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Figure 1. 12 Principles of Green Chemistry.
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Figure 2. The 17 Goals for Sustainable Development Goals.
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Scheme 1. General Method for Synthesis of Alcohols.
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Scheme 2. Traditional Method for Alcohols Oxidation.
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Scheme 3. Oppenauer Oxidation of Alcohols.
OH O Al(OiPr)3 O OH

+ +
R1J\R2 )J\ R1JJ\R2 )\

excess

TORIGIE, KBEZEERE LT, T Py BHVOLNTV S, £ A LR = LEY)
TH 270, EWARMICKISIZ KR I N TE Y, Ko7+ v 2#HT 5 2 & T,
B %15 2%, ZORIGH I KBZEMEEZEL T V3 — LV ORBUKRNEBLR)IGD AL T
H Y BT B RIS~ B SE AR CER I T2 10, Tk Scheme4 IT7R
L7z,



Scheme 4. Dehydrogenative Oxidation of Alcohols by Oppenauer-Type Oxidation.
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Scheme 5. Accesptorless Dehydrogenative Oxidation of Alcohols.
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Figure 3. The Reaction Mechanism of Dehydrogenative Oxidation of Alcohols.
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Scheme 6. Ligand-Promoted Acceptorless Dehydrogenative Oxidation of Alcohols.
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Figure 4. The Reaction Mechanism of Ligand-Promoted Dehydrogenative Oxidation of
Alcohols.
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Scheme 8. Reduction of Carbonyl Compounds.

a) Shvo et. al.

ﬁ\ cat. [(7*-Ph4C4CO) (CO),Rul, OH
R2 H, (34 atm) R" "R?

R1

b) Milstein et. al.

o) Fe cat. F OH

K

R "R2  H, (4.1 atm) R" "R?

Fe cat. F

FEMESFET TITA @I E LT, Tra— A zEAle LTHWZRIGb AL
T, BlZIEEHK S 13 1995 4FIC Ru S5 L w2 7 4 VRN F 2 W2, 4V 7y
AT T =M K BETTKICEHE LT3 ¥ (Scheme 9), ARG X Oppenauer fElIC
BWT, KEZHEKE LTEONL TV, AVE LW E2EE L 276 TH 2, ZD
FOGIE. WHETITS 2 &3 TE 2132, SR ZGIH L 7B+ % o 72 VAEIR 72 2 )
TN a—nNiGR L2 WEDIDS DD RHEITH 5 2,

12



Scheme 9. Hydrogenation of Carbonyl Compounds Used Homogeneous Catalyst.
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Scheme 10. Alkylation Used Alcohols via Borrowing Hydrogen Method.
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NH OH
(1) N oot~ R1J\NH
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EWG = Ketone, Nitrile, Heteroaromatic Compounds, etc...
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A B, MNVEZLEM ZERNCAKR T 2 BED R EICE T, {ERD KIGICEE~T
)=V IR —OBRTHEHTHE LR D,

TAI—=NMICEDBET I VD N-TAFAACDER T L 1955 41 (ZBEIC Raney-Ni % H
WheT =) ve 2-Fan ) =k Huiz N7 FAMMURIGHEI ST % 212(Scheme
11a),

¥ 72, 1981 FFiCiE Grigg 51T & - T Rh #{AMlE 2 72 3FBIRT I v o N-7 v F Ak
M X 7z 21(Scheme 11b),

Z D%, WHFEITHER, JLWEVE EHHEIPH . WA 7 S tE 2 72 3 ROC 23k 4 7 & J@fE <
FREND X D7 o7z 2ee,

Scheme 11. N-Alkylation of Amines Used Alcohols via Borrowing Hydrogen Method.

a) Kohn et al.
NH2 H\/\
Raney-Ni
©/ + ""oH . ©/
b) Grigg et al.
/\/\NH2 + MeOH cat. RhH(PPh3)4 /\/\H/
reflux

Z O RS O BEE % Figure 5 IS8T,
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Figure 5. The Reaction Mechanism of Borrowing Hydrogen Method for /N-Alkylation with

Primary Alcohol.
R‘l
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b, fbN7zA4 I vae FY FERICXDETIn, HE S T3 ufbtiki3fions,

UEDXsic, 7ra—nicksd, 73Ivo NNTAFMERIGIE. 4 3 v 2EKT 35
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N FMCRIG &, BRI 7o SOSHRE DB 12 DT, Figure 6 IR,
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Figure 6. The Reaction Mechanism for C-Alkylation of Methylated Electron Withdrawing
Groups with Primary Alcohols Based on Borrowing Hydrogen Method.
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b3 %, Scheme 12 1C\> < D22 ®D JKIGHI % 7~ 3
BEFRERBRGTERILAEY O CT 1 FMMURIGICO T, KGR D 3 5 CREfll %
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Scheme 12. C-Alkylation of Methyl Groups of Electron-Withdrawing Groups with Primary
Alcohols by Borrowing Hydrogen Method.
Alkylation of Ketone (Shim et. al.)

o cat. RuCly(PPhs)s 0
+ ~ KOH L~
R?" “OH >~ R! 2
N o R R

Alkylation of Nitrile (Obora et. al.)
cat. [Ir(OH)(cod)], / PPhs
—CN + R OH KOtBu . rRCN
130° C

Alkylation of N-Heteroaromatic Compounds (Kempe et. al.)
cat. [IrCl(cod)], / PysNP(iPr),

R
+ R” OH BuOK N
130° C

T2, ZORIGEIGHL T, BB M7 ra—ro CTAFAAURIGIC b EH T %
TENRTE D,

GO % Figure 7 ISR L7z, BT ra—rzlkFETEZ LT, 2R TT b
VBRET S, ZTOBRETRIFETD CTAF MUK E RO KIS E TV, &ZICT b
VEIBILTAZETHE T A a—NDTAINMEEERT B LN TE B,

Figure 7. The Borrowing Hydrogen Method for S -Alkylation of Secondary Alcohol.

OH OH OH

reduction
R'IJ\ ¥ RZJ\H R1J\/\R2

oxidation reduction

0] (0] .
condensation
R1ﬂ\+ RzlJ\H R1M\/\R2

ZORIGD, 7 b DA LEFEIC Shim 5%21Z L0 & LT, % DMREFIHRZED > T
% 25(Scheme 13a),
DX S, KEBEFICEIEHT 22 L ICX Y RBIACKICICIGHT S 2 B TE 5,

17



B 21X, Wittig MO G IV b N B I AR = fbEME T ra—ric LT, AkEon 3
REFL 74 M LEYMZREICEE LTE S Z &5 TE 3 2 (Scheme 13b),

Scheme 13. C-Alkylation of Methyl Groups of Secondary Alcohols with Primary Alcohols by
Borrowing Hydrogen Method.

a) Beta-Alkylation of Secondary Alcohol
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oK 2(PPh3);
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b) Wittig-type Alkylation with Alcohols
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20D,
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A FKRBIFE Y 27 L 813, ALFARIGETEH L CEES THICOKEEZRET 0w I E
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fboBRICiz, BEE T2 HMAIEZ 2720, WL TR,

EHANAF T4 FKEBIFH Y AT 2B T2 RENRICEVREL ., ZORICE LT Tt
H3 2%,
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BEF 5N 5 8(Scheme14), Pz v, AFAy 7 ua~xH VY IATFRES RIFETH
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Scheme 14. Hydrogen Storage System Using Toluene and Methylcyclohexane.
A

[:::J// cat. PUC [:::]// + 3H,

A, Hy
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1.5.2. E2FREREFEHEAEGYZRACTERAA F 74 FARREBS R T L4

GERERRAS TGV Z AL LD EA TH 5, Hl 21X, Pez b, 2008
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Scheme 15. Hydrogen Storage System Using NV-Heterocyclic Compounds.
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3 (Scheme 16),

Scheme 16. Dehydrogenative Oxidation of Alcohols Catalyzed by [Cp*IrCl,]..

cat. [Cp*IrCl,],
OH K,COs3 o
R1">R2 acetone, reflux B} R1JJ\R2

F72. 2003 FICWHE—RT I v N-TA ARG 3%, 2005 FiIIE _FTrra—
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LG DBAFIC O WT S fFFERTH N T3 35 (Scheme 17),

Scheme 17. The Borrowing Hydrogen Method for Alkylation of Amines and Secondary
Alcohols.
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Scheme 18. Ligand-Promoted Dehydrogenative Oxidation of Alcohols.
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(Scheme 19),
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Scheme 19. Reversible Interconversion by Iridium-Catalyzed Hydrogenation/
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23



Scheme 20. C-Alkylation of Methyl Group on N-Heteroaromatic Compounds Using Alcohols.

Ol Oleel
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— FAEEDORF IC O W< 3 (Scheme 21),

Scheme 21. Dehydrogenative Esterification and Dehydrative Etherification by Coupling of
Primary Alcohols Based on Catalytic Function Switching of an Iridium Complex Bearing a
Dihydroxybipyridine Ligand.
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BABCTIIA )Yy LRI IC L 2 y-7Fu T 7 b v 14-TR2 I F—=NrDT 2 b
vk KFLEFHICLEAEEAA P74 FPKEBEFE Y AT 20FEICODTiRR?
(Scheme 22),

Scheme 22. Iridium Catalyzed Dehydrogenative Lactonization of 1,4-Butanediol and Reversal

Hydrogenation: New Hydrogen Storage System Using Cheap Organic Resources.
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KEJGIE. 40 27 Ll ([Cp*IrCloly) EH YV YL 7 FF2 K, 182757 v-6-2—
TN (AT, 18-75 v v-6L33) 2flaftbel, Tra—Li T ftle 35K
FBHRICTH 5,

Scheme 1. C-Alkylation of Methyl Group on N-Heteroaromatic Compounds Using Alcohols.

@) @
N/ cat. [Cp*IrCl,]» LQ R

base
or + _ or
R OH hydrogen-
NI X alcohols borrowing process l\@\/\
= = R

GEFEREABEHRLLAEY., Fce )Yy, v Ivvy vIvy, /0 v, ¥/ 59
Yy, A4vF 7003, B, FBAL R ConlfcEER LAY TH S L £
oo RIPicizcho o Ft& % b oLamnr4 (. AR ZCBwTEER I AT
%, GEFRERBRTBHFEY OERIEO AKX, B4 BITEPHoNTE L, ZDD
oIt AFNEERT LAY EHEME L LT, Z0AXAFAEE CT A MLT 5 Z
LK VREREGRT 2 TTiENDH S, TOAKITIER, BfEThH Y., £/, BERERKE
HEGLEY OFERAEZ RFEMWICERKT 2208 TE 5720, FHTH L & x5, L
BIETIE, TIAY Fy LR LEEBEEROFEET, ~u b7 e F e G &
5201k CTAFAMEEEBLTWA 2 (Scheme 2) 23, BlAEKE LT uyr Vi
BELDZ=0, )=V 7 IZAM) —DBEPLIFE LL v,

Scheme 2. C-Alkylation of Methyl Group on /N-Heteroaromatics by Conventional Method.

= PR strong base =
Oleet] -+ vy @
~ \v/ R

alkyl halides

T, Tra -k TS L LT KRBEN SIS 2 R L 72 SOs 24T 9
TiEbH B 0, ZoJkIE, BIEBRYPEELKORTH 5720, BREFHMNO R0 6 EN
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Bz 1F, 2010 i Kempe S i3, 4V Vv LfEEZ AT AFALEY IV Vv EBLTRATF
NE TV VIHERD CTAFMEEREL T35 7, 72, Obora &, 2012414 V¥
T LR T A= MIC KB A TFAF ) D v BXPATFAF ) X5 vFEKD
C-TLAEMEERE LTSS, Lang b ° B LU Oe b 04 | L7 =7 Ll % F v 72 [[ AR
DHEED C-TVFMEEIME L T35, Banerjee Hlx, = v 7 iz Hnwz A F v 7
VVBIOAFAF Y VIEEED CTAFMURIGHRERE LTS L, IR,
Kundu &, a0V Mo X 2, AFALETOV AFAF2 ) v, AFAF ) X5
VIEERD CTNAFNMURISERE L T2 12, Scheme3 ICINOHLDRILE L & D7z,
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Scheme 3. C-Alkylation of Methyl Group on N-Heteroaromatics by Catalytic Method Based

on Hydrogen Transfer Process.

PN catalyst =
@ + R7oH O
N, borrowing S R

alcohols hydrogen process

cat. [IrCl(cod)], / Py,NP(iPr),

fempeetdl  komu(ieqummocc  AE T
Oboractal. oo ey GD 8

s o e 0 00 9

paniee el omurooqun toc > M
06 otal cat RUH(CO)PPr) co® 10
Kundu et al. cat. Co(NNN) B,C.D 12

KOBu (1.5 equiv), 150 °C

@4-Methylquinoline was also applicable.
b1-MethyIisoquinoIine was also applicable.

TDEHIT, L OMEFIDENR > TWE 2, b oG cld, KIGoHEE L LT
TE L HEFRERRTERLAEVOBBERIREINT VWD, T, AERERBRTERILA
MOAFNEEE T AT =N X 24V 7 4 VIBRRIGD X5 EUICEEDTH, T
TERAEIGEA X 2IHED B OMEER I I L TR W B, £z, AFAEY VY
% P> TR CROGDSETT L 72451 % 72\,

AR TEE L. A FNVELET 2 E8ERERETEHCEM LRA B—kTra—n
EDRIGICE Y, CTAFMUEE AR T 2R 2T L 72 2ORIGRIE, €)YV,
CYIVY EIVV F 2DV FIFFIV AVF Y vl AFAEES DL
O OEY A G & LT, BIEERY L L CEE LAY 2 AR L &\, BREGERF
I ENZMIESETH S (Scheme 4),
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Scheme 4. C-Alkylation of Methyl Group on N-Heteroaromatics by Versatile Catalytic System
Applicable for A to D and 4-Methylpyridine.

cat. [Cp*IrCl,],
and + R >
R OH borrowing and

NI X alcohols hydrogen process l\@\/\
= = R

First example of C-alkylation of
4-methylpyridine with alcohols in high yields

2.2. BMRLEE

2.2.1. jISGHORHE{L

RIGEMEZ Hdit 32 7-01c, 2-2AFAEv 5V Y (la) bxvIATLa—L (2a) D
C-T7 N X NMMUSE & KA 72 5e0FTfT - 7= (Table 1),
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Table 1. C-Alkylation of 2-Methypyrazine (1a) with Benzyl Alcohol (2a) under Various

Conditions®.

catalyst (0.5 mol%)
base (0.3 eq.)

