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ABSTRACT: Described herein is a chiral magnesium
bisphosphate-catalyzed asymmetric double C(sp®) H
bond functionalization triggered by a sequential hydride
shift/cyclization process. This reaction consists of stereo-
selective domino C(sp®) H bond functionalization: (1) a
highly enantio- and diastereoselective C(sp®) H bond
functionalization by chiral magnesium bisphosphate ( rst
[1,5]-hydride shift), and (2) a highly diastereoselective
C(sp®) H bond functionalization by an achiral catalyst
(Yb(OTf),, second [1,5]-hydride shift).

D irect functionalization of an unreactive C H bond is a
powerful methodology for rapidly accessing useful
organic molecules.” Because of the high synthetic potential of
the methodology, extensive e orts have been devoted to the
development of new strategies. Recently, the C(sp®) H bond
functionalization mediated by a hydride shift/cyclization
process, namely, the internal redox process, has attracted
much attention because of its unique features (Scheme 1).? The

Scheme 1. C(sp®) H Functionalization by the Internal
Redox Process
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Recent e orts by us’ and other groups® ° have led to the
unveiling of the high synthetic potential of this methodology
Useful skeletons, such as tetrahydroqumollnes tetrahydro-
isoquinolines, 40,7 benzopyrans ® “tetralins,*™"%¢ spiro-
oxindoles,*™®" and indanes,’" could be constructed by
processes involving a [1,n]-hydride shift (n = 4, 5, 6). Quite
recently, our group accomplished the application of this
strategy to an unprecedented double C(sp®) H bond
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functionalization (sequential hydride shift system).® The
sequential [1,n]-[1,5]-hydride shift (n = 4, 6)/cyclization
processes realized the highly diastereoselective synthesis of
complex polycyclic frameworks, such as bicyclo[3.2.2]nonanes
and linear tricyclic compounds. The catalyzed asymmetric
variant of the sequential system would be a promising tool for
the rapid construction of multisubstituted chiral tricyclic
frameworks that would act as lead structures in important
biologically active compounds. Nevertheless, to the best of our
knowledge, there is no precedent for the catalytic, enantio-
selective variant of the double C(sp®) H bond functionaliza-
tion involving a sequential hydride shift/cyclization process.
We wish to report herein an asymmetric double C(sp®) H
bond functionalization catalyzed by chiral magnesium bi-
sphosphate (Figure 1). This reaction consists of two successive
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Figure 1. Asymmetric double C(sp®) H bond functionalization via
sequential hydride shift processes.

stereoselective C(sp®) H bond functionalizations: (1) a highly
enantio- and diastereoselective C(sp®) H bond functionaliza-
tion by chiral magnesium phosphate ( rst [1,5]-hydride shift),
and (2) a highly diastereoselective C(sp®) H bond function-
alization by an achiral catalyst (second [1,5]-hydride shift). The
combination of these two stereoselective reactions enabled the
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highly enantio- and diastereoselective synthesis of fused
tricyclic piperidine derivatives.

The desired asymmetric double C(sp®) H bond function-
alization was reallzed by chiral magnesium bisphosphate 3
(Figure 2).° *? Upon treatment of cinnamylidene malonate 4

one pot sequential process (low d.r.)
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Figure 2. Excellent stereoselective reaction following a two-step
sequence.

with 10 mol% of 3, bearing bulky 2,4,6-tricyclohexylphenyl
groups at the 3,3 -positions, in mesitylene at 60 °C for 96 h, the
desired sequential reaction proceeded smoothly to give tricyclic
piperidine 5 in 74% yield with 87% ee. Although both chemical
yield and enantioselectivity were reasonable diastereoselectivity
remained moderate (dr = 4.9:1)."° Determination of the
absolute con guration o ered an important clue to overcome
this drawback. Subjecting p-bromobenzyl analogue 6a to the
optimized reaction conditions gave exclusively the single
hydride shift/cyclization adduct 7a (83%), without formation
of the expected tricyclic piperidine 8a. The diastereomeric ratio
could not be determined at this stage because of the broad
nature of the M NMR spectrum of 7a. The complete
suppression of the second hydride shift process was rationalized
by the electronic e ect: the electron-de cient a Q/I -substituted
N-benzyl group retarded the [1,5]-hydride shift.”® The second
hydride shift/cyclization process of 7a proceeded smoothly
when 10 mol% of achiral catalyst Yb(OTf); was used under
slightly modi ed reaction conditions (in CICH,CH,CI at 60 °C
for 0.5 h) to furnish 8a in 96% vyield. Gratifyingly, both
diastereoselectivity (dr = 11.5:1) and enantioselectivity (96%
ee) of the major diastereomer were improved signi cantly. It
should be noted that the process starting from 6a with a p-
bromobenzyl group would be e ective for overriding the two
disadvantages (requirement of two-step sequence and use of
two di erent (chiral, achiral) catalysts).

