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For the first time, we report the application of [RuCl,(n%-p-
cymene)], in the arylation of N-activated aldimines with
boronic acids and its derivatives to afford chiral amines,
which are important intermediates in the syntheses of key

bioactive compounds. The behavior of the chiral ligands, the
imine substrates, and the organoboron reagents were
studied. Very good enantioselectivities were obtained.

Introduction

Many important drugs'!! used in the treatment of several
chronic illnesses, like Parkinson’s and Alzheimer’s disease,
have a chiral amine moiety. For this reason, it is important
to develop new and more efficient methods for the creation
of chiral amine units. The asymmetric addition of an aryl
group to the C=N unit of an imine is one example. The
arylation reaction of electron-withdrawing-group N-substi-
tuted arylimines with organoboron reagents is a suitable
method for this (Scheme 1).
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Akr Ar'-boron reagent )\r
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Scheme 1. Asymmetric synthesis of chiral amines. Addition of or-
ganoboron reagents to activated imines containing electron-with-
drawing groups (EWGs).

In 2004, Tomiokal?! and co-workers used hemilabile chi-
ral P,O-ligands and rhodium precatalysts along with aryl-
boronic acids and arylboroxine compounds as the aryl
transfer reagents to obtain enantioenriched arylamines in
excellent yields. Hayashi®! reported excellent results (98 %
yield and 99%ee) using chiral diene ligands coordinated to
a rhodium center in the catalytic asymmetric arylation of
N-tosylarylimines with arylboroxine reagents in aqueous
media.

Employing analogous methods, Ellman’s group™° used
chiral phosphane ligands with rhodium precatalysts, di-
phenylphosphinoylimine substrates, and arylboronic acids
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to give the corresponding chiral amines with excellent yields
and enantioselectivities. Chiral palladium-containing cata-
lysts have also been used. Ma’s group!’! has reported the
successful application of chiral PA-NHC (N-heterocyclic
carbene) catalysts, and Lu’s group!® has employed chiral
palladium pyridine-oxazoline catalysts.

Not long ago, we employed chiral palladium catalysts in
the arylation reaction of substituted N-tosylarylimines.!!
This reaction was reviewed in a very recent paper.['] How-
ever, we were also interested in investigating new ruthenium
catalysts for this reaction. This decision was made as a re-
sult of ruthenium being cheaper than rhodium and palla-
dium and having an impressive application profile in orga-
nometallic chemistry.['!~13]

Results and Discussion

(i) Diphosphane—Ruthenium Complexes

Preliminary tests were conducted by using commercial
[RuCl,(n®-p-cymene)], as a precatalyst and several commer-
cial chiral phosphanes (Figure 1), which were already suc-
cessfully used in the catalytic reaction with Rh and Pd.[!
By starting with the DioxPhos ligand (3, an analogue of the
DIOP ligand, see Figure 1), o-chloro-N-tosylbenzaldimine
as the substrate, and phenylboronic acid as the aryl source,
the desired amine product was obtained in 63% yield and
57%ee (Table 1, Entry 1).

Motivated by this result, we applied this procedure to
several imine substrates, which were synthesized according
to literature procedures.'® To compare the contribution of
the electron-withdrawing and electron-donating effects on
the outcome of the reaction, both electron-rich and elec-
tron-deficient imine substrates and arylboronic acid rea-
gents were screened. Generally, the best yields were ob-
tained when electron-poor imines were used (Table 1, En-
tries 1, 2, 11, and 15), as expected from the literature pre-

@WILEY m

ONLINE LIBRARY



Job/Unit: 020556 /KAP1 Date: 19-06-12 15:06:46

FULL PAPER

Pages: 9

C. S. Marques, A. J. Burke

PPhy
I h2P PPh2

NH HN

Qé” o]
/Pr iPr Me Me):>

4

Figure 1. Library of chiral diphosphane ligands used in this work.

Table 1. Catalytic enantioselective arylation of N-protected aldim-
ines with arylboronic acids.

3 mol-% [RuCl,(n8-cymene)], Ar
. R 3.3 mol-% ligand R!
Ar—B(OH -

RN A BIRk NEts, toluene, 55 °C R/L”

R' = Ts, except for Entry 8 (Ms)

Entryll R L Ar T[h] Yield [%]®  ee [Yo])
1 0-CICH, 3 Ph 7 63 57 (R)
2 p-CICH, 3 Ph 48 14 90 (R)
3 2-naphthyl 3 Ph 48 12 44 (R)
4  oCH,CHs 3 Ph 48 <10 14 (S)
5 cyclohexyl 3 Ph 48 17 17 (S)
6 pBiCH, 3 Ph 48 12 69 (S)
7 pNOCH, 3 Ph 48 <10 5(R)
8 p-CICH, 3 Ph 48 10 751l
9  CH;CH,CH, 3 Ph 48 13 8 (R)
10 oCICH, 3 p-CICH, 48 12 88 (5)
1 o-CICH, 2 Ph 7 39 90 (R)
12 oCICH, 6 Ph 7 <10 98 (R)
13 0-CICH, 1 Ph 7 16 16 (R)
14 oCICH, 4 Ph 7 27 91 (R)
15  oCICH, 5 Ph 7 38 94 (R)
16 o-CICH, 7 Ph 7 <10 12 (5)

[a] Reagents and conditions: imine (0.2 mmol), ArB(OH),

(2 equiv.), toluene (2 mL), NEt; (2 equiv.). [b] Isolated yields after
chromatography. [c] Determined by chiral stationary-phase HPLC.
[d] Preferred configuration not determined.

cedent.['l A significant decrease in the yield was observed
when electron-rich imine substrates were used (Table 1, En-
try 4).