N
[ \]/ + o ™oH additive (0.3 eq.) | AN Ph
i~ solvent, 120 °C, 20 h —
N N
1a

in a sealed reactor

2a 3a
std. 1.0 eq.
entry catalyst base Additive solvent yield of 3a®
1 [Cp*IrCl], KOBu — THF 29
2 [Cp*RhCl,]. KO Bu — THF 13
3 [(p-cymene)RuCl.], KO®Bu — THF 4
4¢ [IrCl(cod)]. / PPhs KOBu — THF 20
5 [Cp*IrCl], KO®Bu 18-crown-6 THF 84
6 [Cp*IrCl], KOH 18-crown-6 THF 47
74 [Cp*IrCl], K:CO; 18-crown-6 THF N.R.
8 [Cp*IrCl], NaO®Bu 15-crown-5 THF 40
9 [Cp*IrCl], KO®Bu 18-crown-6 DME 71
10 [Cp*IrCl], KO®Bu 18-crown-6 toluene 47
11 [Cp*IrCl], KO®Bu 18-crown-6 1,4-dioxane 76
12 [Cp*IrCl.], KO®Bu 18-crown-6 BuOH 83
13 [Cp*IrCl.], KOBu 18-crown-6 Diglyme 87
14¢ [Cp*IrCl.], KO®Bu 18-crown-6 THF 92

“The reaction was carried out with 1a (1.0 mmol), 2a (1.0 mmol), catalyst (0.5 mol%), base (0.3 mmol), and additive (0.3 mmol) at 120° C
for 20 h. »GC yield. <PPh; (2 mol%) was used. ¢18-crown-6 (0.6 mmol) was used. *°KOBu (0.5 mmol) and 18-crown-6 (0.5 mmol)
were used.

la (1.0 mmol) & 2a (1.0 mmol) D K5 % 4 V ¥ v filill ([Cp*IrCl].) & AV VL +7 ¢
¥ FOFET, THF (1.0mL) wh, WERIGET 120°C, 20 BT &, 2- 2-7 ==
IFN) 7YY (3a) 22 29%DINETH L (entryl), FABIL - fho B @il cbH 2
o 2 L ( [Cp*RhCly] 2) B XU T = 2l ([(p-cymene) RuCly] ») X, WTh
b IEF IR NI EE 2R L 72 (entry 2,3), X 5H1IC, Obora HIC X o CTHE I /=, bV
7= VERAT 4 vEMAGDEA Y YT A ([TIrCl(cod)]2) b ARG TIHK
WEZEZR L, 3213 20D TL 2o NRd o7 (entryd), TORIGTIE, FELL 13
W3 B SOCHERETR A ICRLE 3 2 25, BEREREGTRELEY & hlEfke LTELZ AL
R U bEV o, MOuBEEESFAET ch iz bfiEI N e THING, 2D
O, HHREZSONIE3a BPEINETHONE L TRELE, 22T, 7YV LAF Vv ZT
BT 2B H2ZLBHOLNTVS 18-7 77 v-614 e ) v LxGUEEREOMAED
TR L7z 2 A, FAMED 3a DKL 84%IC K& LM EL 7 (entry 5), #icld Tlthod
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BRI OWTHMET L7z, KA Y v 2 ZHWARIGTIE, 3a DINERIIFRETH - 72
(entry 6), 59¥ERTH 2 REH YV v L2 AL 725613, RICIEHET L 72d > 7z (entry 7),
FrPIDL 7 XV NE 15-72 705 OflAEbEiE, PPV LAAF VDT YT
WCETHEZEBHONT VA, RRIGHETIEHE VAR TR, 3a % 40%DIEE
TL2E SN D -7 (entry 8), ABDFEIZOWTHRE L7225 (entry9-12), 1,4-F
FHv,12-V A X iy (DME), ¢ 7F AT a—n, Lz vEHNTD 3a DY
RIFREINLD» o7, VT4 LA DR, EricT e b7 v EH0ED
o (THF) LY @K TH 57258, AFCMOVRVORZE 26, 77 ey vk
BOBBIEE L7z (entry 13), 72d. RIGIREZ T T, 100°COEM T CRIGZLT - =56
h, PERIZET T2 00, BIYIOERPHER S Nz, & bic, RIGEE® 1,4-V 4+ %
PV Z T BIRSEN T T G EIT 2 25610 d BRI O B0 b7z, mA&iiic,
MEAMZ AT 120°0CORIGEE T EEoHEAZMC L. AV VA 7 FF 2 F (0.5
mmol) LK 18-27 5% -6 (0.5mmol) Z T 3a 250K (92%)TE LI, TN H
Z & U7z (entry 14),

2.2.2. BEFEAHHORERE

BEftanz5tz b lic.2- 27059y (la) CHEARE—RTra—L L DRIG
#HiH 2 PRE L 72 (Table2), A&EBR LICE G F 72 FE PRI MEoERE (XF1, X
FES  NN-PAFAT ), 7220, ZAFua, Zua, P 7t rFu) 267
HRYVNVT A= VDRIGIIMEHICESR, G35 2- (2-7 2= VT FN) ©T7Y ViFE
& (3b-31) ZHHFEE D b RIFRINEKTHE 2 2 LTI L7z, ARIGEIE T TT7 2% — i3,
Bhbinsd 2 & ERRIFRIE (72%) CTEREINZ. T/ FT7E2 LV AR =)L,
-V VRR) =N 2-F AT 2V AR =S ZOfMERIGEL 2T a2 — LT, Fi
Z3 83%. 70%. 67%DILET 3m-30 Z4EKL 72, 7. ARICRERVY I AT La—1
R T R, BET va—VEICODERT 2 2 e TcE iz, BRNICIZ, 1-4 27 %7
v rua~dFHrIr ) AR EORENET A AL ERCTRIGEITY L. 3p BX
O3q zmETHERTE e TER, —J7T, WOBEFRIIEOEWE (= tr, »7
7)) BET LRV YNATa— VT, RS0 e v EE BRI Y. B
PIPNIE LN > 72,
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Table 2. Scope of Alcohols for C-Alkylation of 2-Methylpyrazine (1a)<.
[Cp*IrCl5]5 (0.5 mol%)

N KOtBu (0.5 eq.) N R
[ j/ + R“OH 18-crown-6 (0.5 eq.) [ \j/\/
— o
N THF, 120 °C, 20 h N/
1a 3a-q

2X
1.0 mmol 1.0 mmol
OMe
N N N
AN AN AN
[Njﬁ [NJA/O [NIVO
3a, 92% 3b, 87% 3c, 88% —\
o_ 0O
Ph NMe,
N N N
AN AN AN
[ [ [
N N N
3d, 94% 3e, 90% 3f, 72%
o]
[N\Tﬁ C S F
~ ~
NG N N
39, 58%" 3h, 90% 3i, 78%
[Nj/\/@m [Nj/\ﬂca [Nj/\/@
~ ~ ~
N N N
3j, 95% 3k, 90% 31,91%
Z N S \
N N X | N N
N N N
[ [ [
N N N g
3m, 83%° 3n, 70% 30, 67%
Ny C,H4s Ny
P P
N N
3p, 86%7 3q, 86%“

“ The reaction was carried out with 1a (1.0 mmol), primary alcohol (1.0 mmol), [Cp*IrCl.]. (0.5 mol%), KOBu (0.5 mmol), 18-crown-6
(0.5 mmol), and THF (1.0 mL) at 120 °C for 20 h. Isolated yields are shown. ? p-Chlorobenzyl alcohol (1.5 mmol) was used. ¢ Diglyme
was used as a solvent. “1a (1.5 mmol) was used.

RIZ, 4-AFre) v (b)) b FE—WT7ra—n o GxEKEEF L7z (Table 3), it
W RIFICER, K BTN T4-7 24 F L)Y v (Qa) 235 2 L3 TE -, T, Kempe
5 (45%) 7 & Lang b (29%) * 232 NZNRE L7z 4da DPE LY b REMLELTWS,
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I, FBADOERREDO A FAIRDOIEEEL, Tra— o CGT7AFALKIGDE
TICHEZIELTW A0 LR ING  4-AF ALY PV DA F AL, 2-AF e T
v (la) R, 2-XFVF 7 Y v X5 EEFRERBETEHACEY D A FVE XY BV
BEWEEZONDE, ZDD, 4-AFAEY VD C-TAFAMMEPHETTLIHL R,
DX AW SR CEBL RIS o7z 8 E 2 b b, AR TIE, IETm b
VIR iR (KOBu) L 18-7 7 v v-6 T2 2 Lick v, ko GERESE
BAEBREYMDO A FAIED CTAF b KER tt«m{;;%)#@é'ﬁiﬁﬁ (P R
WTETD, 4-AFAEY VD CTAFMUREPNERTHET L 2D/Z LRI NS,

4-2F50) Yy (1b) % pBIX P oI AT AIT— 0L, p-)( FEFIRVIALT L T—
N, p7 2 ZARYIANT A=V pNN-VRAFAVT I XYY T A=) m-7u
BRYVLTNI=N, FTRLYRAR ) = AR EDEMT NI —LERKIEIE 5 & MG
T2 CTVFALKRMEb-4D) B2 b RIFRIGE TR LNz, ThHDRE? D, AR
JERIFZA4-AFAE) P vDOT A= X b CTAFMUKISIC L Tn 3 L wi b,

Table 3. Scope of Alcohols for C-Alkylation of 4-Methylpyridine (1b)

[Cp*IrCl5]5 (0.5 mol%)
KOtBu (0.5 eq.)

| N + PN 18-crown-6 (0.5 eq.)
R” “OH
N~ THF, 120 °C, 20 h
1b 2X
1.0 mmol 1.0 mmol
B B
N__~ N~
4a, 87% 4b, 83% 4c 79%
Ph NMe,
B B B c
N~ N N~
4d, 84% 4e, 88% af, 77%
B B B
N~ NN N~
4q, 87% 4h, 90% 4i, 87%

@ The reaction was carried out with 1b (1.0 mmol), primary alcohol (1.0 mmol), [Cp*IrCl2]2 (0.5 mol%), KOtBu (0.5 mmol), 18-crown-6 (0.5 mmol),
and THF (1.0 mL) at 120 °C for 20 h. Isolated yields are shown.



R, BEBEEBRTBEHRLEMER VY IALT AL — LD KIGHEESI L7 (Table 4), 2
MEZIE A ATFAVBEREEZET X7 ) VFERLE RV AT La— L DRIGIC
0. WIGT2ERY (5a BX U 5b) BAExnzti 81% LU 80% c‘:blﬁﬂﬂﬁﬂy%é’éfﬁ
bNTee 22AFAF ) FH YV vBIN 4-AFAEY IV VERVIAT AT =L ERIGE
2 e, HIY B5e X U5d) B2 NEN 3% X U T0%DIETE LN, 3,4-9 X F
N TYVDORIGTIE, 4B CGTrdafbE i, 5e 28 719%DINE THE L 7z,
O, 1-AFAAYVF IV VDRV AT A=V E D CGTLF Al d ARzl
AIRETH b, 5f A EIE (83%) THDL L,

Table 4. Scope of N-Heteroaromatic Compounds for C-Alkylation with Benzyl Alcohol (2a)2.

[Cp*IrCl5], (0.5 mol%)

PPAN KOtBu (0.5 eq.) Pl
L©+ Ph” > OH 18-crown-6 (0.5eq.) LQ
T~ THF, 120 °C, 20 h S~ R
1X 2a

5a-f
1.0 mmol 1.0 mmol
N
| N
S Mg o
~
= N
5a, 81% 5b, 80% 5¢c, 93%

5d, 70%° 5e, 79% 5f, 83%

@ The reaction was carried out with N-heteroaromatic compounds (1.0 mmol), 2a (1.0 mmol), [Cp*IrCl2]2 (0.5 mol%) KOtBu (0.5 mmol), 18-crown-6
(0.5 mmol), and THF (1.0 mL) at 120 °C for 20 h. Isolated yields are shown. ° The reaction was carried out at 140 °

IHIC 25-VAFAETII Vv E2HUEDODRYIATAI—AZHWT, [T 2 2Fro
C-T N F ARG % #ET L 72 (Scheme 5), #EHR. KICITREEZ < ETL. 6a % 60% DI

DAY =
ijf‘_\‘vc'fﬂ‘fk-o
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Scheme 5. Double C-Alkylation of 2,5-Dimethylpyrazine with Benzyl Alcohol (2a).

[Cp*IrCl5]s (1.0 mol%)

)I * P OH 18-crown-6 (0.5 eq.) | j/\/
N~ THF, 120°C,20h N

2a 6a
0.5 mmol 1.0 mmol 60% yield?

2.3. RICHEHEHFE

WEICERE INTOHIX Y, REICHEOKIEHEREITRD X 5 ICHET 22 23T 5,
D 1HTVa—AD5A4 ) VY LE~DOKBEEERRY, TLTEFE[f VYT L
FYU FERERT S,

(ID 7ATe FeAFAEEFT 2 ERERRSEHRICEVOERLERET coRET IV

F— A BEER I b TAT SV EERERBE EHRPHEGEIF LN 2,

(D7 A7 = MV ERBEEBERSHRPEER A VY7 A e FY FiiE —HF7ra—ric Xk

WkFELIN, TAHEMEINEEEFZTEHERSERILAEM LAV Y Y LT raFxy Vil
x5z 5,

DL Eo@fE %72 L T b5 ) 2, shill 2 iiE 2 EB1IciT - 72,

2.3.1. 7Tra—rolikR{LEIG

9. DOBRTH 27 Va3 —VDORUKBMTRICOWTHIHEZTo 72, FIGIE~ VY
AT Aa—n (2a) ZHWT, ([Cp*IrClely) ¢ AV VLT XU R, 277UV —T0
DFRIMEE ZNENEZ T, ZDIDEZAFIZ Table 2 DIEARLEAICAN L TfT - 72, #EEMKIG
BRECIlE, e N FEStRE 7o 7 e FO3ERL, B L7z F ) FERIZT v = iR
TICHWSLNS 720, KIGiERCclEE 2133 THh 5, #EHE % Table5 IR L 72,
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Table 5. The Mechanistic Study of 1 Step of C-Alkylation with Alcohols.

[Cp*IrClyl, (x mol%)

KOtBU (y eq.) /jt
Ph/\OH 18-crown-6 (z eq.) . Ph H
THF, 120 °C, 20 h

1.0 mmol

2a 7
entry X y z yield of 7¢

1 0 0 0 trace
2 0.5 0 0 2
3 0 0.5 0.5 trace
4 0.5 0.5 0 3
5 0.5 0.5 0.5 5

*GC yield.

