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a-Tertiary amines are important components of several bioactive compounds, and various
methods for their synthesis have been developed. However, accessing o-tertiary amines are
challenging, some methods utilizing aza-Claisen rearrangement, 1,2-addition to ketimines, or
allylic amination have been developed for the synthesis of these compounds. In particular, the
transition-metal-catalyzed allylic amination of allylic esters is one of the most useful reactions to
prepare allylic amines. Though, the reactions of tertiary allylic esters with amines, which provide
o-tertiary amines (e.g. o,u-disubstituted allylic amines), are still difficult reaction processes
compared to the reaction of secondary or primary allylic esters. Based on this background, the
author examined the ruthenium-catalyzed allylic amination of tertiary allylic acetates, which are
easy to prepare, with amines, and succeeded in obtaining a,a-disubstituted allylic amines. As a
further development of this ruthenium-catalyzed allylic amination reaction system, the author
developed the reaction of chiral tertiary allylic acetates, which provides chiral a,a-disubstituted
allylic amines.

This thesis is composed of general introduction, chapters 1 and 2, and general conclusion. In
the general introduction, the author describes the background about the catalytic synthesis of o,a-
disubstituted allylic amines and transition-metal catalyzed allylic amination. In chapter 1, the
author describes the ruthenium-catalyzed regioselective allylic amination of tertiary allylic esters
with amines. In chapter 2, the ruthenium-catalyzed stereoselective construction of chiral o,o-
disubstituted allylic amines are described. Finally, the author describes the general conclusion

of this thesis.

Chapter 1

The author developed the allylic amination of tertiary allylic acetates by ruthenium catalysts.
The author first examined the reaction of tertiary allylic acetate 1a with morpholine (2a) using
several ruthenium catalysts (RuCls, [RuClz(p-cymene)]2, Ruz(CO)12, Cp*RuCly, ete.) and solvents
(THF, toluene or CH3CN), then confirmed that the reaction by Cp*RuClz (3 mol%) in CH3CN gave
the intended o,a-disubstituted allylic amines (3aa) in 75% NMR yield as a single regioisomer
(Table 1, entry 1). The author next examined the reaction in the presence of 2,2°-bipyridine L1
as a ligand at 60 °C, and succeeded in increasing the vield of 3aa to 86% (entry 3). To attain a
higher yield of 3aa, the author then attempted the reaction with other ligands (L2-4) (entries 4-6)
and revealed th;u the higher yield (97% NMR yield, 91% isolated yield) was obtained when 5,57
dimethyl-2,2"-bipyridine (L2) was used instead of L1 (entry 4).



Table 1. Ruthenium-Catalyzed Allylic Amination of 1a with
Morpholine (2a)"

Me OAc [Oj Bmglgﬁlgl‘r’z?_uolz (—3
e N CH4CN Wi

H Temp., 19 h Ph™
1a 2a 3aa

cl cl

Q0 =0 G0 T4

L1 L2 L3 L4
entry temp. (°C) yield (%) of 3aa’

1 = 40 75
2 L1 40 81
3 L1 60 86

4 L2 60 97 (91)°
5 L3 60 74
6 L4 60 82

“Reaction conditions: 1a (0.3 mmol), 2a (0.6 mmol). Cp*RuCl; (0.009 mmol),
and L (0.009 mmol) in C'H_;CN (1.0 mmol) at the indicated temperature for
19h.  "Yields are determined by '"H NMR of crude materials using an internal
standard (phenanthrene). ¢Isolated yield is shown in parentheses.

With the standard reaction conditions in hand, the author investigated the reaction of 1a with
aliphatic amines 2b-h. As shown in Table 2, most of the reactions smoothly proceeded, and the
author succeeded in obtaining the desired o,x-disubstituted allylic amines in good to high yields
without forming a regioisomer. For example, cyclic aliphatic amines 2b-e gave the intended
products in the range of 79-84% yield (entries 1-4). The author further examined the reaction
with acyclic aliphatic secondary amines 2f-g, and confirmed that the formation of the allylic
amines 3af-g in good yields, respectively (entries 5 and 6). The author also examined the reaction

with aliphatic primary amine 2h and succeeded in obtaining 3ah in 93% yield (entry 7).

Table 2. Ruthenium-Catalyzed Allylic Amination of 1a with Amines

2b-h?
3 mol% Cp*RuCl,
Me OAc 3 mol% L2 Me NR'R2
= ¥ HNR'R2
PhX/ CHSCN e
1a 2b-h 60°C,19h 3ab-ah
entry 2 yield (%) of 3

1 80
CNH 2b

2 84
CNH 2c



3 80
NH 2d
4 79
NH =
5 AL\ 76
nHo 2f
Me'
6 Ph—, 80
NH 2g
Me’
7 Ph” “NH, 2h 93

“Reaction conditions: 1a (0.3 mmol), 2b-h (0.6 mmol), Cp*RuCl, (0.009
mmol). and L2 (0.009 mmol) in CH;CN (1.0 mmol) at the indicated
temperature for 19h.

