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ABSTRACT: The enantioselective intramolecular oxyamination of unsaturated alkoxyamines using a hybrid catalytic system
consisting of Cp*Rh(III)/chiral disulfonate/CuOAc is described. Tetrahydrofuran derivatives with a tetrasubstituted chiral
center were obtained under the optimized conditions in 92:8-96:4 er. The use of a sterically hindered chiral disulfonate and

a Cu additive was essential for the high enantioselectivity.

Trivalent group 9 metal complexes with a pentamethylcy-
clopentadienyl (Cp*) or other related ligands, Cp*M(I1I) (M
= Co, Rh, Ir), have been widely exploited as robust and
highly reactive catalysts for organic transformations.!-®
Since the seminal work by Satoh, Miura, and co-workers in
2007,! C-H functionalization reactions using these catalysts
have attracted much attention and thus, a large number of
reactions of this type have been developed to date. In con-
trast, several recent studies have revealed a new direction
for Cp*M(III) catalysis, i.e., the 1,2-hetero-difunctionaliza-
tion of alkenes to regioselectively introduce two C-X bonds
(X = hetero atom; Figure 1).37 In 2018, Cossy and co-

workers reported Cp*Rh(I1I)-catalyzed intramolecular oxy-
amination of unsaturated alkoxyamines to yield cyclic
ethers (Scheme 1a).3 Rovis and co-workers reported Ir(II1)-
catalyzed diamination using external amine nucleophiles to
provide lactam products (Scheme 1b).# The same group
later reported oxyamination reactions of unsaturated am-
ides or carboxylic acids with external nucleophiles to give
either lactams or lactones (Scheme 1c), where the regiose-
lectivity was efficiently controlled by electronic tuning of
the catalyst.> In 2019, Hong and Chang showed that Ir-
nitrene species catalytically generated from dioxazolones
could enable haloamination and

Scheme 1. Rh(III)- and Ir(III)-Catalyzed Hetero Difunctionalization of Alkenes.

UAydlldauull (VUDdYy €L dl. £V 10)
(@)
R2
R1{‘2”: Rh(I) R1t Jn R2
O O
NHTs NHTs
Diamination (Rovis et al. 2018)
b) ; R?
R I
- R2 1 N
R X RS
R1\h/> + N Irlll) e . ij/
oA\Hopv R o 07N
H NR2ZR3 H

© Oxyamination (Rovis et al. 2019)
c

— R?
o}
R1\h/> L Ir(llly R, or X
0 A \hop, 107 R oAy 4[
NHOPiv H COR2 O H

— Boc
e iy R
R T HN =

n
~

0™ on OPiv 0o

ALTNUIUNICUUTAZAUULT (vlidly allu MuUlly Sl dl. £U 19, £Usl)

R2
R? f{Rs R!
7 + Ir(1h T~
O/\QN Nu () Oé/\:>\/\$Nu
A0 H ROR2

Enantioselective oxyamination

Cp" so,Ar!  =35(CF
RL#)\/ o2 A T3S CF S o
Nu TN M 352 e
i WL
Ar2

(e) This work: Enantioselective oxyamination

R1
2R2 RAh(lll)/chiral disulfonate/Cu R?
R . R2
hybrid catalyst system U R
O O "/,‘
NHPG NHPG
91:9-97:3 er



oxyamination reactions (Scheme 1d).%2 The same group fur-
ther expanded this catalytic system by introducing an N,N-
chelating ancillary ligand and achieved a catalytic enanti-
oselective oxyamination reaction that furnishes optically
active y-lactams.®b

Catalytic enantio-control under the Cp*M(III) catalysis
has attracted significant attention over the past decade.8-13
After the seminal studies by Cramer and co-workers on pre-
cisely designed chiral Cp*ligands,® the development and ap-
plications of chiral Cp* ligands have predominantly been fo-
cused on enantioselective C-H functionalization reactions.!?
Alternatively, approaches that use an artificial metalloen-
zyme have been presented by Ward, Rovis, and co-work-
ers,'! whilst chiral carboxylic acids have also been utilized
to control the enantioselectivity.!? In this context, our group
has previously reported Cp*Rh(III)/chiral disulfonate hy-
brid catalysts for the enantioselective C-H alkylation of 2-
phenylpyridine and 6-arylpurine derivatives.!3> However,
none of these approaches that realize catalytic enantio-con-
trol has been applied to the above-mentioned diamination
or oxyamination reactions of alkenes. Here we report that a
combination of Cp*Rh(III), a chiral disulfonate, and CuOAc
promotes the enantioselective intramolecular oxyamina-
tion!415 of unsaturated alkoxyamines to give chiral tetrahy-
drofurans adorned with an aminomethyl group (Scheme
le).