The best yields (38-63%) were obtained with o-chloro-
N-tosylbenzaldimine, phenylboronic acid, and ligands 3, 2,
and 5 (Table 1, Entries 1, 11, and 15). The best enantio-
selectivities were obtained with ligands 2-6 (88-98%ee).
This was generally achieved with the o-chlorophenyl-substi-
tuted imine substrate, but in certain cases, the p-chloro-
phenyl-substituted substrates (Table 1, Entry 2) or the p-
chlorophenyl-substituted arylboronic acid (Table 1, En-
try 10) gave high enantioselectivities. The presence of an
electron-donating group in either the substrate or the aryl-
boronic acid reagent was of no advantage. In all of the reac-
tions involving the o-chlorophenyl-substituted imine sub-
strate and phenylboronic acid, the product configuration
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was (R), except when (R)-SegPhos (7) was used as ligand
(Table 1, Entry 16). The change in the enantiofacial selectiv-
ity might be attributed to a subtle difference in the reaction
mechanism. In addition, the imine activating group was in-
vestigated, and the mesyl (Ms) group was considered for
this activation. Considering that the yield remained the
same, the enantioselectivity dropped dramatically from
90%ee (with Ts, Table 1, Entry 2) to 75%ee (with Ms,
Table 1, Entry 8), therefore, no improvements were gained.
The lower enantioselectivity might be attributed to the re-
duced steric hindrance during the aryl addition step.['® It
was also possible to conduct the reaction with alkylimine
substrates (see Table 1, Entries 5 and 9). However, this re-
sulted in moderate enantioselectivities.

Secondary diaryl alcohols — the products of aldehyde
arylationl'”] — have been detected in this reaction, which was
previously reported with chiral Ru catalysts.?! The second-
ary alcohol product was always obtained in almost racemic
form for all of the reactions using o-chloro-N-tosylbenzald-
imine (<5%ee). The enantiopurities of all of the other sec-
ondary alcohol products were not determined.

These imine substrates are very susceptible to hydrolysis,
and under the reaction conditions (with arylboronic acids),
there is sufficient water present to promote a ruthenium-
catalyzed imine hydrolysis. This was confirmed by conduct-
ing an experiment with only the imine and the catalyst. Al-
though we did not quantify the amount of the secondary
alcohol produced in the reactions, as this came to our atten-
tion after the reactions were performed and analyzed, the
analyses of the HPLC chromatograms showed that there
were more than vestigial quantities present. In fact, an ad-
ditional experiment was performed by using the conditions
shown in Table 1, Entry 1, for a shorter time, which yielded
the product amine (isolated yield of 8%, 57 % ee) along with
the corresponding secondary alcohol (35% yield) in racemic
form. It seems that, at the outset, the formation of the
alcohol might be more rapid than that of the amine, but
the alcohol formation reaches a threshold, and then aryl-
ation of the imine proceeds.

To avoid this unwanted side reaction, we decided to im-
plement some new countermeasures. One such measure was
to add the o-chloro- N-tosylbenzaldimine substrate slowly to
the reaction mixture containing phenylboronic acid and
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(R)-Me-DuPhos (5). The addition was carried out over a
7 h period, and then the reaction was left for 2 d. The iso-
lated yield was less than 10% with an enantioselectivity of
78%ee, in favor of the (R) enantiomer. Analysis of the
crude product by HPLC showed that there was a vestigial
quantity of the alcohol (racemic) present and small quanti-
ties of both the imine substrate and its aldehyde precursor.
This strategy failed to improve the reaction yield. The lower
observed enantioselectivity (78 %ee), compared to that ob-
tained in the original reaction (Table 1, Entry 15), might be
an indication of subtle ligand dynamics forming hemilabile
catalysts, perhaps during the course of the reaction.

Another approach to resolve this problem was to use
more anhydrous arylboron reagents, like sodium tetraphen-
ylborate (PhyBNa), potassium trifluoro(phenyl)borate
(PhBF;K), 1,3-propanediol boronic ester (CoH;;BO,),
Ph;B,?1 and phenylboroxine [(PhBO)s;]. This strategy
worked to some extent, as the quantity of alcohol was re-
duced, but the isolated yield of the amine product did not
improve. All of the results (except for those from using
Ph;B, which showed no improvements) are shown in
Table 2. What was very surprising was the change in the
configuration of the product from (R) to (S), even when
phenylboronic acid was used (Table 2, Entry 6) in the pres-
ence of activated molecular sieves (MS). When the amount
of water is reduced, there may be an alternative reaction
mechanism taking place (see below for further discussion).
The best aryl transfer reagents were phenylboroxine and
1,3-propanediol boronic ester (Table 2, Entries 1 and 4). It
should be noted that this is the first report on the use of a
boronic ester in this reaction. The only boron reagent that
could compete successfully with phenylboronic acid in
terms of enantioselectivity was Phy;BNa, which gave an
enantioselectivity of 93%ee.

Table 2. Catalytic enantioselective arylation of o-chloro-N-tosyl-
benzaldimine with several organoboron reagents.

Cl
©/\/ +Ar—boron
N “Ts reagent

Ts
3 mol-% [RuCly(n®-cymene)], Cl HN

3.3 mol-% 5
NEts, toluene, 55 °C, 72 h

Entrylal Ar-boron reagent Yield [Yo]®! ee [%o]!
1 (PhBO), 31 74 (S)

2 Ph,BNa <10 93 (S)

3 PhBF;K <10 68 (S)

4 CoH,,BO, 26 56 (S)
5ld] (PhBO), <10 78 (S)
6l PhB(OH), 1 68 (S)

[a] Reagents and conditions: imine (0.2 mmol), Ar-boron reagent
(2 equiv.), toluene (2 mL), NEt; (2 equiv.). [b] Isolated yields after
chromatography. [c] Determined by chiral stationary-phase HPLC.
[d] MS (3 A; 200 mg) were added to the reaction vessel.

To better understand this phenomenon, we decided to
carry out two key experiments using (PhBO); and PhB-
(OH), in the presence of activated molecular sieves (3 A).
Both the yields and the enantioselectivities dropped signifi-
cantly (compare Table 1, Entry 15 with Table 2, Entry 6 and
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compare Table 2, Entry 1 with Entry 5). Water may play an
important role as a coligand on the active catalyst.