REE D | MIEIEEE T TR L A SRICOETE T, 7 AT e FAERL 728545 TH,
FEHIRRICH E 2R L olze DF D, ARIGHR TR, ERLETATE PR, B F
U FHEHE SN T NIE, ZOBBIETL R e TEINS,

232. TAT e FLEBRERRATEMNMNEYORET LV F—VEMRARIG

feid <, ADOBRETH 27 VT b F e EEREREG EHCEY DM A SO HE 21T

o7z FMOBRZHI L, 77V VI —TANDHEMICL 2527V LT T2, BEHR
WEBREERILEME LT, 42 F e ) v iflni, G 4-2F1rv )Py (1b)
e RVYXTATEe R (7)) oF8HFET. ([Cp*IiCLly) AV VL 7 XV F, 777
VI—TNVDORMEE ZFNENEZ T, ZOMMDZEMIL Table 2 OFEARSEMAICAIL TiT o
7z o $ETE SOCHERE T 13, ASBRR 1T, Al 3B 54 9 O A CRIEHMETTT 2 139 TH 3.
$72. 270V I—TARIVIEERALELTWE I b, 7 7Y YT —F AVRINEET
ZFEAMEEAF IR TR R E M LT 2133 TH 2, #HR% Table 6 ICRT,
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Table 6. The Mechanistic Study of 2" Step of C-Alkylation with Alcohols.

* o,
| A . )o]\ [C&cl)rtcélﬁ]%y();?)ol %) | AN
N~ Ph H 18-crown-6 (z eq.) N~
1.0 mmol 1.0 mmol THF, 120 °C, 20 h
1b 7 8
i . 7 z yield of 8
1 ° 0 0 N.R.
’ 0o 0 0 NR.
’ 0 0.5 0 s
) ’ 0 0.5 N.R
° 0 0.5 0.5 2
2 GC yield.

HEEY, iilone, 777 VT =T ADHRDKIGEET TR, KIGiZe ETL A
o770 —HTCHEDAD KIS THRINKRICE EE o/, T2 BRI IV v —T0
ZRIFFIC 2 25 A CRICRIIRIECR LT 28R e o, OB, 77V v T —
TARBARBRRICRE B2 52T 5 2 L DR TE 72,

2.3.3. T AT = LAY DBEITTERE

<. TAT 2 VEERERRGTEEDEESA YV Y L e P FEE—HT I —
NMCX D IKRBILENZBEBICOWTHTHEZTTo 77 BFH P & 231 DR LD, Tra—n
DOikFIC IV ESLND e F Y FIZ[Cp*IrCl,HCl TH % & PRI N/, BERICHE - T
EFY FEEZRGEAR L., TAY A SREEERTFERFEERE LTAF I Y Vv
R KFBRE LTT V= ZR/NL CRIGETo 7z, Ta— e LT KRISHET
BHDAR)—=NVRO, POUKFRSIEDRZ Y 272\ =7 F AT ra—ikHwT, RISET
277, ¥EE % Scheme 6 IT/R T,
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Scheme 6. The Mechanistic Study of 3 Step of C-Alkylation with Alcohols.

/E\; He, R-OH (0.2 mmol)

i
N N~ >
N 120 °C, 20 h g

NS

4a
0.2 mmol 0.1 mmol R=Me 27% yield
8 R=1tBu 38% yield

e FY FEZMAC, TV = bEVE RIS €5 & WL L 2BITEAE o, X
> THRMLROBICKIGIE, & F U FHICX > TiTbiiTwd dEI NS,

LAEofER e BERE V. A FAEEH T 2 5ERERRABRLEMO R T ra -
W& 3 CGT7AF AL DHEE RO % . Figure 1 1278 L 7=,

D1 HT7ra—Ah 54 )Py LE~DKEEEBEID, TLTEFEA YUY LA
E FY FERERT 2, IDTATE FE AFAREET 3 8ERERRTEHRLAY O
HEUEME T CORET A F—ABRAERR I Y TAr = VEERERRTHFRPEGHL
oz, DT AT = VEEREREAEHEPMEESA Yy Le FY VL T2
— VXD AKRFEEI N, TAFALINAEEERERREEBREIIE A )y LT v
v FlExE 525,

Figure 1. The Reaction Mechanism for C-Alkylation of Methylated N-Heteroaromatic

Compounds with Primary Alcohols Based on Hydrogen-Borrowing Process.

Rmm)+(jﬂh\

N
R" “OH o 1 cross-aldol-type
[ir] . [~ basel condensation  [Il—H

OB

r |

| N

oE_.A\ OE.,
product

r/A\
R'OH k@m

[ir]
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2.4. Wi

KRBT BT A3 — A 2 FR L T 5 SEREFES ERLAYO A FALED ¢

7 E MU OB % T\, B PR OB AR 2 BIFE L 72, 4 ) & Lt
([Cp*IrClly) L HHB X U7 59 v T —F A OHE T, EREFEH BN A 51
EAH T AT L TTAF AT 5 0 L 25T 72, AR L. 5 75 B0 B
MHOGRICEIT 2 L E 2 b5,

2.5. EEIH

2.5.1. EBREH

ETORIGPEIEFEARNICT VTV FEHATHY T2 72, 'H XU BC{'H} NMR (&
JEOL ECS-400 (400 MHz) ¥ 7z 1%, JEOL ECX-500 (500 MHz) % F\» CHIE L 7=,
HAZa~ 2777 4 —4rHri%, GL-Sciences #1# D GC353B o * v v 7 V —# 7 4 (GL-
Sciences TC-17 and InertCap 5) % HHWCHIE % 1T > 72, AT L7u~ 777 14—
Wako-gel C-200 % H\>THT o 72, TEHRIITIINERATCHRE T & v X —TiT o720 BEEIE
KRB L Cofili, &2 WITEARNGZA-EF BT I L D2 vz,
[Cp*IrCla]z, o [Cp*IrClI.HCI® IZBEHRICHE > THMK L 720 Z Ofth DGR 13Tl 2 BEA L
TEAL 72,

RYIATNI=NICEB2AFAE TV VD CTNFMERIGDEHFRET

Table 1 (BE#ESME): 7o v FEHA T, SUS #o 5 mL +— 27 L —7icfilii (0.005
mmol). #EH (0.30mmol). 7 F 7 v z—F1 (0.30mmol). A (I1mL)%MZ 7=, kT
T, 2-AF 7YY 941 mg (1.0 mmol) & X7 a— 108.2 mg (1.0 mmol) %
Mz TAI7wy s T2 K@M EZ T o7z, RIGKTH, 2-7 =2 F e oy
VOWHEIIE 7 s AR EEYEH L LA R~ 777 4 —=GiTIc ko TRk 72,

2-2F 17T vD CTAFAMLICET 5 EEEREEORRE
Table 2 (BE#ESAF): 7=V FFAS T, SUSHD 5 mL A —F 27 L—71c4 U &9 Afil
([Cp*IrClz]z) 4.0 mg (0.005 mmol), #V v 4 +7 b F F 56.1 mg (0.50 mmol), 18-7
7 v v-6132.2mg (050 mmol), 7 FZ7e Fu77 v mL)%ZMA7, HiFT, 2-2AF L
7YY 94.1 mg (1.0 mmol) & &7 a2 —A (1.0 mmol)Z /M, T/ I78wy s T20
R 21T o 7o SOCK T2, ROCIRAWZ Y 7o m A 2 (30mL) TRV L. 3
JERMEL 720 EINZS DV AT A T L ra~ 2T 7 4 —IC X ) iR {To 72, (AEEA
B ~% 9 v /HEE T L)
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Scheme 2 (3n DEBHLE): TAr TV FE KT, SUSElO 5 mLA—F 2L —7IcA4 )T
Lkl ([Cp*IrCly]z) 4.0 mg (0.005 mmol), #7 VU v L +7 F ¥+ F 56.1mg (0.50 mmol),
18-7 77 v-6132.2mg (0.50 mmol), 7 F 7 Fue 77 (ImL) %A 7, Hilh T, 2-4
Fre7Yy 94.1 mg (1.0 mmol) & 4-v° U ¥ X% /7 —)b 109.1 mg (1.0 mmol) % fil %,
T L7 wy 7T 20 KA EEE 21T o 7o ROGK T ISRAGM A2 Y 7 am X £ (30
mL) TV L, KEEA UV v LKER (30 mL) T 2 RIgEHFH 21T 72, A& IXREEF bV
T LIS K YRR S WERE L e EEIE S YV AT v h T A saw b ST 7 4 =T kD
HEix T o7, (GAEEAE ~F 9 v /g5 1)

4 X2FAEY VD CTAFAICET 3 EEEREEOER
Table 3 (BEHESLME): T AV FEHAT, SUSHEHD 5 mL A —F 27 L—70C A U 27 L filli
([Cp*IrClz];) 4.0 mg (0.005 mmol), 7Y v L 7+ F F 56.1 mg(0.50 mmol), 18-7
7% v-61322mg (0.50mmol), 7 F 7t FurJ v (ImL)%ZMAT, HlJ T, 4-2AF 1
Y)Yy 93.4mg (1.0mmol) ¢ FE7ALa—n (1.0mmo)ZMA, 7L 378y 7 T20
P @B 21T o 720 RIS TR, RIGEEYZ Y 7rm X & (30 mL) THEWH L.
WERAE L 720 EBWIZ VAT MR T L a7 57 4 —ICX ) BB 1T o 72, (RHE
B ~ X5 v /BT )

EEBFREEBRERIECEMD A FAEDOR VAT Aa—NICEE CTAZFAMEICBIT B
HE B O BRR
Table 4 (EHELAE): 7Aoo v FEHKAT. SUSEIO 5 mLA— 27 L—71c4 V) ¥ Lfililit
([Cp*IrClz]2) 4.0 mg (0.005 mmol), AV v L 7+ F > F 56.1 mg (0.50 mmol), 18-2
5% v-61322mg (0.50mmol), ¥+t Fu75y (ImL)&MA7. <. 5L
FRAEERLSY (1.0mmol) E_v L7 ra— 108.1mg (1.0mmo)ZiMA. T3
7ay 7T 20 WEEEME 2 1T o 7o, RUGK TR, IGEAYZY 7 v X 2 (30 mL)
THOGH L, TEEBME L 72, B VAT A T ara~ 277 4 —ic X b Y% 1T
o7, (BRBERIE ~% 3 v /BT F )

Scheme 5: 7 v T Vv FERHA T, SUS 8D 5 mL A —F 27 L =714 V¥ v Ll

([Cp*IrClz]z) 4.0 mg (0.005 mmol), 7Y 7L 7 b F F 56.1 mg (0.50 mmol), 18-7
797 v-61322mg (0.50 mmol), 7 FZ e Fue 77y (ImL)EMA, HFT, 2,5-V 4
Fre 7Yy 54.1mg (0.5 mmol) XV ATAa— 108.1 mg (1.0 mmo) A, 7
I 78y 2T 20 KRR 21T o 720 OIS TR, JIGREAYZY 7 mm 22 (30
mL) CHWH L, JBERME L 72 EBNE VAT AnTnrsma< 777 4 —Iic X Hij
#iTo7e.  GREESEE ~% 4 v /Mg 5 1)
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RCHERE A

Table 5 BEHESLE): 7oA = v FEFSA T, SUSHLID 5mL 4 — + 7 L — 7 il #HE, 18-
779 v-6, 77t 77y (ImL)%MA7, it T, Ry Ar7ra—i 108.2mg
(LOmmoD) %Mz, 737wy 7 T20 REEEEHE 2T o7z, RICK TR, v AT
FTEFDOINKRRIFE 7 2oV Z2HEYE L LTHRZu~ 777 4 —=OiFic X o Tk 7z,

Table 6 (BEHESLE): 7oA = v FEFSA T, SUSHID 5mL 4 — + 7 L — 7 il #HE, 18-
229 v-6, 77 brmn77y (ImL)ZMA7, $tld T, 4-2F 1Y v 93.4mg (1.0
mmol), RV X7 ATk F 106.2 mg (1.0 mmo) Z M A, 7N I 7wy 7T 20 FeftEE
BETo 72, IR TH, 4-2AF VA P VvollRiIE 7 s = A 2 HHEYEH L LTH R 2
= b7 74 =gHic ko TRD T2,

Scheme 6: 7TV EHA T, SUSEOSmLA— 7L —7iCce FY FMd#
([Cp*IrCl];HCl) 76.2 mg (0.1 mmol), ZF V') ¥ 36.2mg (0.2 mmol), T2
— (02mmol), 7 FZ7Fr7I7y (ImL)ZMA, TA 78y T20 REiEEE
BafTo7z. JUGK T, 4-7 2 =254 ) ¥y oI E NMR WERFEEEZEIC X Y 5k
D7z,
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2.5.2. {tEYiEHR
3a: 2-phenethylpyrazine!”

Yield: 170.1 mg (92%), yellow oil, (eluent for silica-gel column

N chromatography: hexane / ethyl acetate = 4/1 (v/v))
E : 'H NMR (400 MHz, CDCl;) & 8.53 (m, 1H, aromatic), 8.41 (d, 1H,
N J = 2.4 Hz, aromatic), 8.36 (d, 1H, /= 2.4 Hz, aromatic), 7.29 (m,

5H, aromatic), 3.15 (m, 4H, CH,). BC{!H} NMR (100.5 MHz,
CDCl;) & 156.6 (s, aromatic), 144.6 (s, aromatic), 144.0 (s, aromatic), 142.2 (s, aromatic),
140.6 (s, aromatic), 128.4 (s, aromatic), 128.3 (s, aromatic), 126.1 (s, aromatic), 37.1 (s, CH,),
35.3 (s, CHy).

3b: 2-(4-methylphenethyl)pyrazine!'®
Yield: 172.15 mg (87%), brown crystalline solid, (eluent for

N silica-gel column chromatography: hexane / ethyl acetate = 4/1
» /)
N 'H NMR (400 MHz, CDCls) & 8.52 (m, 1H, aromatic), 8.40 (d,

1H, /= 2.4 Hz, aromatic), 8.35 (d, 1H, /= 2.4 Hz, aromatic),
7.10 (m, 4H, aromatic), 3.13 (m, 4H, CH,), 2.31 (s, 3H, CH3). 3C{'H} NMR (100.5 MHz,
CDCl;) & 156.8 (s, aromatic), 144.6 (s, aromatic), 144.0 (s, aromatic), 142.2 (s, aromatic),
137.6 (s, aromatic), 135.6 (s, aromatic), 129.1 (s, aromatic), 128.2 (s, aromatic), 37.3 (s, CH,),
34.9 (s, CH>), 20.9 (s, CHj3).