Bi and co-workers reported a computational mechanistic
study of the Rh(III)-catalyzed oxyamination thatis shown in
Scheme 1a.1® Based on their results, a plausible catalytic cy-
cle is shown in Figure 1. The deprotonation and coordina-
tion of the substrate (I), followed by a [3+2] cycloaddition
(II) and a subsequent cleavage of the N-O bond furnishes
Rh(V) nitrene III. Reductive elimination from Il leads to the
formation of IV. The final reductive elimination step has the
highest barrier and is highly exergonic. Therefore, this step
is thought to be irreversible and rate-determining. Because
the formation of III from I would be endergonic and reversi-
ble, the reductive elimination (III to IV) would be an enan-
tio-determining step of this reaction. Although Bi and co-
workers performed calculations based on the assumption
that an acetate ligand coordinates during the catalytic pro-
cess (L = acetate), we hypothesized that the reaction could
proceed with a non-coordinating chiral anion instead (L =
none). This anion would recognize one of the enantiomers
of Ill via contact-ion-pairing and induce the enantioselectiv-
ity of this reaction.”

To assess the plausibility of our hypothesis, we per-
formed density functional theory (DFT) calculations for the
reaction without an acetate ligand at the
MO06/def2TZVPP//MO6L/def2SVP level of theory!®1 with
an SMD solvation model (DCE)?° for both the geometry op-
timizations and single point energy calculations. The calcu-
lations were performed using GRRM172! and Gaussian 16
Rev. C.0122 programs. As shown in Figure S1 (see Support-
ing Information), the transition-state structures for the
[3+2] cycloaddition (TS (I-I)), the N-O bond cleavage step
that affords a Rh-nitrene intermediate (TS (II-III)), and the
C-N bond forming reductive elimination (TS (III'-IV)) were
located. The energy diagram is similar to the one where an
acetate ligand is included, as reported in the previous study.
The final reductive elimination step of this reaction would

be rate-determining and the sole irreversible step in the cat-
alytic cycle with a reasonable activation barrier of 23.5
kcal/mol. These results indicate that a cationic mechanism
without an acetate ligand where the enantiocontrol is medi-
ated by a chiral anion should be possible.
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Figure 1. Catalytic cycle based on the computational study by
Bi et al (L = OAc) and in this work (L = none; possibly with a
non-coordinating chiral anion).

We started our experimental investigation by screening
several chiral disulfonates??® with 1a as a model substrate
(Table 1, entries 1-6). In this study, chiral disulfonic acids
were converted to the corresponding Ag salts and mixed
with [Cp*RhCl:]z to generate the active chiral catalysts in
situ via chloride abstraction to form AgCl. While a stoichio-
metric amount of Cu(OAc)z was used in the racemic reac-
tions reported by Cossy et al., we used a catalytic amount of
CuOAc to decrease the concentration of acetate anion pre-
sent thus suppress a racemic reaction. Based on our previ-
ous report on a Cp*Rh(III)/chiral disulfonate catalytic sys-
tem, we used 1,1'-binaphthyl-2,2'-disulfonate (3a; BINSate)
and a spirocyclic disulfonate (4; SPISate). To our delight, a
promising level of enantioselectivity was observed when 3a
was used (entry 1, 79:21 er), albeit that the yield was low.
Further screening of chiral anions revealed that the substit-
uents at the 3,3'-positions had a drastic effect on both the
reactivity and enantioselectivity of the reaction (entries 3-
6). The introduction of phenyl groups or 4-tBu-CesH4 groups
greatly enhanced the reactivity and selectivity (entries 3
and 5). However, the reaction barely proceeded when using
a 3,5-(CF3)2-CeHs-substituted BINSate (3¢; entry 4) or a 3,5-
(tBu)2-CsHs-substituted BINSate (3e; entry 6). With the op-
timal catalyst (3d) selected, the effect of the protecting
group on the substrate (1) was examined. We found that
electron-rich sulfonyl groups slightly improved the yield
(entries 7 and 9), while an electron-deficient sulfonyl group
significantly diminished the yield (entry 8). The best result
was obtained with substrate 1d under the conditions in en-
try 9.