Having acquired the highly diastereo- and enantioselective
double C(sp®) H bond functionalization protocol, we next
examined the substrate scope of the two-pot reaction (Figure
3). Neither electron-donating (Me and OMe) nor electron-
withdrawing (F) groups a ected the reaction, and correspond-
ing tricyclic piperidines 8a g were obtained in good chemical
yields with excellent diastereo- and enantioselectivities (dr =
>10:1, 92 96% ees for the major diastereomer). Naphthyl-
type substrate 8h was also suitable, and both enantio- and
diastereoselectivities were likewise excellent (dr = >20:1, 95%
ee for the major diastereomer). The relative and absolute
stereochemistries of these products were surmised as depicted
in Figures 1 3 by analogy to 8c, whose absolute stereo-

6204

H  COMe H  COMe H  COMe
5 M - M 5
COMe M€ COMe MeO CO,Me
N = A N™:= A N™: "A
Hy oA HJH d HJH '
Ar Ar Ar
8a 8b 8c
80%,2 96% eeb 74%,2 94% eeb 77%,2 91% eeb
d.r.=11.5:1 dr.=14.5:1 d.r.=11.3:1
H  COMe H  COMe H  COMe
CO,Me CO,Me CO,Me
H H MeO X N B Ar
Ar
8f
71%,2 95 % eeb 67%,2 96 eeb 68%,2 94% eeb. ©
dr=11.2:1 dr.=125:1 dr.=10.1:1
Me
H  CO.Me H  CO,Me
CO,Me CO,Me )
Ar = ‘—< :)—Br
N™:= “Ar
H H H
N )
2Yield of 2 step sequence
659%,a 95% eeb 63%,2 95 eeb b Ee of major diastereomer
dr.=11.8:1 d.r.=>20:1 © 3 (20 mol %).

Figure 3. Substrate scope.

chemistry was unambiguously established by single-crystal X-
ray analysis (see CIF le).

The above results clearly indicate the involvement of two
stereoselective C(sp®) H bond functionalizations, as shown in
Figure 1: (1) a highly enantio- and diastereoselective C(sp®)
H bond functionalization by chiral magnesium bisphosphate
( rst [1,5]-hydride shift), and (2) a highly diastereoselective
C(sp®) H bond functionalization by Yb(OTf), (second [1,5]-
hydride shift), with the former being the key stereocontrolling
step.** To gain a deeper insight into the stereochemical
outcome, we conducted DFT calculations using simpli ed and
realistic models of the rst [1,5]-hydride shift/cyclization
process (Figure 4).1>%°
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KR J Ph 2 Ar P
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Figure 4. Chemical models for DFT calculations.

Based on our previous computational study,® the detailed
reaction pathway of the rst [1,5]-hydride shift/cyclization
process was investigated using simpli ed models. After
exploring various conformations corresponding to the free
rotation of three C N bonds and the chair/boat-like six-
membered ring structures in the transition state (TS), we found
the most energetically favorable reaction pathway a ording the
major product in a stereoselective manner (Figure 5). The
[1,5]-hydride shift process via TS1, located at the highest
energy level, was identi ed as the rate- and stereo-determining
step, in good agreement with the results of D-labeling
experiments (kp/ky = 2.5, Scheme S3 in the Supporting
Information (SI)). The subsequent cyclization process was
found to proceed smoothly through the lower-energy TS2
without any conformational change. Hydrogen bonds between
the phosphoryl oxygen and the N-benzyl group controlled the
relative orientation of electron-de cient ole n and amine
moieties through the [1,5]-hydride shift/cyclization process.
Although these structural features were also observed in other
diastereomeric TSs leading to minor enantiomer and
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Figure 5. Gibbs free energy pro le of the [1,5]-hydride shift/
cyclization process (in kcal/mol). Sum of subgger and PAoqe 1S SEt tO
zero.

diastereomers in the [1,5]-hydride shift process, TS1 was the
most stable (Figure S3 and Table S2, SI).

Focusing on the rate- and stereo-determining TS1, the origin
of the high enantioselectivity was further addressed using
realistic models (TSpgjor and TSpinor, a ording major and
minor enantiomers, respectively, Figure 6). TSy, is 2.4 kcal/

TSmajor (0.0)

TSminor (+2.4)

Figure 6. 3D structures and relative energies of TSpor and TSpingr-
Relative energies (kcal/mol) are in parentheses. Bond lengths are in A,

mol more stable than TS, iN good agreement with the
experimentally observed stereochemical outcome. Introduction
of considerably bulky 2,4,6-tricyclohexylphenyl groups (orange)
provides a narrow chiral space to position the substrate at the
center of the chiral space. The hydrogen bond between the
phosphoryl oxygen and the N-benzyl group plays a key role in
holding the amine moiety in a suitable position for the
sequential [1,5]-hydride shift/cyclization process. Either one of
the two N-benzyl groups (red or blue) coordinates with the
phosphoryl oxygen, depending on the selective hydride shift of
prochiral hydrogen atoms. The substrate ts better into the
narrow chiral space in TSp o than in TSqo. In the
energetically less favorable TS0, the magnesium bisphos-
phate catalyst and the malonate moiety were structurally
distorted due to the considerably bulky 3,3 -substituents
(Figure S4, SI).

In summary, we have developed an asymmetric double
C(sp®) H bond functionalization triggered by a sequential
hydride shift/cyclization process. This reaction consists of two
stereoselective C(sp®) H bond functionalizations: (1) a highly
enantio- and diastereoselective C(sp®) H bond functionaliza-
tion by chiral magnesium bisphosphate ( rst hydride shift), and
(2) a highly diastereoselective C(sp®) H bond functionaliza-
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tion by an achiral catalyst (second hydride shift). The key to
achieving excellent enantioselectivity was the employment of a
benzyl group having an electron-withdrawing moiety. Various
substrates were applicable to this asymmetric reaction, and
corresponding tricyclic piperidines were obtained in good
chemical yields and with excellent diastereo- and enantio-
selectivities (dr >10:1, 91 96% ees for the major
diastereomer). DFT calculations revealed that the cooperative
action of the hydrogen bond and the narrow chiral space
contributes to stereoinduction in the stereo-determining rst
[1,5]-hydride shift process. Further investigations for the
development of another chiral transformation by exploiting
this type of sequential reaction are under way in our laboratory.
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