3c: 2-(4-methoxylphenethyl)pyrazine'

OMe Yield: 188.5 mg (88%), brown oil, (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 4/1 (v/v))

E ~ 'H NMR (400 MHz, CDCl;) & 8.52 (m, 1H, aromatic), 8.40 (d,

N 1H, /= 2.8 Hz, aromatic), 8.34 (m, 1H, aromatic), 7.09 (m,

2H, aromatic), 6,82 (m, 2H, aromatic), 3.77 (s, 3H, CHs), 3.11

(m, 4H, CH,). BC{!H} NMR (100.5 MHz, CDCl;) & 157.9 (s, aromatic), 156.8 (s, aromatic),

144.7 (s, aromatic), 144.1 (s, aromatic), 142.3 (s, aromatic), 132.7 (s, aromatic), 129.3 (s,
aromatic), 113.8 (s, aromatic), 55.2 (s, CHs), 37.5 (s, CH,), 34.5 (s, CH,).
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3d: 2-(2-([1,1’-biphenyl]-4-yl)ethyl) pyrazine
Yield: 244.6 mg (94%), white crystalline solid. Mp = 80.0 —

Ph
N 81.3° C, (eluent for silica-gel column chromatography: hexane
E S / ethyl acetate = 4/1 (v/v))
N/ '"H NMR (400 MHz, CDCl;) & 8.55 (m, 1H, aromatic), 8.43 (m,

2H, aromatic), 7.59 (m, 2H, aromatic), 7.53 (m, 2H, aromatic),
7.45 (m, 2H, aromatic), 7.33 (m, 1H, aromatic), 7.27 (m, 2H, aromatic), 3.20 (m, 4H, CH.).
BC{!H} NMR (100.5 MHz, CDCl;) & 156.7 (s, aromatic), 144.7 (s, aromatic), 144.1 (s,
aromatic), 142.4 (s, aromatic), 140.9 (s, aromatic), 139.8 (s, aromatic), 139.2 (s, aromatic),
128.8 (s, aromatic), 128.7 (s, aromatic), 127.2 (s, aromatic), 127.1 (s, aromatic), 127.0 (s,
aromatic), 37.2 (s, CHy), 35.0 (s, CH,) Anal. Calcd for Ci;sHisN3; C, 83.04: H, 6.19; N, 10.76.
Found; C, 83.14; H, 6.22; N, 10.56.

3e: N, V-dimethyl-4-(2-(pyrazin-2-yl)ethyl)aniline
NMe, Yield: 204.4 mg (90%), slightly yellow oil, (eluent for silica-

gel column chromatography: hexane / ethyl acetate = 1/1
© (v/¥)
N 'H NMR (400 MHz, CDCl;) & 8.52 (m, 1H, aromatic), 8.40
(m, 1H, aromatic), 8.36 (s, 1H, aromatic), 7.06 (d, 2H, /=
8.4 Hz, aromatic), 6.69 (d, 2H, /= 8.4 Hz, aromatic), 3.1 (m, 2H, CH>), 2.99 (m, 2H, CH),
2.91 (s, 6H CH3). BC{'H} NMR (100.5 MHz, CDCl;) & 157.1 (s, aromatic), 149.2 (s,
aromatic), 144.8 (s, aromatic), 144.0 (s, aromatic), 142.2 (s, aromatic), 129.0 (s, aromatic),
128.7 (s, aromatic), 112.9 (s, aromatic), 40.8 (s, CH3), 37.7 (s, CH,), 34.5 (s, CH,). Anal.
Calcd for Ci4H17N3; C, 73.98; H, 7.54; N, 18.49. Found; C, 74.04; H, 7.41; N, 18.48.

3f: 2-(4-(2-methyl-1,3-dioxolan-2-yl)phenethyl) pyrazine
e ) Yield: 194.4 mg (72%), white crystalline solid. Mp = 81.2 —

ONPAY 82.6 ° C, (eluent for silica-gel column chromatography:
hexane / ethyl acetate = 4/1 (v/v))
E ~ 'H NMR (400 MHz, CDCl3) & 8.54 (m, 1H, aromatic), 8.42
_ N ) (m, 1H, aromatic), 8.38 (m, 1H, aromatic), 7.40 (d, 2H, J=
8.4 Hz, aromatic), 7,18 (d, 2H, J=38.4Hz, aromatic), 4.05 (m,
2H, CH»), 3.79 (m, 2H, CH,), 3.14 (m, 4H, CH,), 1.65 (s, 3H, CH3) BC{'H} NMR (100.5
MHz, CDCl;) & 156.5 (s, aromatic), 144.5 (s, aromatic), 144.0 (s, aromatic), 142.2 (s,
aromatic), 141.1 (s, aromatic), 140.2 (s, aromatic), 128.1 (s, aromatic), 125.3 (s, aromatic),

108.6 (s, CH), 64.3 (s, OCH>), 37.0 (s, CH,), 34.8 (s, CH,), 27.4 (s, CH3). Anal. Calcd for
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CisH1sN2O3; C, 71.09; H, 6.71; N, 10.36. Found; C, 71.19; H, 6.85; N, 10.23.

3g: 2-(4-chlorophenethyl)pyrazine

Yield: 126.6 mg (58%), slightly yellow oil, (eluent for silica-gel

Cl
N column chromatography: hexane / ethyl acetate = 4/1 (v/v))
E N 'H NMR (400 MHz, CDCl;) & 8.53 (m, 1H, aromatic), 8.42 (m,
N/ 1H, aromatic), 8.35 (m, 1H, aromatic), 7.25 (d, 2H, /= 8.0 Hz,

aromatic), 7,10 (d, 2H, /= 8.0 Hz, aromatic), 3.13 (m, 4H, CH>).
BC{'H} NMR (100.5 MHz, CDCl;) & 156.3 (s, aromatic), 144.6 (s, aromatic), 144.1 (s,
aromatic), 142.5 (s, aromatic), 139.1 (s, aromatic), 132.0 (s, aromatic), 129.7 (s, aromatic),
128.6 (s, aromatic), 37.0 (s, CH,), 34.6 (s, CH,). Anal. Calcd for C12H;;CINy; C, 65.91; H,
5.07; N, 12.81. Found; C, 66.08; H, 5.11; N, 12.56.

3h: 2-(3-methylphenethyl) pyrazine

Yield: 178.4 mg (90%), yellow oil, (eluent for silica-gel column

N chromatography: hexane / ethyl acetate = 4/1 (v/v))
E : 'H NMR (400 MHz, CDCl;) & 8.53 (m, 1H, aromatic), 8.41 (m,
N 1H, aromatic), 8.37 (m, 1H, aromatic), 7.19 (m, 1H, aromatic),

7.03 (m, 3H, aromatic), 3.1 (m, 2H, CH,), 3.05 (m, 2H, CH,),
2.32 (s, 3H CHs3). BC{'H} NMR (100.5 MHz, CDCl;) & 156.8 (s, aromatic), 144.7 (s,
aromatic), 144.1 (s, aromatic), 142.3 (s, aromatic), 140.7 (s, aromatic), 138.1 (s, aromatic),
129.2 (s, aromatic), 128.4 (s, aromatic), 126.9 (s, aromatic), 125.4 (s, aromatic), 37.3 (s, CH,),
35.4 (s, CH,), 21.4 (s, CH3). Anal. Calcd for C;sH Ny C, 78.75: H, 7.12; N, 14.13. Found; C,
78.64; H, 7.13; N, 13.96.

3i: 2-(3-fluorophenethyl)pyrazine

Yield: 157.7 mg (78%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 4/1 (v/v))
E s F 'H NMR (400 MHz, CDCl;) & 8.50 (m, 1H, aromatic), 8.39 (s,
N 1H, aromatic), 8.34 (s, 1H, aromatic), 7.23 (m, 1H, aromatic),
6.93 (m, 1H, aromatic), 6.88 (m, 2H, aromatic), 3.11 (m, 4H,
CH).BC{'H} NMR (100.5 MHz, CDCl;) & 164.0 (d, / = 244 Hz, aromatic), 156.1 (s,
aromatic), 144.5 (s, aromatic), 144.0 (s, aromatic), 143.2 (d, J=6.7 Hz, aromatic), 142.4 (s,
aromatic), 129.9 (d, /= 8.6 Hz, aromatic), 124.0 (d, /= 2.9 Hz, aromatic), 115.3 (d, /= 21.0
Hz, aromatic), 113.1 (d, /= 21.0 Hz, aromatic), 36.7 (s, CH>), 34.8 (s, CHz). Anal. Calcd for
Ci2H1:FNy; C, 71.27; H, 5.48; N, 13.85. Found; C, 71.36; H, 5.69; N, 13.07.
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3j: 2-(3-chlorophenethyl)pyrazine

Yield: 207.1 mg (95%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 4/1 (v/v))
E S Clf  'H NMR (400 MHz, CDCl3) & 8.51 (m, 1H, aromatic), 8.40 (m,
N 1H, aromatic), 8.35 (m, 1H, aromatic), 7.26 (m, 3H, aromatic),
7.04 (m, 1H, aromatic), 3.13 (m, 4H, CH,). BC{'H} NMR (100.5
MHz, CDCl;) & 156.2 (s, aromatic), 144.6 (s, aromatic), 144.1 (s, aromatic), 142.7 (s,
aromatic), 142.4 (s, aromatic), 134.2 (s, aromatic), 129.7 (s, aromatic), 128.5 (s, aromatic),
126.5 (s, aromatic), 126.4 (s, aromatic), 36.7 (s, CH,), 34.8 (s, CH;). Anal. Calcd for
C12H11CINy; C, 65.91; H, 5.07; N, 12.81. Found; C, 66.14; H, 5.20; N, 12.70.

3k: 2-(3-(trifluoromethyl)phenethyl) pyrazine
Yield: 226.5 mg (90%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 4/1 (v/v))
E S CFs| 'HNMR (400 MHz, CDCL) & 8.52 (m, 1H, aromatic), 8.41 (m,
N 1H, aromatic), 8.36 (s, 1H, aromatic), 7.46 (m, 4H, aromatic), ,
3.13 (s, 4H, CH,). 3C{'H} NMR (100.5 MHz, CDCl;) & 156.0
(s, aromatic), 144.6 (s, aromatic), 144.1 (s, aromatic), 142.5 (s, aromatic), 141.6 (s, aromatic),
131.8 (s, aromatic), 131.2 (q, /= 31.9 Hz, CF3), 128.9 (s, aromatic), 128.2 (q, aromatic, /=
272.1 Hz), 125.1 (s, aromatic), 123.1 (s, aromatic), 36.8 (s, CHz), 34.9 (s, CH,). Anal. Calcd
for Ci3H11F3sNy; C, 61.90; H, 4.40; N, 11.11. Found; C, 61.96; H, 4.51; N, 10.97.

31: 2-(2-methylphenethyl)pyrazine

Yield: 180.4 mg (91%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 4/1 (v/v))
E N 'H NMR (400 MHz, CDCl;) & 8.54 (m, 1H, aromatic), 8.42 (m, 1H,
N aromatic), 8.38 (m, 1H, aromatic), 7.16 (m, 4H, aromatic), 3.09 (m,
4H, CH,), 2.33 (s, 3H, CH3). BC{'H} NMR (100.5 MHz, CDCls) &
156.8 (s, aromatic), 144.5 (s, aromatic), 144.0 (s, aromatic), 142.2 (s, aromatic), 138.8 (s,
aromatic), 135.8 (s, aromatic), 130.2 (s, aromatic), 128.6 (s, aromatic), 126.2 (s, aromatic),
126.0 (s, aromatic), 35.8 (s, CH,), 32.9 (s, CH,), 19.1 (s, CH3). Anal. Calcd for C13H14N3; C,
78.75; H, 7.12; N, 14.13. Found; C, 78.76; H, 7.18; N, 14.01.
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3m: 2-(2-(naphthalen-2-yl)ethyl)pyrazine
Yield: 196.8 mg (83%), white crystalline solid. Mp = 71.8 —
N OO 72.8 ° C, (eluent for silica-gel column chromatography:
E N hexane / ethyl acetate = 4/1 (v/v))
N 'H NMR (400 MHz, CDCls) & 8.55 (m, 1H, aromatic), 8.41
(m, 1H, aromatic), 8.39 (m, 1H, aromatic), 7.81 (m, 3H,
aromatic), 7.61 (s, 1H, aromatic), 7.46 (m, 2H, aromatic), 7.35 (m, 1H, aromatic), 3.24 (m,
4H, CH,). BC{!H} NMR (100.5 MHz, CDCl;) & 156.7 (s, aromatic), 144.7 (s, aromatic),
144.1 (s, aromatic), 142.4 (s, aromatic), 138.2 (s, aromatic), 133.5 (s, aromatic), 132.1 (s,

aromatic), 128.1 (s, aromatic), 127.6 (s, aromatic), 127.4 (s, aromatic), 127.0 (s, aromatic),
126.6 (s, aromatic), 126.0 (s, aromatic), 125.4 (s, aromatic), 37.1 (s, CH,), 35.5 (s, CH,).
Anal. Calcd for CicHisN»; C, 82.02; H, 6.02; N, 11.96. Found; C, 81.99; H, 5.80; N, 11.98.

3n: 2-(2-(pyridine-4-yl) ethyl) pyrazine
Yield: 129.5 mg (70%), white crystalline solid. Mp = 47.2 -

N\
N ) 47.8 ° C, (eluent for silica-gel column chromatography: ethyl
E : acetate only)
N 'H NMR (400 MHz, CDCl;) & 8.49 (m, 1H, aromatic), 8.46 (m, 2

H, aromatic), 8.39 (m, 1H, aromatic), 8.36 (m, 1H, aromatic), 7.08
(m, 2H, aromatic), 3.12 (m, 4H, CH,). BC{!H} NMR (100.5 MHz, CDCl;) & 155.6 (s,
aromatic), 149.8 (s, aromatic), 149.5 (s, aromatic), 144.5 (s, aromatic), 144.1 (s, aromatic),
142.6 (s, aromatic), 123.7 (s, aromatic), 35.6 (s, CH,), 34.1 (s, CH;). Anal. Calcd for
Ci1Hi1Ns; C, 71.33; H, 5.99; N, 22.69. Found; C, 71.31; H, 5.94; N, 22.65.