We also tried to get a handle on the type of active cata-
lyst involved in this reaction. For this purpose, the enantio-
pode (S)-3 [as we had no (R)-3 available] was stirred with
[RuCly(n%-p-cymene)], (0.5 equiv.) in dry CH,Cl, at room
temperature overnight. After purification by silica gel col-
umn chromatography, two principle fractions were ob-
tained, which yielded orange solids. These compounds were
identified by mass spectrometry to be the monomer 8 (10%
yield, Figure 2) with observed molecular peaks at m/z = 843
[M(*>CI)] and 845 [M(*’Cl)] and the dimer 9 (82% yield,
Figure 2) with observed molecular peaks at m/z = 1149
[M(*3C1 X 3)] and 1151 [M(**CI X 2 + 37CI)]. These isolated
complexes were then screened in the appropriate arylation
reaction of o-chloro-N-tosylbenzaldimine with phenylbo-
ronic acid by using the conditions shown in Table 1. It was
found that each complex was capable of arylating this sub-
strate. In the case of 8 (at a loading of 5 mol-%), the prod-
uct was obtained with a yield of 41% and an enantio-
selectivity of 34%ee in favor of the (R) enantiomer. In the
case of complex 9 (at 20 mol-% loading), the product was
obtained with a yield of 27% and an enantioselectivity of
54% in favor again of the (R) enantiomer. Vestigial quanti-
ties of both the alcohol (racemic) and the aldehyde were
observed. The fact that the major amine product had the
(R) configuration came as a surprise, as the (S) enantiomer
was expected. This result mirrors those seen earlier when
water was kept at a minimum in the reaction with (R)-Me-
DuPhos (5, see discussion above and Table 2), and together
they seem to imply that water may form an alternative com-
peting active catalyst to those putative catalysts shown in
Figure 2, perhaps with water substituting for the chloride

ions.
)\@\ | N
Ph / Z Ph, ¥
(¢]]

PIoP-Ry- Ph=p-gu-ci_Cl
B B / u
o— PL {  Cl’ N
MeOy N _ (0 P \/
i N o W % o
MeO OMe
8 (10%) 9 (82%)

Figure 2. The monomeric (8) and dimeric (9) ruthenium complexes
exhibiting catalytic activity.

(ii) NHC-Ruthenium Complexes — New Catalysts

Although the preliminary results with these chiral di-
phosphane ligands were very encouraging, we were also in-
terested in investigating other ligand types, notably, N-het-
erocyclic carbenes (NHCs), which show strong c-electron-
donating properties®> 24 and strong NHC-metal bond-
ing.[>>] The possibility of tuning the electronic and stereo-
chemical characteristics of NHC ligands, almost at will,
represents another strong advantage of this class of li-
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gands.[*°) Making structural changes to the catalyst can lead
to better results.?”!

Previous work in our laboratory®®31 and from other
groups®>38 has shown the applicability of the conforma-
tionally locked cyclic diacetal backbone in asymmetric syn-
thesis and particularly in asymmetric catalysis. Chiral di-
amine 11835361 (Scheme 2) was obtained from the commer-
cially available diazide 10 through a simple metal-catalyzed
hydrogenation.’® Diamine 11 underwent a reductive amin-
ation to give the dibenzylated amine 12 (which had pre-
viously been obtained by an alternative routel?), which was
then converted by standard methods to the dihydroimid-
azolinium salt 13 in 57% yield.

MBO OMe MeO OMe MeO  oMe
3536 " :
ref. & NaBH4 PhCHO —)_/
; \ HN *—NH
|
Na NH, NH,
1
MeO OMe
o o
HC(OEt)s \_%
NH,4PFg ©\/\¢ \/@
N._N
e\/®
PFs 13

Scheme 2. Synthetic pathway to the mono(dihydroimidazolinium)
salt 13.

To use this dihydroimidazolinium salt 13 (Scheme 2) as
a chiral NHC ligand, deprotonation of the imidazolium
halide was required. Silver salts are often employed for the
in situ generation of cationic transition-metal cata-
lysts.3%#!1 They behave as halide scavenger agents, forming
a weak Ag-NHC bond, and easily undergo a transmet-
alation step with the required metal atom.[*>*4 We decided
to carry out a screening study with some ruthenium precat-
alysts, the NHC ligand precursor 13 (Scheme 2), and silver
salts to form the active carbene species. In the first reaction,
silver triflate (AgOTf) was added to 13, followed by the
addition of [RuCly(n®p-cymene)], (in situ) with N-tosyl-
naphthaldimine as the substrate and PhB(OH), as the
phenyl transfer agent. The desired amine product was ob-
tained in 15% yield and 89%ee [the major enantiomer had
the (S) configuration]. The low yield was probably due to
the hydrolysis of the imine substrate, as 2-naphthaldehyde
was detected in the HPLC chromatogram. Consequently,
we decided to use (PhBO); as the phenyl transfer rea-
gent, [ with [RuCl,(n°-p-cymene)],, AgOTf, and the NHC
precursor 13. The results obtained are shown in Table 3.

To investigate the reaction scope with (PhBO); as the
phenyl transfer reagent, a number of reactions were per-
formed. In some cases, small quantities of molecular sieves
(3 A; 200 mg) 8 were added to determine the influence of
water on the reaction yield and enantioselectivity (Table 3,
Entries 5-7). In the case of N-tosyl-2-naphthaldimine
(Table 3, Entry 7), the yield increased significantly.
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Table 3. Catalytic enantioselective arylation of N-tosylarylald-
imines with (PhBO); and NHC precursor 13.

Ph 3 mol-% [RuCl,(n®-cymene)],
_B. 3 mol-% AgOTf Ph
ST g g 3.3 mol-% 13 s
Ph”""0"""Ph  NEts, toluene, 55 °C, 72 h H
Entryf! R Yield [Yo]®! ee [Yo]
1 0-CIC¢H, 29 20 (S)
2 p-CIC4H, 32 31 (R)
3 2-naphthyl 22 72 (R)
4 p-CH;0C:H, 53 80 (S)
5ldl 0-CIC¢H, 27 rac
6l p-CIC4H, 19 23 (S)
7id] 2-naphthyl 77 <10 (S)

[a] Reagents and conditions: imine (0.2 mmol), (PhBO); (2 equiv.),
toluene (2 mL), NEt; (2 equiv.). [b] Isolated yields after chromatog-
raphy. [c] Determined by chiral stationary-phase HPLC. [d] MS
(3 A; 200 mg) were added to the reaction vessel. rac = racemic
product.