The author also examined the reaction of 1a with aniline (2i), but the optimized conditions did
not give any trace amount of the intended product 3ai (Table 3, entry 1). Based on this initial
observation, the author reinvestigated the suitable reaction conditions with aniline (2i), then the
author found that the addition of a tertiary amine was effective to allow the intended regioselective
allylic amination reaction to occur (entries 2-5). Especially, when N,N-diisopropylethylamine
(DIPEA) was added to the reaction system, the desired reaction was proceeded, and allylic amine

3ai was formed in 84% yield (entry 3).

Table 3. Reaction of 1a with Aniline 2i“
3 mol% Cp*RuCl,

Me OAc 3 mol% L2 Me NHPh
L L CH4CN P
1a 2 60°C, 19 h 3ai
entry additive yield (%) of 3

1 - 0

2 DBU 43

3 ; EtsN 71

4 DIPEA 84

3 DABCO 63

“Reaction conditions: 1a (0.3 mmol). 2I (0.6 mmol), additive (0.6 mmol),
Cp*RuClz (0.009 mmol), and L2 (0.009 mmol) in CH3CN (1.0 mmol) at the
indicated temperature for 19h.

Next, the author examined the ruthenium-catalyzed allylic amination of tertiary allylic esters
bearing various alkyl substituents, such as aryl, ethyl, and methoxymethyl groups, instead of a
methyl group, and succeeded in obtaining a variety of a-tertiary allylic amines in good yields as a

single regioisomer.

Chapter 2

The author has developed a regio- and stereospecific synthesis of o,a-disubstituted allylic amines



by ruthenium-catalyzed amination of chiral tertiary allylic esters. The author initially examined
the ruthenium-catalyzed reaction of enantiomerically enriched tertiary allylic acetate (R)-4a (93%
ee) with morpholine (2a) (Scheme 1). The reaction was carried out as follows: 3 mol% of
Cp*RuCl;z, 3 mol% of 5,5’-dimethyl-2,2*-bipyridine (L2), and (R)-4a were allowed to react with
2a in CH3CN at 60 °C for 19 h. The reaction was smoothly proceeded, and the author obtained
the intended o,o-disubstituted allylic amine (R)-5aa in 87% yields with 93% ee (>99%
enantiospecificity: es) as a single regioisomer. This result clearly indicates that the present
ruthenium-catalyzed reaction proceeded through the retention of the configuration of tertiary
allylic acetate, probably due to the double inversion mechanism. Based on this initial result, the
author demonstrated the reaction with several amines. For example, the reactions of (R)-4a with
cyclic aliphatic amines 2¢ and 2d was produced the intended enantiomerically enriched products
(R)-5ac and Sad in 87 and 82% yields with >99% es, respectively. The reaction with acyclic
aliphatic secondary amine 2g also gave desired enantiomerically enriched products (R)-5ag in good
yields (80%) without loss of optical purity of tertiary allylic acetate. The author further examined
the reactions of (R)-4a with aliphatic primary amines, such as benzylamine (2h), and confirmed
that the intended regioselective reaction was proceeded and afforded the desired o,c-disubstituted
allylic amine (R)-Sah in 85% yields with >99% es. The author next examined the reaction with
aniline (2i), but our optimized reaction conditions gave the diene as a major product, therefore,
the author reinvestigated the suitable catalyst conditions for the reaction with aromatic amines.
Finally, the author found that the addition of DIPEA is effective to allow the intended reaction to
occur. For example, the reaction with 2i-k proceeded, and desired o,o-disubstituted allylic

amine (R)-Sai-ak in the range of 48—-85% yields with >99% es, respectively.

Scheme 1. Reaction of (R)-4a with amines 2
3 mol% Cp*RuCl,

Me, OAc 3 mol% L2 Me, NR'R?
+ HNRIR2 r
. CHaCN
(R)-4a 2 60°C, 19 h 5aa-ak

Q
(_ J ¢ O Me,  Ph
Me_ N Me_ N Me, N Me, N—/
- o P oo

5aa Sac 5ad 5ag
92% yield 87% vield 82% vyield 80% yield
93% ee (>99%es) 93% ee (>99%es) 93% ee (>99%es) 93% ee (>99%es)
_/Ph
MeHN MeHN—-Ph MeHN-Ar MeHN-Ar
o sip i i P P
5ah 5ai? 5aj? (Ar = 4-MeOCgH4) 5ak? (Ar= 4-CF305H4)
85% yield 85% yield 76% yield 48% yield
93% ee (>99%es) 93% ee (>99%es) 93% ee (>99%es) 93% ee (>99%es)