30: 2-(2-(thiophen-2-yl)ethyl) pyrazine
Yield: 127.4 mg (67%), white crystalline solid. Mp = 33.3 —

S
N \\ 33.6 ° C, (eluent for silica-gel column chromatography: hexane /
E : ethyl acetate = 4/1 (v/v))
N

'H NMR (400 MHz, CDCl;) & 8.54 (m, 1H, aromatic), 8.42 (m, 1H,

aromatic), 8.40 (m, 1H, aromatic), 7.12 (m, 1H, aromatic), 6.90 (m,
1H, aromatic), 6.77 (m, 1H, aromatic), 3.34 (t, 2H, J="7.2 Hz, CH,), 3.20 (t, J=17.2Hz, 2H,
CH,). BC{'H} NMR (100.5 MHz, CDCl;) & 155.9 (s, aromatic), 144.6 (s, aromatic), 144.0
(s, aromatic), 143.2 (s, aromatic), 142.4 (s, aromatic), 126.7 (s, aromatic), 124.6 (s, aromatic),
123.3 (s, aromatic), 37.1 (s, CH,), 29.0 (s, CH2). Anal. Calcd for C;oH10N2S; C, 63.13; H,
5.30; N, 14.72. Found; C, 62.98; H, 5.08; N, 14.66.
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3p: 2-nonylpyrazine

Yield: 144.4 mg (70%), slightly yellow oil, (eluent for silica-gel
EN\]/\/C7H15 column chromatography: hexane / ethyl acetate = 4/1 (v/v))
N/ "H NMR (400 MHz, CDCl;) 'H NMR (400 MHz, CDCl;) & 8.50 (m,
1H, aromatic), 8.46 (m, 1H, aromatic), 8.40 (m, 1H, aromatic), 2.82
(m, 2H, CHy), 1.75 (m, 2H, CH3), 1.33 (m, 12H, aliphatic) , 0.89 (m, 3H, aliphatic). *C{'H}
NMR (100.5 MHz, CDCl;) & 158.0 (s, aromatic), 144.5 (s, aromatic), 144.0 (s, aromatic),
142.0 (s, aromatic), 35.5 (s, aliphatic), 31.8 (s, aliphatic), 29.4 (s, aliphatic), 29.3 (s, aliphatic),
29.2 (s, aliphatic), 22.6 (s, aliphatic), 14.0 (s, aliphatic). Anal. Calcd for Ci3H22N»; C, 75.68;
H, 10.75; N, 13.58. Found; C, 75.61; H, 10.91; N, 13.39.

3q: 2-(2-cyclohexylethyl) pyrazine

Yield: 163.5 mg (86%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 1/1 (v/v))
E S 'H NMR (400 MHz, CDCl3) & 8.43 (m, 2H, aromatic), 8.33 (m,
N 1H, aromatic) , 2.79 (t, 2H, /= 7.6 Hz, CH,), 1.74 (m, 7H, CH,),
1.27 (m, 4H, CH>), 0.93 (m, 2H, CH3). BC{'H} NMR (100.5 MHz,
CDCl;) & 158.2 (s, aromatic), 144.4 (s, aromatic), 143.9 (s, aromatic), 141.9 (s, aromatic),
37.3 (s, aliphatic), 37.0 (s, aliphatic), 33.0 (s, aliphatic), 32.8 (s, aliphatic), 26.4 (s, aliphatic),
26.1 (s, aliphatic). Anal. Calcd for C12HisN3; C, 75.74; H, 9.53; N, 14.72. Found; C, 75.80; H,
9.60; N, 14.54.

4a: 4-phenethylpyridine®

Yield: 159.3 mg (87%), white crystalline solid, (eluent for silica-gel
X column chromatography: hexane / ethyl acetate = 4/1 (v/v))

NI P 'H NMR (400 MHz, CDCl;) & 8.49 (m, 2H, aromatic), 7.30 (m, 2H,
aromatic), 7.23 (m, 1H, aromatic), 7.16 (m, 2H, aromatic), 7.09 (m,
2H, aromatic), 2.93 (s, 4H, CH,). BC{'H} NMR (100.5 MHz, CDCl5) & 150.4 (s, aromatic),
149.7 (s, aromatic), 140.6 (s, aromatic), 128.4 (s, aromatic), 128.4 (s, aromatic), 126.2 (s,

aromatic), 123.9 (s, aromatic), 37.0 (s, CH,), 36.5 (s, CH,).

4b: 4-(4-methylphenethyl) pyridine?!

Yield: 163.2 mg (83%), white crystalline solid, (eluent for silica-
gel column chromatography: hexane / ethyl acetate = 3/1 (v/v))
NI P '"HNMR (500 MHz, CDCl3) & 8.49 (d, 2H, /= 6.0 Hz, aromatic),
7.10 (m, 6H, aromatic), 2.90 (s, 4H, CH,), 2.32 (s, 3H, CHs).
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BC{!H} NMR (125.0 MHz, CDCl;) & 150.5 (s, aromatic), 149.6 (s, aromatic), 137.5 (s,
aromatic), 135.6 (s, aromatic), 129.0 (s, aromatic), 128.2 (s, aromatic), 123.8 (s, aromatic),
37.1 (s, CHy), 36.0 (s, CH,), 20.9 (s, CHs).

4c: 4-(4-methoxylphenethyl) pyridine??

Yield: 167.8 mg (79%), colorless crystalline solid, (eluent for

OMe
silica-gel column chromatography: hexane / ethyl acetate =
I A 1/2 (v/v))
N & 'H NMR (500 MHz, CDCl3) & 8.48 (m, 2H, aromatic), 7.07

(m, 4H, aromatic), 6,83 (m, 2H, aromatic), 3.79 (s, 3H, CH;),
2.88 (m, 4H, CH,). BC{!H} NMR (125.0 MHz, CDCl;) & 158.0 (s, aromatic), 150.5 (s,

aromatic), 149.7 (s, aromatic), 132.7 (s, aromatic), 129.3 (s, aromatic), 123.9 (s, aromatic),
113.8 (s, aromatic), 55.2 (s, CH,), 37.3 (s, CH,), 35.7 (s, CHs).

4d: 4-(2-([1,1’-biphenyl]-4-yl)ethyl) pyridine
Yield: 211.3 mg (84%), white crystalline solid, (eluent for

silica-gel column chromatography: hexane / ethyl acetate = 1/1
B v/v))

N 'H NMR (500 MHz, CDCl;) & 8.53 (d, / = 6.0 Hz, 2H,
aromatic), 7.62 (m, 2H, aromatic), 7.55 (m, 2H, aromatic),
7.47 (t, /= 7.5 Hz, 2H, aromatic), 7.37 (t, /= 7.5 Hz, 1H, aromatic), 7.24 (d, /= 6.0 Hz, 2H,
aromatic), 7.12 (d, ] =6.0 Hz, 2H, aromatic), 3.00 (m, 4H, CH,). 3C{'H} NMR (125.0 MHz,
CDCl;) & 150.3 (s, aromatic), 149.7 (s, aromatic), 140.7 (s, aromatic), 139.7 (s, aromatic),
139.1 (s, aromatic), 128.7 (s, aromatic), 128.7 (s, aromatic), 127.1 (s, aromatic), 126.9 (s,
aromatic), 123.8 (s, aromatic), 36.9 (s, CH,), 36.1 (s, CH,) Anal. Calcd for C1oH;7N: C, 87.99;

H, 6.61; N, 5.40. Found; C, 87.59; H, 6.67; N, 5.33.

4e: N,N-dimethyl-4-(2-(pyridine-2-yl)ethyl)aniline?
Yield: 199.1 mg (88%), slightly yellow crystal, (eluent for

NMe, .
silica-gel column chromatography: hexane / ethyl acetate =
B 1/4 v/v))
N~ 'H NMR (500 MHz, CDCl;) & 8.48 (d, / = 6.0 Hz, 2H,

aromatic), 7.09 (d, /= 6.0 Hz, 2H, aromatic), 7.03 (d, /= 9.0
Hz, 2H, aromatic), 6.69 (d, /=9.0Hz, 2H, aromatic), 2.92 (s, 6H, CHs3), 2.88 (m, 4H, CH.).
BC{IH} NMR (100.5 MHz, CDCl;) & 150.9 (s, aromatic), 149.6 (s, aromatic), 149.2 (s,

aromatic), 129.0 (s, aromatic), 128.7 (s, aromatic), 124.0 (s, aromatic), 112.9 (s, aromatic),
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40.8 (s, CH3), 37.4 (s, CHy), 35.6 (s, CHy).

4f: 4-(3-chlorophenethyl)pyridine?
Yield: 167.6 mg (77%), slightly yellow oil, (eluent for silica-gel

X cl column chromatography: hexane / ethyl acetate = 1/1 (v/v))
NI P '"H NMR (500 MHz, CDCl;) & 8.50 (d, / = 7.5 Hz, 2H,
aromatic), 7.21 (m, 3H, aromatic), 7.08 (m, 2H, aromatic),
7.02 (m, 1H, aromatic), 2.91 (m, 4H, CH,). BC{'H} NMR (100.5 MHz, CDCl;) & 149.9 (s,
aromatic), 149.8 (s, aromatic), 142.6 (s, aromatic), 134.2 (s, aromatic), 129.7 (s, aromatic),
128.5 (s, aromatic), 126.6 (s, aromatic), 126.5 (s, aromatic), 123.8 (s, aromatic), 36.7 (s, CH,),

36.2 (s, CHy)

4g: 4-(2-methylphenethyl)pyridine

Yield: 170.5 mg (87%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 1/1 (v/v))
N '"H NMR (500 MHz, CDCls) & 8.51 (d, /= 6.0 Hz, 2H, aromatic),
7.15 (m, 6H, aromatic), 2.92 (m, 4H, CH,), 2.30 (s, 3H, CH;).
BC{'H} NMR (125.0 MHz, CDCl;) & 150.6 (s, aromatic), 149.7 (s, aromatic), 138.9 (s,
aromatic), 135.8 (s, aromatic), 130.3 (s, aromatic), 128.7 (s, aromatic), 126.4 (s, aromatic),
126.0 (s, aromatic), 123.8 (s, aromatic), 35.8 (s, CH), 34.0 (s, CH,), 19.2 (s, CHs). Anal.
Calcd for Ci4His5N; C, 85.24; H, 7.66; N, 7.10. Found; C, 85.30; H, 7.74; N, 7.10.

4h: 4-(2-(naphthalen-1-yl)ethyl) pyridine?*
Yield: 209.9 mg (90%), white crystalline solid, (eluent for silica-
O gel column chromatography: hexane / ethyl acetate = 1/2 (v/v))
X O 'H NMR (400 MHz, CDCl;) 'H NMR (400 MHz, CDCL) &
8.52 (m, 2H, aromatic), 8.06 (d, /= 8.0 Hz, 1H, aromatic), 7.90
(d, /=8.0 Hz, 1H, aromatic), 7.76 (d, /= 8.0 Hz, 1H, aromatic),
7.55 (m, 2H, aromatic), 7.39 (t, /= 8.0 Hz, 1H, aromatic), 7.26 (t, /= 8.0 Hz, 1H, aromatic),
7.13 (d, /= 8.0 Hz, 2H, aromatic), 3.41 (m, 2H, CH,), 3.08 (m, 2H, CH,). C{'"H} NMR
(125.0 MHz, CDCl;) & 150.6 (s, aromatic), 149.8 (s, aromatic), 136.6 (s, aromatic), 133.9 (s,
aromatic), 131.6 (s, aromatic), 129.0 (s, aromatic), 127.1 (s, aromatic), 126.2 (s, aromatic),
126.0 (s, aromatic), 125.6 (s, aromatic), 125.5 (s, aromatic), 123.9 (s, aromatic), 123.3 (s,
aromatic), 36.2 (s, CH,), 33.8 (s, CH,).
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4i: 4-(2-(naphthalen-2-yl)ethyl) pyridine**
OO Yield: 201.8 mg (87%), white crystalline solid, (eluent for

silica-gel column chromatography: hexane / ethyl acetate =

| N
N — 1/1 (v/v))

'H NMR (500 MHz, CDCl;) & 8.49 (m, 2H, aromatic), 7.82
(m, 3H, aromatic), 7.57 (s, 1H, aromatic), 7.46 (m, 2H, aromatic), 7.31 (m, 1H, aromatic),
7.10 (d, /= 6.0 Hz, 2H, aromatic), 3.11 (m, 2H, CH,), 3.03 (m, 2H, CH,). BC{'H} NMR
(125.0 MHz, CDCl5) & 150.3 (s, aromatic), 149.7 (s, aromatic), 138.1 (s, aromatic), 133.4 (s,
aromatic), 132.0 (s, aromatic), 128.0 (s, aromatic), 127.6 (s, aromatic), 127.4 (s, aromatic),
127.0 (s, aromatic), 126.6 (s, aromatic), 126.0 (s, aromatic), 125.3 (s, aromatic), 123.9 (s,
aromatic), 36.9 (s, CH,), 36.7 (s, CH,).

5a: 2-phenethylquinoline®

Yield: 188.9 mg (81%), yellow oil, (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 2/1 (v/v))

'H NMR (400 MHz, CDCl;) & 8.11 (m, 1H, aromatic), 8.00
(m, 1H, aromatic), 7.74 (m, 1H, aromatic), 7.69 (m, 1H,
aromatic), 7.48 (m, 1H, aromatic), 7.30 (m, 6H, aromatic), 3.31 (m, 2H, CH>), 3.17 (m, 2H,
CH,). BC{'H} NMR (100.5 MHz, CDCl;) & 161.6 (s, aromatic), 147.7 (s, aromatic), 141.3
(s, aromatic), 136.0 (s, aromatic), 129.2 (s, aromatic), 128.6 (s, aromatic), 128.3 (s, aromatic),
128.2 (s, aromatic), 127.4 (s, aromatic), 126.6 (s, aromatic), 125.8 (s, aromatic), 125.6 (s,
aromatic), 121.4 (s, aromatic), 40.8 (s, CH,), 35.8 (s, CH,).