When molecular sieves were used, the enantioselectivities
dropped significantly (Table 3, compare Entries 1 and S5,
and compare Entries 3 and 7). This result seems to support
the postulate that water coordinates with the metal atom,
making the catalyst more bulky and leading to greater en-
antiofacial discrimination at the imine reaction site. High
enantioselectivities (72 and 80%ee) were obtained when
electron-rich substrates were used (Table 3, Entries 3 and 4,
respectively). Vestigial quantities of the corresponding sec-
ondary alcohols were observed by HPLC analysis.

It is known from the literature that NHC-Ag' complexes
can be used in catalysis.[*>#¢ To determine if the silver com-
plex was, in fact, catalyzing the reaction, an experiment was
performed by using the same protocol, but in the absence
of [RuCl,(n®-p-cymene)],. Only the substrate and the or-
ganoboron reagent were recovered, showing that the silver—
NHC complex derived from 13 (Scheme 2) was not the
active catalyst in this particular transformation.

Conclusions

We report the first application of ruthenium catalysts in
the arylation of both electron-rich and electron-deficient N-
protected aldimine substrates, using boronic acids and its
derivatives as the aryl transfer reagents. Commercial chiral
diphosphane ligands and a new NHC-type chiral ligand
were used for the first time in this catalytic transformation.
Some very good enantioselectivities were obtained. We are
currently conducting thorough mechanistic and structural
studies to understand the nature of the active catalysts in-
volved in this reaction.

Experimental Section

General Remarks: All of the reagents were obtained from Aldrich,
Fluka, and Acros. The commercial phosphane ligands were ob-
tained either from Strem Chemicals or from Aldrich, with the ex-
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ception of ligand 1, (R)- and (S)-DioxPhos ligand 3 and diazide 10,
which were obtained from ChiraTecnics, Lda (Portugal). Toluene
as well as NEt;[*” were distilled from CaH, under an inert gas.
Phenylboronic acid and derivatives were used as received. Phenyl-
boroxine and the N-protected imine substrates were synthesized ac-
cording to literature procedures.'®*!1 Column chromatography was
carried out on silica gel (sds, 70-200 pm). Thin layer chromatog-
raphy (TLC) was carried out on aluminium-backed Kieselgel 60
F254 plates (Merck). The plates were visualized either by UV light
or with phosphomolybdic acid in ethanol. NMR spectroscopic
data were recorded with a Bruker Avance instrument (400 MHz)
by using CDCl; as the solvent and by using the signal from the
residual CHCl; as an internal standard. High performance liquid
chromatographic (HPLC) analyses were performed with an Agilent
1100 series instrument. The conditions used were p.. = 50 bar,
fluXmax = 1 mL/min, detector = wavelength light (4 = 230 nm), elu-
ent = hexane/2-propanol, column = Chiralcel OD-H
(0.46 cm X 25 cm) and AD-H (0.46 cm X 25 cm), both fitted with a
guard column composed of the same stationary phase. Mass spec-
tra were recorded either with a Waters-Micromass MaldiTOF or
with a MicroTOF Focus (Bruker Daltonics) by using the TOF
(time-of-flight) technique.

General Procedure for the Synthesis of the Imine Substrates:!'%] By
using a Dean-Stark apparatus to facilitate water removal,
BF;-Et,O (0.6 mmol) was added (through a syringe) to a refluxing
solution of the aldehyde (0.036 mol) and the amine with an EWG
group (0.036 mol) in benzene (135 mL). The mixture was heated at
reflux until the theoretical amount of water (0.036 mol) was col-
lected. The solution was then cooled and washed with NaOH (2 m
solution) and water. The organic phase was separated and dried
with MgSO,, and the solvent was evaporated under vacuum to
yield a solid, which was crystallized from dichloromethane/petro-
leum ether (b.p. 60-80 °C) to give the desired product.

N-(2-Chlorobenzylidene)-4-methylbenzenesulfonamide:”-!7-481 White
solid (35% yield). '"H NMR (300 MHz, CDCls): 6 = 2.45 (s, 3 H,
CHs), 7.32-7.38 (m, 2 H, Ar), 7.45-7.56 (m, 2 H, Ar), 7.89-7.92
(d, J =84Hz 2 H, Ar), 8.14-8.17 (dd, J = 1.5, 7.8 Hz, 2 H, Ar),
9.5 (s, 1 H, HC=N) ppm. HPLC [Chiralcel AD-H column, hexane/
2-propanol (90:10), flow rate = 0.7 mL/min, wavelength detector at
230 nm]: tg = 26.1 min.

N-(4-Chlorobenzylidene)-4-methylbenzenesulfonamide:!”-'7-481 White
solid (40% yield). '"H NMR (300 MHz, CDCls): § = 2.44 (s, 3 H,
CHs), 7.35(d, J = 8.1 Hz, 2 H, Ar), 7.45-7.48 (m, 4 H, Ar), 7.85~
7.90 (m, 2 H, Ar), 8.99 (s, 1 H, HC=N) ppm. HPLC [Chiralcel
OD-H column, hexane/2-propanol (93:7), flow rate = 1.0 mL/min,
wavelength detector at 230 nm]: 7tz = 7.4 min.

4-Methyl-/N-(naphthalen-2-ylmethylene)benzenesulfonamide:(”-17-48]

Pale yellow solid (64% yield). '"H NMR (300 MHz, CDCl;): 6 =
2.44 (s, 3 H, CHy), 7.35-7.38 (m, 2 H, Ar), 7.78-7.65 (m, 2 H, Ar),
7.87-7.97 (m, 5 H, Ar), 8.02-8.05 (m, 1 H, Ar), 8.33 (s, | H, Ar),
9.18 (s, 1 H, HC=N) ppm. HPLC [Chiralcel OD-H column, hex-
ane/2-propanol (80:20), flow rate = 0.5 mL/min, wavelength detec-
tor at 230 nm]: tg = 12.4 min.