@2 equiv of DIPEA was added.
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AimSITHBEEIC L > THESNEAT = ML 27 U AMT 2 /LR %FIH
Lica,o-—BBRTIATIVOERICOVWTHEMIIBRTENEFERLRICOVWTHLE S
hTnd, aa-—ERT7IAT IV, TRODLABRIBCHEBELETIVETH, »
DAJIRBEDO —ODBEBENR = NVIETHD, VoLV KIS HEREAERE~LTHRTERS
B Z2ILHMEICEOCEBRETHE 0D, a,o-"BRTIALT I IZEELRT I VE~
CHUTERABLELAYTHY, ZOLDABRMEREICEAE T I VARET
( synthon) &F A%, LMPLT7T IV EICHEHBLEZRERIAJTHIED, TIV4HD
EETHLIHE MiARBEEBRRKISICEE27 I JTRARBE#HTHY, DREVEKRED
WESEREENRT WD, HEFITEFRFER BEHEL L) BrRTHLBEH L T i@
BeRMEZE 27 IV AT AVEPRELETE3T7T IAMEBBRKISIZEHERL, 7 U A7
BREISET 2/ ALRSICBRT 5 Z & Ta,a-"BH8T VAT I o fim o7 ik®
WA GREERLL TWDH, REMICIAT =0 A X B0 R 7 U AL E#
sz T I 2k~ BEATAZECo,o-—BRT7TIATIVEREZERL, E6ICEH
BB E LTHERME R7 A AT AERCT, EEOXFR/REE2ELR Y 2w
TRRMRT I /EDE REND2Z L2 RAHL, $REX0ORISEMBIZOVWTHLEHERLT
Wh,

Thabb, KPEMmIITFmiCEFERREZRLEZ2EORR, SOLIEARMAAEZRIG
L7zl o TR ENTWA  FimCHERBERMELIC X5 7 U A BB SO &,
SEHRTINAT I MERIGOWMER & FOMBAE (R ERERME) oW THFEPH
WREERAL, DOHEHFOEERMNMEOEHKBICHENERATEHRETVS,

A 1 HIZBWTHBEEFIZ, 7IAVZXFALEOT VAT 2 2{kEREFL, Florr=
VAZPLE LEBRBERAMMES X OBE, BT, BEDRRLICHOVWTHMRRAZY
—=rJEMzZ, ECUTALBEOBECERMFBLOLT =7 Afiit Cp*RuCl 2 %
7o RSBV TR LA ERRM Co,0- " HBETIALTIV2HEZBZ2LE2RHLT
W D, T BIZBT B 7 I RIS HIEERIR, SR A CEARMEITIA L, A L its
& RO—EHOBEERLTWS, ¥T7 V02T ARERy Pror =iz k-
THE GPOZRICERTEDZ L 2FMA L TAERY Do,a- —FEHRELIZD VW TH+o4%
i BRI ZEEERL TS, AWM2ETIE, METRHLAEALT = U ol



WCEBTIUNMIT I 2ERIEERFEER 7INZ AT AVEBICEAT 22 L THERE
Mlraa—- BB T VAT IVABR~NEER LTV, RFoBELRECLoTHLERNLE
DML FEET UV AT AETZH WT, 27T =20 M7 VA7 I /K
EEEETDHZ LT, IRICHETDHER oo —ERT IALTIVEHBLONADZ
LERHBLE, RIEHREORBEL2 ~THENY Lok @EMTET 2 2o @EfRETz
ER2THY, SHLIEKERET INZZATAVET P ba,0-—BHBRT INT I ~DIL
FEEORBELER2R LD Thole, MEMAKICT I /IERIEABICT IV RAT
NEBOBEAGEIE SRS, RGO —M&E - LH HEBIL TS, & HITHSRE
T IALZZATFADRLRET Do,a-"BRT AT IV ~OERICE VT 4 BRI ITHE
ETHATNE (FEEE) £7 I8 (W) O KRIEFENR>99%D LK Rt %x
xR RFCET T2 LEMRAL, 20 MACIMW LTZORKERT ULV RAT
NEBRPS -7 VAT =0 AFEERERTT IAT I AP E2 52 5RBICBVWT,
EEMLPME~D5E2N KK (inversion), FHEEN LAERYD~DE 2 DTEENAKK
fiz (inversion) ¢ double inversion = net retention D G E R D Z & 2 LB T
—ZILESHTERL TWD,

UEOMREMBEIAMBRERETF THDa0-_BRT VLT I rEEmPR, HBERRMH
CARTAHLWAME TRARL L2 O THY, GHENRBRG, SHEBYQERS 712
REATVWD, AMXOERBEZEETIES, ERAFBREEL TS, KO KK
. BRI 2 oo EHM & EEERECRREINATEY, TOAFRERNICLEHVAKET
HoHEFMENL, REZXY, ARXEELEPDOAMRECET IO LEEAS
B—8cHM LT,