5b: 4-phenethylquinoline?®

N Yield: 186.3 mg (80%), yellow oil, (eluent for silica-gel column
| /\ chromatography: hexane / ethyl acetate = 4/1 (v/v))

O 'H NMR (400 MHz, CDCl;) 8 8.80 (m, 1H, aromatic), 8.14 (m, 2H,

aromatic), 7.75 (m, 1H, aromatic), 7.60 (m, 1H, aromatic), 7.33, (m,

6H, aromatic), 3.41 (m, 2H, CH,), 3.10 (m, 2H, CH,). BC{'H}

NMR (100.5 MHz, CDCl;) & 150.2 (s, aromatic), 148.3 (s, aromatic), 147.4 (s, aromatic),

140.9 (s, aromatic), 130.3 (s, aromatic), 129.1 (s, aromatic), 128.5 (s, aromatic), 128.4 (s,

aromatic), 127.4 (s, aromatic), 126.4 (s, aromatic), 126.3 (s, aromatic), 123.3 (s, aromatic),
120.9 (s, aromatic), 36.1 (s, CH>), 34.1 (s, CH,).
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5c: 2-phenethylquinoxaline?’

Yield: 217.8 mg (93%), yellow oil, (eluent for silica-gel column
Nj/\/@ chromatography: hexane / ethyl acetate = 4/1 (v/v))

@ S 'H NMR (400 MHz, CDCI;) 5 8.63 (s, 1H, aromatic), 8.09 (m,

N 2H, aromatic), 7.79 (m, 2H, aromatic), 7.31 (m, 5H, aromatic),

3.40 (m, 2H, CH,), 3.21 (m, 2H, CH,). 3C{'H} NMR (100.5

MHz, CDCl;) & 156.4 (s, aromatic), 145.8 (s, aromatic), 142.2 (s, aromatic), 141.2 (s,

aromatic), 140.7 (s, aromatic), 130.0 (s, aromatic), 129.1 (s, aromatic), 129.1, (s, aromatic),

128.8 (s, aromatic), 128.5 (s, aromatic), 128.4 (s, aromatic), 126.2 (s, aromatic), 38.1 (s, CH,),
35.3 (s, CHy).

5d: 4-phenethylpyrimidine?

Yield: 128.6 mg (70%), slightly yellow oil, (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 4/1 (v/v))

'H NMR (400 MHz, CDCl;) 8 9.16 (s, 1H, aromatic), 8.57 (d, 1H,
J = 4.8 Hz, aromatic), 7.30 (m, 2H, aromatic), 7.22 (m, 3H,
aromatic), 7.09 (m, 1H, aromatic), 3.07 (s, 4H, CH,). BC{!H} NMR (100.5 MHz, CDCl;) &
169.4 (s, aromatic), 158.5 (s, aromatic), 156.5 (s, aromatic), 140.4 (s, aromatic), 128.3 (s,
aromatic), 128.2 (s, aromatic), 126.1 (s, aromatic), 120.6 (s, aromatic), 39.3 (s, CH3), 34.6 (s,
CHa).

N
ﬁ\
N =

5e: 3-methyl-4-phenethylpyridine®

Yield: 155.0 mg (79%), slightly yellow oil, (eluent for silica-gel
N column chromatography: hexane / ethyl acetate = 1/4 (v/v))

N 'H NMR (500 MHz, CDCl3) 8 8.35 (m, 2H, aromatic), 7.31 (m,
2H, aromatic), 7.24 (m, 1H, aromatic), 7.17 (m, 2H, aromatic),
7.03 (m, 1H, aromatic), 2.89 (s, 4H, CH,), 2.23 (s, 3H, CHs). 3C{'H} NMR (125.0 MHz,
CDCl;) & 150.7 (s, aromatic), 148.5 (s, aromatic), 147.6 (s, aromatic), 140.9 (s, aromatic),
131.6 (s, aromatic), 128.5 (s, aromatic), 128.4 (s, aromatic), 126.2 (s, aromatic), 123.4 (s,

aromatic), 35.5 (s, CHs), 34.4 (s, CH,), 16.0 (s, CHs).

5f: 1-phenethylisoquinoline®

Yield: 193.6 mg (83%), yellow oil, (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 1/1 (v/v))

'"H NMR (400 MHz, CDCl;) 6 8.49 (d, /= 5.6 Hz, 1H, aromatic),
8.17 (d, / = 4.4 Hz, 1H, aromatic), 7.85 (d, / = 4.4 Hz, 1H,
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aromatic), 7.68 (t, /= 4.4 Hz, 1H, aromatic), 7.61 (t, /= 4.4 Hz, 1H, aromatic), 7.55 (d, /=
5.6 Hz, 1H, aromatic), 7.33 (m, 4H, aromatic), 7.25 (m, 1H, aromatic), 3.63 (m, 2H, CH,),
3.23 (m, 2H, CH,). BC{!H} NMR (100.5 MHz, CDCl3) & 161.0 (s, aromatic), 142.0 (s,
aromatic), 136.2 (s, aromatic), 129.8 (s, aromatic), 128.5 (s, aromatic), 128.4 (s, aromatic),
127.4 (s, aromatic), 127.1 (s, aromatic), 126.9 (s, aromatic), 126.0 (s, aromatic), 125.1 (s,
aromatic), 119.4 (s, aromatic), 37.3 (s, CH,), 35.5 (s, CH,).

6a: 2,5-diphenethylpyrazine?’:

- N Yield: 175.2 mg (60%), white crystalline solid, Mp =
102.3 — 103.6 °C (eluent for silica-gel column

| N: chromatography: hexane / ethyl acetate = 5/1 (v/v))

N TH NMR (400 MHz, CDCl;) & 8.32 (s, 2H, aromatic),

L ) 134 (m, 4H, aromatic), 7.22 (m, 6H, aromatic), 3.14

(m, 8H, CH,). BC{'H} NMR (100.5 MHz, CDCl;) &
153.7 (s, aromatic), 143.6 (s, aromatic), 140.9 (s, aromatic), 128.4 (s, aromatic), 128.4 (s,
aromatic), 126.2 (s, aromatic), 36.8 (s, CH,), 35.5 (s, CH,). Anal. Calcd for CsH2N3: C,
83.30; H, 6.99; N, 9.71. Found; C, 83.28; H, 6.92; N, 9.54.
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KWFFE T, EH IMIEOMEER A v F v 7R IEHA L, D4 U Vv Lfldi% A wC, 13
IR —7Z &N T, Tra—kERle L7z, BkED R T L L Bk — 7 AL 28101
EfTER B e TEL LT RE L7~ (Scheme 1),

KOG FH— D2 - T OGS 2 S ICE 2 5 7210 T4 B x 23R 2 8
X, HEEXA v F v 7] ZEBLZFL WY 257 4TH 3,

Scheme 1. Dehydrogenative Esterification and Dehydrative Etherification by Coupling of

Primary Alcohols Based on Catalytic Function Switching of an Iridium Complex.

Ir catalyst
under Hy * with base
2 R/\OH under Ar
Catalytic Function Switching
OTf
j\ : ~1(0Th),
R0 R . R™ N0 R HO /|r/OH2
+ + =N \ OH
H,O r i 2 H, \ Y N
dehydrative _ dehydrogenative \ Y%
etherification esterification Ir catalyst
3.1. i

GREL RGP ME TN TV 3 BHROAHRERIECIZ, HIWZME LB
WY 7 GRS 2B T 2 C L BEETH 5, LENLZBIAND LI, @0 HMRYE. fil
B BRI 0 D| lheD LEZ 27210 TR 2 HERY 2 # RN IC AR TE 2 2
EDIEHICET L e vz b, 250, DIYOFECRICOZEREZHIEHT L2 1
RGP L EZ CEBOBNY 2155 2 &k, BFEMNICH AV v bS5 & 2 K
REAMNFETH L L 0wR 5, AL FE TR, BEEffg0ERZIWA TE Y | {LFEEFRD
BINERPSH%ETETERICA L2, 20X R LFEEHD Y AT LEXGEHIEZRETH
2EzbILD,

Bl ziE, — T ra =20 FORIGEZE XD (Scheme 2), TORIGIE, FITK 157
FDOERZE: S BUKK T —F UG (reaction A) & I/K3R 2 0 F DER & 5 BiKHER =
2T MUK G (reaction B) 231G T W3, ZDH b, reaction A 13—f%AYIC, EfhiE D
BT 248 0 CHEFT L 40, reaction B 1358, AR T DBI/KRZHICHE L 7&K @i o
FAE T CHEITS 2 OB RIGH TR TH %, BIEE TIC, % DWIEFIC X o TR~ EHE
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Scheme 2. Coupling Reactions Between Two Molecules of a Primary Alcohol.

0]
e = _—
R/\O/\R dehydration 2R O|_|dehydrogenation R)J\O/\R

+ ) . +
reaction A reaction B

H20 2H,

Scheme 2 DI TH 5 T AT AB XN —FT i, TEMNRRKBEEGK D SHEE
L O/NBURERICE 2 £ C, BEMLAVO - TH 2, WITNOEY D EEK T PLEHK
RERA BHABCASFIAE R TW R WS 2 DfbAYIZEHR L 72 & 5 R IZIER—D
STl R ORI AT 2 EORFE X, EHE . BUKFECEIGITH W & 2 filii
I, T=TME~DOBREER G 2 v wiFhwizo, FEFICHERRETh L EELLNT
W3,

Figure 1 i, 2 34D 1ikT v a — A DKE L R 7 LD RSHEE Z RS, 1iRkT A=
— N EPKEZELTTATE FEERL (stepa), TATEeFE 1 HTALa—AE2RIGE &
T~IT 22—V %EEKL (stepb) . ~I T X =L ERBIKEL T AT LEERKT % (step
). LWH3RT Yy THLERINT VS, Az v, BikFET R T AL L Bk
T =7 M LZAT 9 7z id, BikFR(LEERE & ik = — 7 VA UBREZ & o 72l T, 25
WCHINE TGO A ZFHTE 2 X 51, HKalt T 2 08B H 5,

Figure 1. A Plausible Reaction Pathway for Transition Metal Catalyzed Dehydrogenative

Esterification.
overall
transformatlon
“SOH + R )J\ g T2
cat. step a stepc / cat.
H2 —H,
step b /\R

AWFED a2 v+ 7 b % Figure 2 ICR L7z, AWZETIE. BiKFEZ X T AL L [ Ul %
R M) o B E-CROGSEED DT h & 7a EOSMHEEIC L Y | Bikz — 7 % ®
RIICHEET L2 2#HME L7z, b L ZORIGRDOHRICEINTIE, 7 vt 2 Dfiilg{t
& BT B2 RiA e KBS AR KICOREICHFTE %,
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Figure 2. The Concept of "Catalytic Function Switching" in Esterification and

Etherification.

catalyst
+

2R OH

conditions for conditions for

etherification esterification

Catalytic Function Switching

(0]
N~ )J\ S
R” 07 "R !' R” 07 "R
+ F +
Hzo 2 H2
dehydrative _ dehydrogenative
etherification esterification

TAIA—=ADTNTE FRT PV ~OFKEBERIGE, THIa =1 DI —TFT L ~DRKK
JE%FT9 2 & DTE Bl A 1Z Scheme 3 IT/R L 728 D B GBI A3ZE 25 - Tr B 1617, 4]
Z1Z. Peris 5235 L 725% (Scheme3a) Tl KEEX > vV 22 FINAIE 5 2 & TFiKkE
FOGHET L, SRV 7 7 — b OFFTE T CTRBUKSIGSETL TH b INNFIOZHEIC X 2
FRIERERE DY) D B 2 DSBS LT\ % 16, L L7add 6, BKEIRIGIC RS 2 & o s v
35 SN o7z, Albrecht 5T X o THE X N72% (Scheme 3b) Tik, D CN-F
L—MRLTZE D24 YOy LRSI ONE T, 5 OISR T, HEOFRICX 2
fEREREDY) W B2 IC X 0, T a— v oli/kEM s X OBUKBOZ Wz R L T3, L
LAEBL, BUERERELA TRy, 518, EdowFhof] (Scheme 3a,3b) T
b, 20FDOTAa—AHb, | BECIATAZEK T2 LIFERIA T AL, 2D
Koo, MBEDREREDY) b B 21 X 0 BUKFRRIG & BKFIGD &5 & 5% &R H D15
INRCHEFTX 82 2 LI L 72HIRIT L A LR, R, MOMEEX 4 v F v 7%
KT 2720123, WS O2DORERDH L HLTH S, H—IC, HIEREE D DO flERTER{A 2>
SHMNE T 2 SIS LB A iR ERE D — 75 0 A &R ERMICRNTERT 2 2 L BHEEET
HHTE, ZFLTHEIC, HEWE» LRI Y 5 23 FIEAKIED I b, —Do o 2l
LI X ek 2 filill 2 2 L WETcH 200 TH 5,

DL, flEDRERER 4 v F v 73 ) FLERTENE, XV KOO RKISRERFETE
2551y AR DOREICKE CHENT 2 2 L3 TE 5, KfFETlE, HEH D
BEERFFAEL -V e e ) VRN TFEAT 24 Vv Ll 3 Z2HwC,
—Ta—p b0 2 FEOMBIE (BiKkFEL AT AlE XUBKT—T 1) %%
RIiETE e 22 &2 HIELE B, BARWICIR, 7 ra— L 288 &4 2 ikHED X
T bE X KT — 7 i Uil o #RE D8] b 8 2 1S L 72 (Scheme 3¢), AMfF
Teld (BEEEAA v F v 7 ZEBLEZH L WIS AT LE LT, KEARBEELDL L VLS,
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Scheme 3. Catalytic Function Switching Systems for Dehydration and Dehydrogenation of
Benzyl Alcohol.

a) Peris et al. (2008)!"6] o | ﬁ E
| 1 .
e Ph)J\H gy, MGl
P YN0 Ir catalyst 1 ! N cl
neat, 110 °C | AgOTf R ! N-
_Rg_O—H> Ph/\O/ : K/ "Bu |
E Ir catalyst 1 E
b) Albrecht et al. (2018)!17] o ~](oTh),
KOtBu : I l
> Ph)J\H : Ir—OH, |
AN Ir catalyst 2| - / 7 !
Ph™ "OH ™% > pcs + /=N !
o NN | \ |
1s0°c ———=Ph” 0" “Ph 1\ /N !
! "\l !
L. _lrcatalyst2 ______
! OTf),!
c) This Work (@) | ﬁ_“ )2:
I ' I
Cs,CO4 Ph)J\O/\Ph +HO /Ir—OH2 !
Ph/\ Ir catalyst 3 under Ar : —N \N OH !
toluene . == .
reflox  nger;~ P 07 Ph | \_/— p 5
i Ir catalyst 3 E

3.2. MRLER

3.2.1. KISEHHAE

FEHEOOMEETHRIAEINIA VT L[ 31813, ARAKRFEHTCHEETLa—LD
WKBRBBCSOCIC E D 7 P vy eT AT e FEGKRT ol LCfibhTws, 22T
BRAE R coRIGEFEL 72,

F3. brxzy (Iml) 2@ LT, fil#iE (1.0mol%) DA Y v Afilli 3 DR
T, Ry 7ia—i (1.0mmol) Z&ERSH T T 24 FREIKIGE R 25, HWE L
TWBKRICRIG & D b KT — T MAEROCBMERICHETT L, PRy LT —F AR
VK 66% T 5 1172 (Scheme 4),
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Scheme 4. The Reaction of Benzyl Alcohol Using Iridium Catalyst 3.

o~ Ir catalyst 3 (1.0 mol%)‘
Ph™ “OH ™ Ar toluene (1mL) . Ph~ ~0~ “Ph
1.0 mmol reflux, 24 h 66% yield

#HelF T, Scheme 4 OS2 TR 7 4 (1.0 mol%) ZHM L TRy LT L
—ADRIGEAT D & RICOERESBINICEL L, Ry AT ra— 1okt —7 L
Tl <, BUKFEZ R T MAEDETT L, KERE~ Y A58 RBICIGE 84% TfRb
(Scheme 5),

Scheme 5. The Reaction of Benzyl Alcohol Using Iridium Catalyst 3 and Base.