N-(4-Chlorobenzylidene)methanesulfonamide: White solid (33%
yield). "TH NMR (400 MHz, CDCls): 6 = 3.14 (s, 3 H, CH3), 7.50-
7.52 (d, 2 H, Ar), 7.89-791 (d, 2 H, Ar), 8.99 (s, 1 H, HC=N)
ppm. 3C NMR (100 MHz, CDCls): 6 = 40.39 (CH3), 129.85,
130.62, 132.50, 141.85, 170.41 (HC=N) ppm. MS: m/z = 218.01 [M
+ 1]*. HPLC [Chiralcel OD-H column, hexane/2-propanol (80:20),
flow rate = 0.5 mL/min, wavelength detector at 230 nm]: fx =
10.5 min.
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N-Butylidene-4-methylbenzenesulfonamid Colorless  oil
(10% yield). "H NMR (400 MHz, CDCl5): 6 = 0.95 (m, 3 H, CH3),
1.51 (m, 2 H, CH,), 2.33 (m, 2 H, CH,), 2.42 (s, 3 H, CH3), 7.31
(d, 2 H, Ar), 7.81 (d, 2 H, Ar), 8.45 (s, | H, HC=N) ppm. HPLC
[Chiralcel OD-H column, hexane/2-propanol (80:20), flow rate =
0.3 mL/min, wavelength detector at 230 nm]: 7z = 18.8 min.

4-Methyl-/V-(2-methylbenzylidene)benzenesulfonamide:”-'7481  Yel-
low solid (73% yield). '"H NMR (300 MHz, CDCl,): § = 2.44 (s, 3
H, CH3), 2.61 (s, 3 H, CH3), 7.25-7.36 (m, 4 H, Ar), 7.45-7.50 (t,
J=7.5Hz, 1 H, Ar), 7.88-7.91 (d, J = 8.1 Hz, 2 H, Ar), 7.99-8.02
(d, J=7.8Hz, 1 H, Ar), 9.35 (s, 1 H, HN=C) ppm. HPLC [Chi-
ralcel OD-H column, hexane/2-propanol (80:20), flow rate =
0.5 mL/min, wavelength detector at 230 nm]: /g = 14 min.

e.[7,17,48]

N-(4-Bromobenzylidene)-4-methylbenzenesulfonamide:”-17-#81 White
solid (30% yield). '"H NMR (400 MHz, CDCls): 6 = 2.44 (s, 3 H,
CHs;), 7.34-7.36 (m, 1 H, Ar), 7.62-7.65 (d, 1 H, Ar), 7.77-7.79 (d,
1 H, Ar), 7.87-7.89 (d, 1 H, Ar), 8.98 (s, | H, HN=C) ppm. HPLC
[Chiralcel OD-H column, hexane/2-propanol (80:20), flow rate =
0.7 mL/min, wavelength detector at 230 nm]: /g = 10.7 min.

N-(Cyclohexylmethylene)-4-methylbenzenesulfonamide:”-'7-481 White
solid (15% yield). "H NMR (400 MHz, CDCls): 6 = 1.15-1.29 (m,
6 H, CH,), 1.76-1.81 (m, 5 H, CH,), 2.32 (s, 3 H, CH3;), 7.19-7.21
(d, 2 H, Ar), 7.69-7.73 (d, 2 H, Ar), 8.37 (s, 1 H, HN=C) ppm.
HPLC [Chiralcel OD-H column, hexane/2-propanol (80:20), flow
rate = 0.5 mL/min, wavelength detector at 230 nm]: fg = 11 min.

4-Methyl-/N-(4-nitrobenzylidene)benzenesulfonamide:”-17-481 Pale yel-
low solid (22% yield). '"H NMR (400 MHz, CDCl;): § = 2.46 (s, 3
H, CH;), 7.38 (d, 2 H, Ar), 791 (d, 2 H, Ar), 8.11 (d, 2 H, Ar),
8.33 (d, 2 H, Ar), 9.10 (s, 1 H, HN=C) ppm. HPLC [Chiralcel
AD-H column, hexane/2-propanol (90:10), flow rate = 0.7 mL/min,
wavelength detector at 230 nm]: zg = 26.4 min.

Preparation of Phenylboroxine:*!! A solution of phenylboronic acid
(1.7 g, 14 mmol) in benzene (80 mL) was heated at reflux for 2 h,
during which H,O (0.7 mL, 42 mmol) was removed azeotropically
(with a Dean-Stark apparatus). The mixture was concentrated un-
der reduced pressure to ca. 10 mL, and then it was cooled to room
temperature. The precipitate was collected by filtration, washed
with hexane (5X) to give the boroxine (1 g, 23% yield) as white
crystals. 'TH NMR (400 MHz, CDCl,): § = 7.50-7.54 (m, 6 H, Ar),
7.59-7.63 (m, 3 H, Ar), 8.25-8.27 (m, 6 H, Ar) ppm.

General Procedure for the Catalytic Asymmetric Arylation of V-
Protected Aldimines with Organoboron Reagents: Toluene (2 mL)
was added to a round-bottomed flask containing [RuCly(n®-p-
cymene)], (3 mol-%), the chiral ligand (3.3 mol-%) and AgOTf
(3 mol-%, in the case of NHC precursor 13), and the organoboron
reagent (0.4 mmol) under nitrogen. The mixture was stirred at
55°C for 30 min to form the active catalytic species. The N-pro-
tected aldimine substrate (0.2 mmol) and NEt; (0.4 mmol) were
added to the flask, and the mixture was stirred at 55 °C for 2-3 d.
HCI (0.2 m solution, 5 mL) was added to quench the reaction. Ac-
OEt (3 X 10 mL) was used to extract the product from the aqueous
phase. The combined organic phases were washed with NaCl
(aqueous, saturated), dried with anhydrous MgSQ,, filtered, and
concentrated under vacuum. Purification by column chromatog-
raphy (SiO, gel, hexane/AcOEt, 5:1) provided the final chiral di-
arylamine product. Note: Racemic products for chiral HPLC
analysis were prepared by using the appropriate N-protected ald-
imines (0.5 mmol) with phenylboronic acid (1.0 mmol) in the pres-
ence of Pd(OAc), (5 mol-%) and 2,2'-bypiridyl (10 mol-%) in diox-
ane (1.5 mL) at 100 °C for 48-72 h.