Changing CuOAc to other Cu sources or acetate sources
gave rise to some striking results (entries 9-15). The use of
copper(I) 2-thiophenecarboxylate (CuTC) led to the de-
creased reactivity and selectivity (entry 10). While



Cu(OAc): exhibited a similar reactivity and selectivity to
CuOAc, the use of CuO and CuCN afforded almost no product
(entries 12 and 13), possibly because the deprotonation of
the substrate is not viable without the acetate. As the Cu(I)
and Cu(II) acetates afforded similar but slightly different re-
sults (entries 9 and 11), we speculated that the same Cu(I)
active species might be generated from either Cu(l) or
Cu(ID). In contrast, when AgOAc or KOAc were used instead
of CuOAc, the product was obtained as a racemic

Table 1. Optimization and Control Experiments for the
Enantioselective Oxyamination of 1.4

Me (2.5 mol%)
[Cp*RhCl2]2
Ag,-disulonate (5 mol%)
" o
additive (10 mol%) y MeNHSOZR
O o~ 7
NHSOzR DCE, MS13X, 60 °C, 20-24 h 2a—d

1a,R=4-Me-CeHy 14 g ;f
1b, R = 4-MeO-CgH, o

1c, R = 4-Cl-CgH,

Entry Substrate Agz-disulfonate Additive Y;:/(l);ib Erc
1 1a 3a CuOAc 15 79:21
2 1a 4 CuOAc 19 47:53
3 1a 3b CuOAc 54 92:8
4 1a 3c CuOAc 7 73:27
5 1a 3d CuOAc 55 955
6 1a 3e CuOAc 9 71:29
7 1b 3d CuOAc 63 90:10
8 1c 3d CuOAc 25 919
9 1d 3d CuOAc 65 955
10 1d 3d CuTC 30 919
11 1d 3d Cu(OAc): 59 88:12
12 1d 3d CuO <5 ND
13 1d 3d CuCN <5 ND
14 1d 3d AgOAc 17 50:50
15 1d 3d KOAc 50 50:50
16 1d 3d none <5 ND
17 1d none CuOAc 11 ND
18 1d d CuOAc <5 ND
19e 1d 3d CuOAc <5 ND
20/ 1d 3d CuOAc 34 946

R R=

0L, 55
SO,Ag 3b Ph

SO,Ag 3¢ 3.5-(CFa)oCets

OO 3d 4-tBu-CgH,
R

3e 3,5-tBU2'CsH3
aReaction conditions: 1 (0.05 mmol), [Cp*RhCl2]2 (1.25 pumol,
2.5 mol%) Agz-disulfonate (2.5 pmol, 5 mol%), additive (5
pmol, 10 mol%), and MS13X (3 mg) in DCE (2 mL) at 60 °C for
20-24 h unless otherwise noted. YDetermined by 1H NMR anal-
ysis of the crude reaction mixture using 1,1,2,2-tetrachloro-
ethane as the internal standard. ¢<Determined by chiral HPLC

analysis. 9The parent disulfonic acid form of 3d was added.
eWithout [Cp*RhClz]2. /Without MS13X.

mixture (entries 14 and 15), indicating that a Cu ion is cru-
cial for induction of the enantioselectivity. The desired re-
action scarcely proceeded when using no acetate source
(entry 16), using a disulfonic acid (BINSA) instead of its sil-
ver salt (entry 18), or omitting [Cp*RhClz2]2 (entry 19).
These control experiments suggest that a cationic
Cp*Rh(III) species promotes the reaction and that the
BINSate anion and Cu ion may cooperatively control the en-
antioselectivity. Omitting MS13X from the reaction

Scheme 2. Scope and Limitations for the Enantioselec-
tive Oxyamination of 1 using the Cp*Rh(III)/3d/CuOAc
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Reaction conditions: 1 (0.10 mmol), [Cp*RhClz]2 (2.5 pmo],
2.5 mol%) Agz-disulfonate (5 umol, 5 mol%), CuOAc (10 pmol,
10 mol%), and MS13X (6 mg) in DCE (4 mL) at 60 °C for 20 h.
Isolated yields are shown. aDetermined by 'H NMR analysis of
the crude reaction mixture using 1,1,2,2-tetrachloroethane as
the internal standard.

resulted in a lower yield but similar enantioselectivity, alt-
hough the reason is not clear at this point (entry 20).

The optimized catalyst and reaction conditions (Table 1,
entry 8) were applied to various unsaturated alkoxyamines



1, and the results are summarized in Scheme 2. Regardless
of the substituent at the alkene moiety, moderate yields and
high enantioselectivities (91:9-96:4 er) were obtained. Alt-
hough both aliphatic and aromatic substituents were toler-
ated, a sterically hindered substituent led to a diminished
yield (2g). Neither the presence of electron-withdrawing
groups (2K, 21, 2s) nor electron-donating groups (2n-2p)
on the phenyl moiety resulted in a significant effect, and the
products were afforded with high enantioselectivities. A 2-
naphthyl-substituted substrate (1t) and a 2-benzothienyl-
substutited substrate (1u) also gave products in moderate
yields with high enantioselectivities. Furthermore, the gem-
inal dimethyl substituents of the substrates were not essen-
tial, and a simple linear substrate afforded the correspond-
ing product (2v) in 78% yield and 97:3 er. The absolute con-
figuration of 2m was determined by the single crystal X-ray
diffraction analysis (for details, see Supporting Infor-
mation).