Ir catalyst 3 (1.0 mol%) (@)
Cs,CO03 (1.0 mol%)
/\ h
Ph OH Ar, toluene (1 mL) Ph)J\O/\Ph
1.0 mmol reflux, 24 h 84% yield

Scheme 4 35 X U5 DR S, Bk —T UL EBIKFRZ AT LD & H L 5 % BN
CHETT 2 0% HT 2 2 ERREETH B 2 L Bbh ot 72 Clisicx LT, FEtic
RLTW2 X b hZlboiH T, ZNENEICECRICDHETT 5 X 5 Aol stk
Bite, A VAl 3 2T, Ry IaAaTra—n (5a) OFEH Y T VIRIG
X Y4757 (Table 1),
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Table 1. Coupling Reactions of Benzyl Alcohol (5a) Leading to Benzyl Benzoate (6a) and
Dibenzyl Ether (7a) Under Various Conditions®.

Ir catalyst 3 (1.0 mol%) o)
~ base (1.0 mol%) )]\
> +
Ph OH Ar, solvent, reflux, 24 h  Ph o >ph Ph” 0" > Ph
5a 6a 7a
entry base solvent yield of 6al’! yield of 7a/™
1 - toluene trace 66
2 Cs,CO3 toluene 84 trace
3 Li,COs toluene 38 trace
4 Na,COs toluene 70 2
5 K.COs toluene 80 trace
6!l NaOH toluene 82 2
7t NaOBu toluene 72 2
8 Cs:COs p-xylene 49 6
9 Cs2COs BuOH 43 trace
10 Cs,COs THF 16 trace
110 Cs2COs toluene 92 trace
12 - toluene trace 89

*The reaction was carried out with 5a (1.0 mmol), Ir catalyst 3 (1.0 mol%), base (1.0 mol%), solvent (1.0 mL) under reflux conditions for
24 h. *GC yield. ¢Base (2.0 mol%) were used. ¢Ir catalyst 3 (1.5 mol%) and Cs,COs (1.5 mol%) were used. ¢ Under H; atmosphere.

Entryl 5 X 02 (%, Scheme4 5 X U5 DR TH 2, £3. >V L, KLY 77
Ly RBEF PV T L, READ T L KBEILF PV L F I VL7 R0 VR EDOH
ORI RE R L 72 (entry 2~7), BiKFEL X T MUITHE DAL T CHEIEICHEST
L, BHEMEEL 22138, ICHIEL oz, KXY 7 LADHELE T CRIGEIT» 725%
Eps, KEFE~ VI (6a) OICEDRD F < 84%DICRTHNY % 5 2 72 (entry 2),
Ric, fhoEEEEHWZKIGIC O TR Lz, pF Ly, 7 FATAra—nN, T+
tFu 77y CcoIGIE, v v ERAWERIGL D D 6a DIEIMEL 2o 72 (entry 8~
10), WAHYIC, 4V 27 LfilliE 3 LREEL Y 7 LOFMEEL 1.5mol% I35 Z & T, 6a
DK 92%I1c EFR L, ThzBKkFEL R T UL RBESEMA L Lz, (entry11), —/ T,
AV Yy L 3 2 COKEFHAT 20RO IFFEE T CRIEZITo72 8 2 A, ik
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I — T UEBIRNICHEIT L, VRV IA T =T (Ta)BIE 89% TELNT-T &5 5.
INxzWiKT — T DRSS L L 7z (entry 12),

3.2.2. EHEAKHOBER

BEtans&Frbiic, BT AT—ALDFES Yy TY v A X BKEIRT L
fLicxtd 2 7 v a — 1 o FEE A HIFH % Mgt L7z (Table2), A&ERECE TG X O
BRI BEE (X FAr, AV FS NN-PAFAT ), 7Zx=A, ~uary, =}
O, TATA, P TAFRRFL VT ) EETLERYUATILa— LD RISIRNETIC
D, BWIEETHIS T 2 REFB v O VFEK (6a~6k) #1525 2 LB TE 7k, £z,
AR B LA McEREAET IV IOATAa—ALEDKIED BIFICHETL, %
NEFN6l BL6m ZEFK Lz, F7RLYIRXZ ) — MK BRIGDHER, FFEE DL
R (64%) Tén 2f5F7-, COMIERIR, 1-FA 27X =N, AV ~FH /) —N, v ru~*
VIR =N Tz NI FAT A=AV EDORIIET Vv a— b DT X T )L 60-61
DHELEICHDHEATE, MOWICRCTHII 252 2L BN TE 2, I, YA — A2 HREYHE
ELTHTHNTERNAETKEZ R T AL HETL, 727 b v 6s ZEIEE (90%) TF5
TEHBTET,
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Table 2. Scope of Alcohols for Dehydrogenative Esterification?.

Ir catalyst 3 (1.5 mol%) o
R/\OH Cs,CO3 (1.5 mol%) R)J\O/\R

Ar, toluene, reflux, 24 h

5a-s 6a-s
(0]
o) 0 o
R R
R=H 6a, 89%
= Me 6b, 87% 61, 72% 6m, 85%
=Ph 6¢c, 82%
=F 6d, 92%
=ClI 6e, 96% (0]
=Br 6f, 89%
=1 69, 69% o o
=NO, 6h, 86% )]\ e
= COOMe 6i, 82% C7H17 o C7H17
=CF3 6j, 86%
=CN 6k, 93%
6n, 64%"! 60, 89%
0] (0]
ey OO
6p, 83% 6q, 82901
O
0]
O
(0]
6I’, 87%[b] 65, 90%[0]

“The reaction was carried out with a primary alcohol (1.0 mmol), Ir catalyst 3 (1.5 mol%), Cs,COs (1.5 mmol), and toluene (1.0 mL) under
reflux conditions for 24 h. Isolated yields are shown. "Ir catalyst 3 (3.0 mol%) and Cs>CO; (3.0 mol%) were used. ¢Ir catalyst 3 (1.0 mol%)
and Cs2COs (1.0 mol%) were used under reflux conditions for 17 h.

BT, A2 —=nAicsd 3=k T v a—rORKEM S 0 22 27 UG & 54
7z (Table3), . _RvIArF7ra—n (ba) AR — AV ERIGI T2, TDIGTIE.
BEEBFEBER VN CFBER VIOV EERT L Lnl, REFMBAF L (8a) 28K 91%
THERMIFL LB TE, AFAE, A PF o oo = bolhloEflEE
IRV IATALI—LFEREHWZGAETH, MHIGT 5 XA F v 27 LERY)
(8b-8e) ZEINEKETHL I ENTE, EHIT, 3-7x=A-1-TuxX)—nb 1-F27 %)
—ND XD BEET va— 2V EHEMWTS, FRECIERCAERY) 8f 5 LU 8g #1425
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LB TET,

Table 3. Scope of Alcohols for Dehydrogenative Methyl Esterification?.

Ir catalyst 3 (3.0 mol%)

R/\OH + MeOH _Cs2CO3 (8. O mol%) )J\ -
Ar, toluene, reflux, 48 h
5 8a-g
0] @] O (@]
- ~ -~ ~
©)‘\O /@)J\O /@)‘\O /@)J\O
Cl MeO
8a, 91%!®! 8b, 79% 8c, 85% 8d, 90%
) 0
e (0]
o) o~
~
C-H (0]
02N 7117
8e, 68% 8f, 53%!cl(] 89, 68%!!

*The reaction was carried out with a primary alcohol (1.0 mmol), Ir catalyst 3 (1.5 mol%), Cs.COs (1.5 mmol), methanol (1.0 mL), and
toluene (1.0 mL) under reflux conditions for 48 h. Isolated yields are shown. ®* GC yield. ¢ Toluene (1.5 mL) was used. ¢ Methanol (0.5 mL)
was used.

RiT, KEZEZEHRA T TCO— T ra—roFrEDy 7Y v ik dlikz—Faibics
J B HEEAER ST L7 (Tabled), HEHEBREICAFL, Zou, JOE, 7221
EIREE Z N ZTNEHT 5 X VAT a — VO RGP D b RAF R IIGE THEST L.
WIHT 2RI —FTAEEY) (Tb-Te) #1522 R T&E 7z, 2. A XfuB XV
AN MMICEREAE T2V OAT A= VEATORIGICORI L, T Zn MBIV
Tg i35 e T& 7z, Ibic, VA—NFEHEHOGAE, X7 L LRk, 7 TW
ik & — 7 AL DSEIRIICHEF T L. PRERE QI (60%) TThAfFohiz, &5, i
Wik T na—nThdrrzu~Fh vy Az ) A2 HEWEE LT, XIGd 3 ENiKT —
F T B HREEDINR(61%) TF 5 2 L B TE 1,

69



Table 4. Scope of Alcohols for Dehydrative Etherification®.

N Ir catalyst 3 (1.0 mol%)_
R OH H,, toluene, reflux, 24 h R/\O/\R
5 7a-h
7b, 64% cl Cl
7a, 88% e 7c, 89%
Br Br Ph Ph

. 7f, 83%

7d, 77% 7e, 88%
0]
o o)

79, 71% 7h, 60%! 7i, 57%¢

* The reaction was carried out with a primary alcohol (1.0 mmol), Ir catalyst 3 (1.0 mol%), and toluene (1.0 mL) under reflux conditions for
24 h. Isolated yields are shown. ® Ir catalyst 3 (2.0 mol%) was used. ¢ Ir catalyst 3 (3.0 mol%) was used.

3.2.3. FIEPA] FsRET

COMBEOREA A v F v ZMER ORI R 2 R T 720, Bk — 7 bs X OBikE T X
TN DS G R ATz, R IGIC B T, HETH B 03l o [EINTiETH
Bo A VYT LA 3 IZBEHR T, KBETH DL L AHMONT WS 2, 22T, ZoWHE
RIERLC, EERYBERYCH 2 2 b, WIC X BRI %2 R &7,

T4, KFZFHATT, A VYT LAMIE3Ick), Prz vy IAaTLa—n
(52) %Kk —FTrLL., ¥Y_RvIrz—FL (Ta) 28K LTz, FD%k. KICRE
YooKz mMZ, KEICA V27 L3 23 L 728, KEFEEL, M Z EINL 72,
—F. PAIVBICIZERYTHE YRy IAT—TFARE I N, 91%DINETHE 3
TENTE, BUL fic ity v 4, bz vy, baZlllz, BKkEZRT AL
MIGETo72, T2 &, EOWEER A v F v ZEHIC X W AEBIZ T —TF A5 T R
TNMCYI YD Y IZIEFR—DEHETH O 35 b, 6a BPIFEI L EOLNE, Lok
H% Scheme 6 IR L7z, 2D X I, DT AIICEMEOEE ClliHEELZ U Y &2 2
itk k=7 rbs LOWKBRL AT A LR L TITH 2 LICEIL 72,
COFERIZA Y Y L3 DBEEER A v F v SMER BT 2ERTH B,
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Scheme 6. Sequential Reactions of Etherification and Esterification Based on Function

Switching of Iridium Catalyst.

Ir catalyst 3 (3.0 mol%) |
Ph” “OH yot 3 -

H,, toluene (5 mL)
5a reflux, 24 h

5.0 mmol after reaction

addition of water

aqueous layer \organic layer

N AN

Ph (0] Ph
7a
91% yield
N recovered Ir catalyst
Ph™ "OH Cs,CO3 (3.0 mol%) O
5a Ar, toluene (5 mL), reflux, 24 h Ph)J\O/\Ph
5.0 mmol
6a
73% yield

—Ji Ty RIBKFZZT UL EITV, 2Rk TR — 7 AL &2 1T 9 e KOG
ICBEWTIE, [AROFETIIAEZ BINARETH 572720, =— T WV LITHETL 2w
fE & 7n o 7z,

e A VYU LMBE3 1. BKT — 7 ALRICCEEEIFAIT 2 2 i KL
720 ba DK T — T MUKIEE 3[BT/ 2 A, EINL iz 3B E T, 3L A
EWEME R ) e A RIGITETL, 5 EIEHTY 80% 21 2iEtEa i 5 2 & a8
T% 7 (Scheme7),

Scheme 7. Multiple Reactions Using Recovered Iridium Catalyst 3.

o~ Ir catalyst 3 (1.0 mol%)
Ph OH  H,, toluene (5 mL) Ph/\O/\Ph

5a reflux, 24 h 7a
5.0 mmol
run 1 2 3 4 5
yield of 7a 91 92 87 83 83
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3.3. RICEHEHRE

AIER I 2L v F v 7BEEIC X b, 2Tl = —F AL THI D GRS %5l -
W3 ETFPHING, (o T, ZNENDRIGKEIEIC BT 2 G PERE & H#HEE ROSHREIC D
WTEEEZ{To 77,

3.3.1. ik —FAfLic s i) B HEE KO

AN T — 7 I D W TERZ (T o 72, KRFEHS T ThKT — 7 A ALA5ERRY
WEITL22 &b, KEFEHATICTEZ LI, 4V Ll 3 2 S3EMERE L
TAV YT Le Y FEPRELEZZLEEZONS, CORHMEREES 57201, 1)
Ty Ll 3 AOKFEFEA T, P vEERCmMBGERL, v F Y PR ERE
IHNMR T & - CTHEZE L 72 (Scheme 8a), X b lc, ERRDKIGEEICEIL T, TAra—1%
N U 7=~ °#eEt 217 - 72 (Scheme 8b),

Scheme 8. Investigation of Catalytically Active Species for Dehydrative Etherification.