N-|(4-Chlorophenyl)(phenyl)methyl]-4-methylbenzenesulfonamide:!”- 7481
White solid (14% yield). '"H NMR (400 MHz, CDCls): 6 = 2.17 (s,
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3 H, CHj), 5.04-5.05 (d, 1 H, CH), 5.52-5.54 (d, 1 H, NH), 7.03-
7.07 (m, 4 H, Ar), 7.15-7.19 (m, 4 H, Ar), 7.21-7.23 (m, 3 H, Ar),
7.54-7.56 (d, 2 H, Ar) ppm. 3C NMR (100 MHz, CDCl;): § =
21.64 (CH;), 60.83 (CH), 126.62, 127.34, 127.43, 127.89, 128.07,
128.30, 128.79, 128.90, 128.92, 129.59, 129.76, 130.01, 132.51,
133.64, 137.28, 139.07, 140.19, 143.63 ppm. MS (ESI-TOF): m/z =
394.07 [M + 1]*. HPLC [Chiralcel OD-H column, hexane/2-propa-
nol (93:7), flow rate = 1.0 mL/min, wavelength detector at 230 nm]:
tr = 18.0 (S), 24.0 (R) min.

N-|(2-Chlorophenyl)(phenyl)methyl]-4-methylbenzenesulfonamide:"-17-41
White solid (63 % yield). '"H NMR (400 MHz, CDCls): 6 = 2.38 (s,
3 H, CHjy), 5.31-5.33 (d, 1 H, CH), 5.90-5.92 (d, 1 H, NH), 7.05-
7.08 (m, 2 H, Ar), 7.14-7.16 (m, 4 H, Ar), 7.22-7.24 (m, 4 H, Ar),
7.33-7.35 (m, 1 H, Ar), 7.60-7.62 (d, 2 H, Ar) ppm. *C NMR
(100 MHz, CDCly): 0 = 21.64 (CH3), 58.77 (CH), 127.07, 127.35,
127.39, 127.98, 128.78, 128.79, 128.79, 128.97, 129.48, 129.55,
129.56, 129.57, 130.03, 132.93, 137.05, 137.61, 139.40, 143.52 ppm.
MS (ESI-TOF): m/z = 394.07 [M + 1]". HPLC [Chiralcel AD-H
column, hexane/2-propanol (90:10), flow rate = 0.7 mL/min, wave-
length detector at 230 nm]: tg = 27.9 (S), 31.8 (R) min.

4-Methyl-N-[naphthalen-2-yl(phenyl)methyl|benzenesulfonamide:!”- 7481
Yellow solid (12% yield). '"H NMR (400 MHz, CDCls): 6 = 2.42
(s, 3 H, CH3), 5.41-5.43 (d, 1 H, CH), 5.72-5.74 (d, 1 H, NH),
7.02-7.04 (d, 1 H, Ar), 7.14-7.23 (m, 4 H, Ar), 7.28-7.30 (d, 2 H,
Ar), 7.43-7.45 (m, 2 H, Ar), 7.50 (s, 1 H, Ar), 7.53-7.55 (d, 2 H,
Ar), 7.63-7.68 (m, 2 H, Ar), 7.79-7.81 (d, 2 H, Ar) ppm. *C NMR
(100 MHz, CDCl;): ¢ = 21.49 (CH3), 61.59 (CH), 122.89, 125.28,
126.37, 126.50, 126.56, 127.31, 127.60, 127.65, 127.81, 128.09,
128.61, 128.73, 129.42, 129.84, 132.75, 133.11, 137.39, 137.63,
139.20, 140.52, 143.37, 143.71 ppm. MS (ESI-TOF): m/z = 410.12
[M + 11*. HPLC [Chiralcel OD-H column, hexane/2-propanol
(80:20), flow rate = 0.5 mL/min, wavelength detector at 230 nm]:
tr = 20.2 (R), 22.1 (S) min.

N-|(4-Chlorophenyl)(phenyl)methyljmethanesulfonamide: White so-
lid (10% yield). '"H NMR (400 MHz, CDCl5): 6 = 2.70 (s, 3 H,
CHs;), 5.17-5.18 (m, 1 H, CH), 5.73-5.75 (m, 1 H, NH), 7.28-7.40
(m, 9 H, Ar) ppm. '3C NMR (100 MHz, CDCl): 6 = 42.18 (CH3),
60.79 (CH), 127.45, 127.48, 128.45, 128.93, 129.19, 129.24, 129.25,
129.91, 132.53, 134.06, 139.33, 140.29 ppm. MS (ESI-TOF): m/z =
318.04 [M + 1]*. HPLC [Chiralcel OD-H column, hexane/2-prop-
anol (80:20), flow rate = 0.5 mL/min, wavelength detector at
230 nm]: g = 15.2, 18.1 min.

4-Methyl-N-(1-phenylbutyl)benzenesulfonamide:”-'7-48] Colorless oil
(13% yield). "H NMR (400 MHz, CDCl;): § = 0.84-0.98 (m, 3 H,
CHs;), 1.60-1.67 (m, 2 H, CH,), 2.28-2.32 (m, 2 H, CH,), 2.24 (s,
3 H, CHy), 4.07-4.11 (d, 1 H, CH), 4.21-4.25 (d, 1 H, NH), 7.31-
7.83 (m, 9 H, Ar) ppm. '3C NMR (100 MHz, CDCl;): 6 = 18.61
(CHs), 19.89 (CH,), 29.75 (CH3), 44.89 (CH,), 64.63 (CH), 126.15,
126.64, 127.20, 127.45, 127.49, 127.90, 128.34, 128.56, 129.01,
129.80, 129.85, 130.13 ppm. MS (ESI-TOF): m/z = 302.13 [M]".
HPLC [Chiralcel OD-H column, hexane/2-propanol (80:20), flow
rate = 0.5 mL/min, wavelength detector at 230 nm]: tg = 15.0 (S),
16.3 (R) min.