The limitations of the current catalytic system are shown
at the bottom of Scheme 2. A mono-substituted terminal al-
kene exhibited much lower reactivity and slightly dimin-
ished selectivity (2w). We also investigated the synthesis of
a chiral tetrahydropyran 2x, but the desired six-membered
ring formation scarcely proceeded.

Even under the optimized conditions, the yield of 2 was
moderate in most cases, which was attributed predomi-
nantly to the decomposition pathway of the alkoxyamines 1.
As shown in Scheme 3, we observed the formation of alde-
hyde 5j and sulfonamide 6 when using 1j as the substrate.
Although the mechanism for this decomposition is not clear
at this point, we speculate that the oxidative addition of a
Rh species to the N-O bond and a subsequent B-hydride
elimination might afford 5i and 6.

Scheme 3. Observed Byproducts When Using 1i as the
Substrate.?

Ph
Ph
(2.5 mol%) H .
. 7~ NHSO,R
[Cp R;é:@%nol%) H N e 2

2j, 59% (49%)

; CuOAc (10 mol%)
) Ph +
.0 DCE, MS13X, 60 °C
i NHSO,R' o n R'SO,NH,

O H 5j,29% 6,31%

aThe indicated yields were determined by 1H NMR analysis
of the crude reaction mixture using 1,1,2,2-tetrachloroethane
as the internal standard. The isolated yield is shown in paren-
theses. R’ = 2,3-dihydrobenzofuran-5-yl.

A preparative-scale reaction using 1d (1 mmol) as the
substrate proceeded smoothly to provide 2d in 54% yield
with 95:5 er (Scheme 4), which is comparable to the result
of the small-scale reaction (Scheme 2, 61% yield, 95:5 er).
The sulfonyl protecting group of the amino moiety of 2d
was successfully removed by Mg reduction after Boc protec-
tion,?* thus demonstrating the synthetic utility of product 2.

Scheme 4. Preparative-scale Reaction and Deprotection
of the Sulfonyl Group.
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Based on DFT calculations (Figure S1) and the observa-
tion that a Cu ion is essential for the induction of the enan-
tioselectivity (Table 1, entries 8, 12-14), we would like to
propose a mechanism for the control of the enantioselectiv-
ity (Figure 2). Intermediate III would be reversibly gener-
ated from substrate 1 and the Cp*Rh(III) catalyst. Reductive
elimination from III would be the rate- and enantio-deter-
mining step, and hence this step is controlled by a chiral di-
sulfonate. A Cu ion would also be involved in this step. Thus,
we speculate that a Cu-disulfonate monoanionic complex
might be the key species that

4-tBu-CgHy |

4 * CorRn(l) + g C S0,

SO?‘CU'LN = chiral anion ~

OO 4-tBu-CgH,

Cp* / \ c
R R

%

+0

h
7 SN-SO,R' SN-SO,R’
R=—0 . —— Ri}—0O . ——
? Echlralamon chiral anion
1l (major) 1l (minor)

v
R
\
L NHSO,R'
o

minor enantiomer

R
7~ NHSO,R'
O s

major enantiomer

Figure 2. Proposed mechanism for the enantiocontrol of the
oxyamination of 1 mediated by a chiral disulfonate.

controls the enantioselectivity of the reaction through inter-
actions with III and the subsequent transition state of the
reductive elimination step. Although the mode of the inter-
action between III and the chiral component remains un-
clear, ion-paring rather than coordination seems most plau-
sible as the sterically hindered disulfonate anions exhibited,
not only higher enantioselectivity, but also higher reactivity
(Table 1, entries 1, 3, 5) than the less hindered anions.

In summary, we have developed a catalytic enantioselec-
tive intramolecular oxyamination of unsaturated alkoxy-
amines 1 using a combination of a Cp*Rh(III) catalyst, a chi-
ral disulfonate, and CuOAc. Tetrahydrofuran derivatives
with a tetrasubstituted chiral carbon centre adjacent to an
aminomethyl moiety (2) were obtained in high enantiose-
lectivities. The chiral disulfonate would likely control the
rate- and enantio-determining reductive elimination step,
in which a Cu ion would also be involved. The results not
only represent a method for controlling enantioselectivity
of Cp*Rh(IIl)-catalyzed oxyamination reactions but also
suggest the possibility of using Cp*M(III)/chiral disul-
fonate/Cu hybrid catalysis for future applications.
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