v:«, 84% yield, 98:2 y:«, 92% vyield, 95:5 y:«,
96:4 d.r., 96:4 e.r. 93.5:6.5d.r., 98:2 er. 90:10d.r., 99:1 er. 92:8d.r, 982, X-ray.of4d ) )
Financial support was
Me NHPOPh, l:\lHPOPhg NHPOPh, NHPOPh, NHPOPh,  provided by the NIH
©/Y\ Br N (GM-57212 and in
Me /Q/\Ke\ MEZNQ/Y\ part GM-59426). We
4eld] aqg 4h 4ijlo! are grateful to Daii-
89% yield, >98:2 y:«x, 92% yield, 97:3 y:«, 88% yield, >98:2 v:, 94% yield, 98:2 y:«, 75% yield, >98:2 y:«, chi Sankyo Co. for
92:8d.r., 946 e.r. 93:7d.r,955e.r. 92:8d.r,96:4 e.r. 94:6d.r,93:7e.r. 91.5:8.5d.r,, 80:20 e.r. .
supporting H.M. as
NHPOPh, oo scale NHPOPh: NHPOPh, NHPOPh, a Visiting Fellow, to
NN NN E.M. Vieira, S
o m\ Scm MeO,C Me C(Y\ W Torker, and C.. Qin
j a 4mldl @/‘< for helpful discus-
92% yield, >98:2 y:x, 96% yield, >98:2 y:x, 86% yield, >98:2 y:x, 89% yield, 84:16 v:q, Jf/“\d sions, and to R. Mor-
94:6d.r,97.5:25e.r. 92.5:7.5d.r,99:1 er. 91:9d.r,97:3 e.r. 94:6d.r, 99:1 e.r. X-ray of 4m . .
rison for experimen-
NHPOPh, NHPOPh, NHPOPh, NHPOPh, NHPOPh, tal assistance.
x A
m m\ ¢ | Me\ | 7 Me\ npr/\/\‘,\;\ Keywords: boron -
4nll 40l 4pd 4qe) arlf borotropic shift -
85% yield, 96:4 y:a, 90% yield, 98:2 y:q, 86% yield, 94:6 v:«, 84% yield, 95:5 v:q, 85% yield, 92:8 v:«, diastereoselective
93:7d.r., 982 e.r. 93:7 d.r, 96:4 e.r. 94:6d.r,982eur. 95:5d.r,98:2 e.r. 88:12d.r., 96:4 e.r. synthesis .
enantioselective
NHPOPh, NHPOPh, NHPOPh; NHPOPh, Q)-’\v catalysis -
PRNTYTS O/\‘/\ A > ‘o /”W)n homoallylic amines
Me Me Ph cl W
4s old] 100N
71% yield, 93:7 y:«, 68% vyield, >98:2 y:«, 85% yield, >98:2 v:«, 91% yield, 93:7 y:«,
69:31 d.r., 79:21 e.r. 84:16 d.r, 67:33 e.r. 95:5d.r, 946 e.r. 95:5d.r, 928 e.r. X-ray of 10
Scheme 8. Products obtained from vy-, diastereo-, and enantioselective additions of different organoboron reagents
(>98% E for phenyl-substituted allylboronate and >98% Z for the Cl-substituted reagent) to various aldimines.
[a] 1b (5.0 mol%). [b] Reaction time: 24 h. [c] 5 h. [d] 4 h. [e] With 1b (10 mol %) and Zn(OMe), after 8 h. [f] With 1b
(12.5 mol %) and Zn(OMe), (7.5 mol %). [g] At 50°C, 6 h. [h] Tb (10 mol %) and Zn(OMe),, 24 h. See the Supporting
Information for details.
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