4-Methyl-NV-[phenyl(o-tolyl)methyl|benzenesulfonamide:!”-!7-4%1 Yel-
low solid (<10% yield). '"H NMR (400 MHz, CDCls): 6 = 2.17 (s,
3 H, CHs), 2.43 (s, 3 H, CHs), 5.30 (s, 1 H, CH), 6.02 (s, 1 H, NH),
7.06-7.23 (m, 5 H, Ar), 7.28-7.38 (m, 4 H, Ar), 7.51-7.56 (m, 2 H,
Ar), 7.80-7.82 (m, 2 H, Ar) ppm. '*C NMR (100 MHz, CDCly): 6
= 21.62 (CH3), 22.84 (CH3), 58.41 (CH), 125.80, 126.28, 126.30,
126.39, 126.63, 127.20, 127.26, 127.69, 127.74, 127.77, 128.64,
128.70, 128.85, 129.47, 129.89, 130.70, 139.16, 143.81 ppm. MS
(ESI-TOF): mi/z = 374.13 [M + 1]*. HPLC [Chiralcel OD-H col-
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umn, hexane/2-propanol (80:20), flow rate = 0.5 mL/min, wave-
length detector at 230 nm]: tg = 12.3 (R), 15.3 (S) min.

N-|(4-Bromophenyl)(phenyl)methyl]-4-methylbenzenesulfonamide:!”-1748]
White solid (12% yield). '"H NMR (400 MHz, CDCls): 6 = 2.40 (s,
3 H, CHs), 4.96-4.98 (d, 1 H, CH), 5.51-5.52 (d, 1 H, NH), 6.99—
7.05 (m, 4 H, Ar), 7.15-7.17 (d, 2 H, Ar), 7.21-7.23 (m, 3 H, Ar),
7.31-7.35 (m, 2 H, Ar), 7.54-7.56 (m, 2 H, Ar) ppm. '3*C NMR
(100 MHz, CDCly): 6 = 21.74 (CH3), 60.99 (CH), 121.79, 126.64,
127.35, 127.43, 128.11, 128.92, 129.27, 129.60, 129.89, 131.74,
136.84, 137.09, 137.38, 138.24, 139.56, 140.10, 143.52, 143.86 ppm.
MS (ESI-TOF): m/z = 440.02 [M + 1]*. HPLC [Chiralcel OD-H
column, hexane/2-propanol (80:20), flow rate = 0.7 mL/min, wave-
length detector at 230 nm]: tg = 11.6 (S), 14.2 (R) min.

N-[Cyclohexyl(phenyl)methyl]-4-methylbenzenesulfonamide:!7-'7-48]

Light yellow oil (17% yield). '"H NMR (400 MHz, CDCl): § =
0.85-1.10 (m, 3 H, CH,), 1.22-1.28 (m, 4 H, CH,), 1.33-1.59 (m,
4 H, CH»), 2.41 (s, 3 H, CH3), 3.30-3.32 (d, 1 H, CH), 4.85-4.87
(d, 1 H, NH), 7.29-7.36 (m, 5 H, Ar), 7.67-7.69 (d, 2 H, Ar), 7.79—
7.83 (d, 2 H, Ar) ppm. '3C NMR (100 MHz, CDCl5): 6 = 21.65
(CH3y), 22.37 (CH,), 22.88 (CH,), 25.81 (CH,), 26.55 (CH,), 28.89
(CH,), 38.53 (CH), 66.33 (CH), 126.56, 126.63, 127.02, 127.13,
128.22, 129.57, 129.88, 130.06, 130.71, 139.05, 143.30, 145.13 ppm.
MS (ESI-TOF): m/z = 266.13 [M + 1 — Ph]*. HPLC [Chiralcel
OD-H column, hexane/2-propanol (80:20), flow rate = 0.5 mL/min,
wavelength detector at 230 nm]: 7z = 10.9 (S), 14.0 (R) min.

N-[(2-Chlorophenyl)(4-chlorophenyl)methyl]-4-methylbenzenesulfon-
amide:[7-17-481 White solid (12% yield). '"H NMR (400 MHz,
CDCl;): 0 = 2.37 (s, 3 H, CH3), 5.41-5.42 (d, 1 H, CH), 5.87-5.89
(d, 1 H, NH), 7.01-7.04 (d, 2 H, Ar), 7.14-7.25 (m, 8 H, Ar), 7.58—
7.60 (d, 2 H, Ar) ppm. *C NMR (100 MHz, CDCls): 6 = 21.70
(CH3), 58.23 (CH), 127.30, 128.78, 128.89, 129.24, 129.39, 129.59,
129.85, 130.02, 130.18, 130.34, 130.62, 132.86, 133.85, 135.77,
136.96, 137.16, 137.95, 143.65 ppm. MS (ESI-TOF): m/z = 428.03
[M + 1]*. HPLC [Chiralcel OD-H column, hexane/2-propanol
(70:30), flow rate = 0.7 mL/min, wavelength detector at 230 nm]:
trr = 8.2 (S), 11.7 (R) min.

4-Methyl-N-|(4-nitrophenyl)(phenyl)methyl]benzenesulfonamide:(7-!7-4¢]
Light orange solid (<10% yield). 'H NMR (400 MHz, CDCls): 6
=240 (s, 3 H, CH3), 5.25-5.27 (d, 1 H, CH), 5.61-5.62 (d, 1 H,
NH), 6.98-7.00 (d, 2 H, Ar), 7.17-7.19 (d, 2 H, Ar), 7.35-7.39 (m,
4 H, Ar), 7.57-7.59 (m, 3 H, Ar), 8.07-8.09 (d, 2 H, Ar) ppm. 13C
NMR (100 MHz, CDCls): 6 = 21.70 (CHs3), 61.07 (CH), 123.80,
124.45, 126.85, 127.20, 127.34, 127.44, 128.38, 128.56, 128.60,
129.26, 129.74, 130.64, 136.96, 139.40, 142.85, 144.04, 147.35,
147.80 ppm. MS (ESI-TOF): m/z = 405.09 [M + 1]*. HPLC [Chi-
ralcel AD-H column, hexane/2-propanol (90:10), flow rate =
0.7 mL/min, wavelength detector at 230 nm]: tg = 19.9 (), 25.5 (R)
min.

Synthesis of the Chiral NHC Precursor 13

[(25,38,58,65)-5,6-Dimethoxy-5,6-dimethyl-1,4-dioxane-2,3-diyl]di-
methanamine (11):3%3¢ To a round-bottomed flask containing di-
azide 10 (5 mmol), dry EtOH (50 mL), and Pd/C (10 mol-%) was
attached a rubber balloon filled with H,, and the mixture was
stirred 24 h. The mixture was then filtered through a sintered glass
filter, and the filtrate was concentrated under vacuum. The diamine
product (81% yield) was obtained as a colorless oil. '"H NMR
(400 MHz, CDCl5): 6 = 1.32 (s, 6 H, CHj), 1.83 (br. s, 4 H, NH»),
2.76 (d, 4 H, CH,), 3.28 (s, 3 H, OCH3), 3.59 (m, 2 H, CHO) ppm.

N,N'-[(2R,3R,58,65)-5,6-Dimethoxy-5,6-dimethyl-1,4-dioxane-2,3-
diyl|bis(methylene)bis(1-phenylmethanamine) (12):(*°! Diamine 11
(0.4 mmol) was added to a round-bottomed flask containing dry
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MeOH (35 mL) and benzaldehyde (10 mmol). The mixture was
heated at reflux and stirred under nitrogen overnight. After cooling
the reaction mixture to room temperature, dry toluene (50 mL) and
NaBH, (21 mmol, added in small portions over a 20 min period)
were added. The mixture was stirred for 2 h, and then the solvents
were removed under vacuum. H,O (50 mL) and AcOEt (50 mL)
were added to the crude mixture to extract the product, and the
layers were separated. The organic layer was washed with brine,
dried with anhydrous MgSQO,, and filtered. The solvent was evapo-
rated under vacuum. The crude product was purified by column
chromatography (SiO, gel, hexane/AcOEt, 1:1) to give the desired
diamine product 12 (35% yield) as a colorless oil. '"H NMR
(400 MHz, CDCl,): 0 = 1.25 (s, 6 H, CH3), 2.46 (s, 2 H, CH,NH),
2.63 (s, 2 H, CH,NH), 3.22 (s, 3 H, OCH3), 3.68-3.81 (m, 6 H,
CHO and CH,Ar), 5.25 (s, 2 H, NH), 7.22 (m, 10 H, Ar) ppm. '3C
NMR (100 MHz, CDCls): 6 = 17.30 (CH3), 47.81 (CH,N), 49.30
(OCH3), 53.54 (CH,Ar), 68.93 (CHO), 98.17 (CO), 126.66 (Ar),
127.87 (Ar), 139.49 (Ar) ppm. MS (ESI-TOF): m/z = 41527 [M +
17*.
(25,3S5,4aR,9aR)-6,8-Dibenzyl-2,3-dimethoxy-2,3-dimethyl-
3,4a,5,8,9,9a-hexahydro-2 H-[1,4]dioxino[2,3-¢][1,3]diazepin-6-ium
Hexafluorophosphate (13): Secondary diamine 12 (0.26 mmol),
NH4PF¢ (0.26 mmol), and triethyl orthoformate (0.26 mmol) were
added to a round-bottomed flask under an inert gas. The reaction
mixture was stirred at 120 °C for 3 h. The EtOH byproduct was
evaporated under vacuum, and the crude product was recrystallized
from EtOH to give the desired NHC precursor 13 (57% yield) as
white crystals. "H NMR (400 MHz, CDCls): § = 1.14 (s, 6 H, CH3),
3.02 (s, 6 H, OCH3), 3.20-3.28 (m, 2 H, CH,N), 3.37-3.42 (m, 2
H, CH,N), 3.55-3.56 (m, 2 H, CHO), 4.67-4.79 (q, J = 12 Hz, 4
H, CH»Ar), 7.33-7.38 (m, 10 H, Ar), 8.37 (s, 1 H, NH=N) ppm.
13C NMR (100 MHz, CDCls): 6 = 17.10 (CH3), 48.04 (OMe), 51.21
(CH,Ar), 63.12 (NCH,C), 67.20 (CHO), 99.08 (C-C), 128.78 (Ar),
129.18 (Ar), 129.28 (Ar), 132.63 (Ar-C), 159.06 (C=N) ppm. MS
(MicroTOF): m/z = 425.25 [M]*, 426.26 [M + 1]*, 427.26 [M +
21*.

Preparation of a Ruthenium—Phosphane Complex: Into a round-bot-
tomed flask under an inert gas were added [RuCl,(n°-p-cymene)],
(21.4 mg, 0.5equiv.), (S)-DioxPhos ligand (3, 20 mg), and dry
CH,Cl, (2 mL). The mixture was stirred at room temperature over-
night. The crude product was purified by silica gel liquid
chromatography (hexane/AcOEt, 1:1). Two fractions were ob-
tained, and the solvents were evaporated to dryness. Data for frac-
tion 1: Dimer complex 9 (82% yield) was obtained as an orange
solid. '"H NMR (400 MHz, CDCl5): 6 = 0.62 (s, 3 H, CH3), 0.77—
0.78 (d, 3 H, CH;), 1.02-1.04 (d, 3 H, CH;), 1.24-1.27 (m, 3 H,
CHs), 1.58 (s, 3 H, CH3), 1.78 (s, 3 H, OCH3), 2.38 (s, 3 H, OCH,;),
2.48-2.58 (m, 4 H, CH,P), 2.72-2.74 (m, 2 H, CH), 3.54-3.58 (m,
2 H, CHO), 4.83-4.85 (d, 2 H, cymene), 5.21-5.23 (d, 2 H, cy-
mene), 5.25-5.27 (d, 2 H, cymene), 5.36-5.37 (d, 2 H, cymene),
7.34 (m, Ar), 7.46-7.53 (m, Ar), 7.89-7.93 (m, Ar), 7.99-8.03 (m,
Ar) ppm. 3'P NMR (400 MHz, CDCls): § = 19.67 ppm. MS (ESI):
mlz = 1149 [M(**Cl1 X 3)], 1151 [M(**CI X 2 + 37Cl)]. Data for frac-
tion 2: Monomer complex 8 (10% yield) was obtained as an orange
solid. MS (ESI): m/z = 843 [M(**Cl)], 845 [M(*’Cl)].

Supporting Information (see footnote on the first page of this arti-
cle): '"H and '3C NMR spectra and mass spectra.
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A new method is presented for the syn-
thesis of chiral substituted amines by em-
ploying Ru catalysts along with known chi-
ral phosphane ligands and a new NHC-
type chiral ligand. Organoboron reagents
were applied as the aryl transfer agents.
High enantioselectivities were achieved
with this new method, and some mechan-
istic insights are provided.
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