~](OT), /2:;§\~ ~loTf
\ H

HO /L/OH2 HO I~
=N \N OH toluene (1 mL), reflux, =N \N OH @
\ Y \\ under Hy, 1 h \ Y/ \\
Y Y
0.01 mmol N.D.
Ir catalyst 3
10T, ot
HO M/OHz BnOH (1.0 mmol) . HO \/H b)
=N~ \N OH toluene (1 mL), reflux, =N~ \N OH
\ Y \\ under Hy, 1 h \ Y \\
J Y
0.01 mmol N.D.
Ir catalyst 3

ZOfER. AV Yy LAe P FEOAERIIBN I N ad o7, LizoT, =T—7 1k
ICBTBIEEREIZA V) 7 Ae FY FRETIERL, 4 V27 A3 255G e L <M
LCWwizeEzohd, KREFEMAT CINELAELAEZ#EHBE LTE, Tra—rox—
TMERIG EFEE T 5. T a— L OBKECRICHITI E 720 = — T LAY
DINERR ELZEEZLND,

AV Ty L3 ZiEWE L L — T A biIc B T 2 H#EE RICHRE % Figure 3 IC/R 3,
TP AV LMIEI DT afitfi e T AT AR L, TAa—ADBRALLA Y
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U LR 24T B, T C. TAa— LI LT, BRICTEETE Y 75—}
RERHRE T LT P BINL 2 ERIREIL 2 & %5, RIRIC, ANICIFET 5 T3
—ABREBLET 2 LIk, =—TAzERTrLebic, Taifitzdo4 )Y
v Ll 3 A FET 5,

Figure 3. Proposed Reaction Mechanism for the Etherification of Iridium Catalyst 3.

~ |(OTf),
om

PPN
R" D07 OR OH RGH,OH
\/
\/

Ir catalyst 3
H,O

3.3.2. fiKFT R TFMLIC BT B HEE RICHEERE

feld T, BKFRZ AT MLICOWTEREZIT ), BKFRT X T A bIZ, BERMEHET
TERMIGETT L2226 4 VY7 Ll 3 23EH & o KOG X b jll o1 PEfE Ic 254
INLEZDLONPEYETH D, TORMEMAET 27201, 4V P77 Ll 3 2%&E 0
BORBLL U LEREE T2, ZORER, YHFAVEDA VYT L3 225 20D
7a b vy BREI N, GRS T OBUKFCSOSICER it e LCUETICHE L2, vy
U FF—bEALTFZ2DOHMEDA Y O Lfill 4 (Scheme 9) ICAMI N T W5 Z LA
oz ¥y Lichio T, TRATMURISOMBIETEREIX A U oy il 4 L EZE 2 b5,
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Scheme 9. Investigation of Catalytically Active Species for Dehydrogenative Esterification.

% oy
HO Ir— Cs,C03 (0.3 mmol) 0 Ir—
/ \ OH%)H Ar, toluene (1 mL), /r\ OHQO
=N N— r.t, 10 min N N
\

Y \ \ \

0.3 mmol 80% yield

Ir catalyst 3 Ir catalyst 4

A YTy Lt 4 A 7B 10 ClE, ba DBUKERIGICE Y Ry X T AT e FSER
RT3 e HEI TS, LaL, SHOKISEETIE, REFBEN VYL (6a)
PEIRICE O, RELERIMENGON, COBEAZH, 9, B2 &
ROFEMETH 2, KEEORVYIAT A= VT TA YLy L4 2t e L7
LA, MBOREEBR I (6a) & & HITNVYXT AT FAERFNICAERL -

(Scheme 10),

Scheme 10. The Reaction of Benzyl alcohol (5a) Using Iridium Catalyst 4 at Low

Concentration.

Ir catalyst 4 (1.5 mol%) O O

OH Ar, toluene (15 mL) > )J\ *
reflux, 20 h Ph H Ph O Ph

VR

Ph

5a
0.25 mmol 96% yield trace
c=2.5x10"* mol/L

L2LAaRS, AfEOLICPLIVOREZHS LT, BREEOXRVYI AT La—)L
TTA VY Ll 4 il e LW 2B, BRI L, MEBOR VX T AT
b FEEDICKRBHFBR v I NABMERNICHE b (Scheme 11), 2D X Hic, = AT
DERI R AERBICIE, — T Va—LORELY LT L PEHETHL I L brolz,

Scheme 11. The Reaction of Benzyl Alcohol (5a) Using Iridium Catalyst 4 at High

Concentration.
4 (1.5 mol® 0 0
Ph/\OH Ir catalyst 4 (1.5 moIAa)' )]\ . )J\
Ar, toluene (1 mL) P
reflux, 20 h Ph H Ph O Ph
5a ’ 6a
1.0 mmol trace 82% yield

¢ =1.0x102 mol/lL
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X HiC, Table 1 THE L B RISEAE T T, RV AT AT e FEMFEWE L 35K
JG& A7z (Scheme 12), AIIGREIKETIER VY AT AT KRB LI, XY AT
7 b KA+ Tishchenko Bl 7 v 7)) v 7% L CZ AT ALK T 2 A[HEM 2 H 5, L
DLERS, TORIGTEREFTBR YIRS ER L BP0/, 2O b, T0
St tE Tishchenko B D KIGRIE CTHEIT T 2 DTl R, Ry AT ra— L DlKEIC
IVERLERVYATATE FRRRICEFL TOWERYIALTLa—LERIGL, ~3
T2 — iR AR L. 208 2 EHOBUKRZ R TEBRYOZEFBES v I VIcE
5, LI PUKBEL R T AALDETL T B EHEIIE B 2,

Scheme 12. The Reaction of Benzaldehyde Using Iridium Catalyst 3 and Cs2COs.

0] Ir catalyst 3 (1.5 mol%) )
)J\ Cs,CO;3 (1.5 mol%) )J\ PN
Ph H Ar, toluene (1 mL) Ph é) Ph
reflux, 24 h a
1.0 mmol trace

T, RYIATALA—ALDORIKEL ZTMERIGE 5 mmol A7 — L CfFuw, KL
7KENZAEEIL, EEL7Z. ZOME, TXTAL1LHTFH70. 20F0KELFKE
LTEh, EEIZMZLTWE Z LRI N (Scheme 13),

Scheme 13. The Dehydrogenative Esterification of Benzyl Alcohol (5a) in 5 mmol Scale:
Quantification of Benzyl Benzoate (6a) and the Evolved Hydrogen.

Ir catalyst 3 (1.5 mol%)

0]
0,
Ph/\OH CS2C03 (1.5 mol%) )J\ + 9 H2
Ar, toluene (5 mL) P
reflux, 24 h Ph O Ph
5a ’ 6a
5.0 mmol 82% yield 82% yield

IS DEER L TR 2 . BT A I — A DRikET 2T AL OHETE KGR &
Figure 4 ISR 3, $9°. A VY7 A3 LIEHOKIGIC L 0. 4V 27 Al 4 345K
3% (Scheme9 DFER L V), 7 afhi FOMEEEC X b, AEEMA Y v AR T 234
KL, 20, TAra—ABA4 Yy LORMEICEEST 2, A VY L) FF—
MEAZTFIC X 2 T a — L DGR RIEE S BRIREI TR Y, TArT e FeA4 )Y
L FY NI 24T 5, b <. A V¥ vaboe VY FelfiFEoTa b v
BEIS L, ML 2 KRB I NS &, FHOARFAFREI BEREI NS, ZOoTArTE
FIZRNICEET 2T a— L ERIELT~IT X =L BERTE, 2O~NIT X —
WALEIRRE IV 2 C A T VAERYNIC B iE g, £, MO v — 7 It T
b RO RISRIE P RE S N T B 10,
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Figure 4. Possible Reaction Mechanism for Dehydrogenative Esterification.

/a “loThy,
\
HO \-OH, Base

s ] /\'r'OH2
=N \N OH \\ _ N \N 0
Y Y

Ir catalyst 3 Ir catalyst 4

R”OH
% R. H
0 QA7 ‘%A"XO
=\ H,0 o 7\ .- |
L N OH _ir H
R” TOR' \ = Hz N\ o
\ \_/ N
Il

S 7

|
N/ r\N [ : vacant site
\_/
\/

3.4. W5

KIFFETIR, 4V P 7 L DBEER 4 v 7 v ZERICH D, BT va -z HE
& L7BKRZ AT b X OBOKT — T UL DBHFICEII L e £720 4 U 27 il
3 &HiR AR E LCTHWS C LT, Bk —7 b HBiIKE T 2T AL~ G623 0]
fEchor e RH L, dbic, Bk —7rfbicswC, o Em o FF|H 28]
RETHBZ B R LA, 4027 Al 313, o BikEMic b~T%  DFRER F
WL, OO Z DT PICEZ 2720 CEERED Y] W B 2 3v[ReCTH 2 T L b, Ky
AT LCEBWCHRMETH L LEZLND,



3.5. EEIH

3.5.1. EEREH

2 TORIGPCEBRIERERN T ATV FEHATHITo7%2, 'H XU BC{IHINMR I3
JEOL ECS-400 (400 MHz) % 7z 1%, JEOL ECX-500 (500 MHz) % F\WCHIE L 7=,
FEYIDOH R a~ 7T 7 4 =ik, GL-Sciences #:#d GC353B ¥ vy v 7 U —%
Z 2. (GL-Sciences TC-17 and InertCap 5) % W CHIEEZ{T o720 KEHADHT R v~
257 4 —5H11Z. GL-Sciences fH#Hld GC390 Xy 7 K # 7 L (Molecular Sieve 5A
and Gaskuropack 54) % W CHIE 27> 72, BT L2 v~ 27 7 4 —IF Wako-gel C-200
ZHTT 2 7o TTERSITIEERRETCHR I & v X —TIiT o 70 IEIIRRBE L LT
TS, 2 WIEERNARGEF B TAEIREDb DR vz, [Cp*r(6,6'-
dihydroxy-2,2’-bipyridine) (H.O)](OTf), (iridium catalyst 3),2» [Cp*Ir(2,2'-bipyridine-6,6'-
dionato),] (iridium catalyst 4),22|ZBERICHE > TAK L 72, Z* DA ITH IR 2 A L
TEML 72,

RYVATAI=NDAHY T) VIR EBILRATAREL —F AARKIGD S BRE
Table 1 (BE¥ESAE): 7 A= v SEFA T, 5 mL 2 OEREE I 0.1 mL o¥HKER (0.1 M,
0.0l mmol) %M x. 20 IWHERMEL. KEEELZ, 20Kk, BOTATVEREL, 4
Y2y Afildi 38.3 mg (0.0l mmol) & Py (Iml) #MMA, ~ZAF v I AX—TF—%
FwcER< 10 oL 7=, T, Xy ar7ira— 108.2 mg (1.0 mmol) %N
Zy A A= 120°0CT 24 WEEMEMEIE 21T 5 720 RIS TR, RERB v YL L
URYUNI—TAVONRIIE 7 2 AR REYE L LC, #RIZu~< 7574 =07
X o Tk,

TAIa—ADKRELRTNMLIC BT 2 R EHEGEHOBER

Table2: 7= v EMRT.5mL 2 OREE 1€ 0.1 mL DfREX > w7 LKkAEHK (0.15M, 0.015
mmol) ZMA. 20 SR L, KEBELZ, 20k, HETATVEFEHEL, 4 VY
v Afilh 312.5 mg (0.015 mmol) & b Az (1mL) ZMX, v 74 F v 2 A% —5—%H
VTEIRT 10 R L7, BETCL T v 3 — b (LOmmol) ZMIZ. A4 AstR
i, 120 °CT 24 BERIMEMEIR AT 5 720 EHIES VAT AN T Lo u~ 7T 7 4 —IC
KO HHERT o 7, (GRHEAIE ~% > BFRT F )

FB—BTra—nEe AR ) —NICEBRAEAF LI AT VICEIT 5 REEHEHEOBER
Table3: 7= vEHRAT. 5mL2 HEREEIC 0.1 mL OREEX > 7 LKA (0.30 M, 0.03
mmol) ZhMz. 20 MRITEEMG L. KEEELZ, 0B, BUOTAITVAREL, [V
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v Ll 3 25 mg (0.03 mmol) & Py (1 ml) #iMA, ~ZAF v 7 ZAEx—F7—%HW»
TERTI0 BB LZ, U T.EF—H7ra—1 (1.0mmol) & X%/ —1 (1.0mL)
ZIZ. AA oz 120°CT 48 REfEINERHE 21T o 720 EHMNZ VAT AR T L2
o~ b T77 4 =X ) HEERTo 72, (ARBEAEE ~F 9 v /FEE T F 1)

T va—nrofikr — 7 bic i 5 5E B A EH o BR

Table 4: 7T VST, 5 mL 2 OEERE 14 UV 27 41K 3 8.3 mg (0.01 mmol) & +
VT V(1 ml), FB -7 ra—n (1.0 mmol) ZMAT, Kl TRHNEZKEFEMA T ICE
fal. A A o3z 120°CT 24 FEEINEMRFE 21T o 720 EHINES VAT A AT 12|
b I T4 —ICK YR T o7, (GAREAE ~* 9 v/FigF 1)

T—7Mb, TR T AMCDERRIE

Scheme 6: 7V FEREA T, 30 mL 2 L7 7 23ic4 V¥ v Afii#i 3 128.4 mg (0.15
mmol) & P LT ¥ (5mL), RV I AT a— 541 mg (5.0 mmol) ZM A7z, Kl TR
ZIKRSGFHATICEL L, A A voxz 120°CC 24 BFEINEMERE 2 1T o 700 RUGHK 112,
FOGREGPCK5mL 2Nz, AWEZIH L7z, 2ok, bz y 5mL TKE% 2 RBIYE
WL, AREEEZ, C2hicX ), =—7 VAR EEE S X v, sKJE i il A3 ]I
Iz,

B <. KEZE 60 DIITIBMEL. 4 )7 A3 #EIL 7z, 2Dk, TAITVER
EL, R 7 2 489 mg (0.15 mmol) & P Ay (5 mL)ZhNA. FiR<T 10 0L
72o ZDHR VI AT A3 =)L 541 mg (5.0 mmol) ZfMx., A A v 3z 120°CT 24 I
BB Z 1TV, REFBR Y UV %2157,

BONTFEHEBMBR VLB PRI RYINTZ—TFAUIEEFNFNSIAT AT L IO~
NI 4 I XY B R T o 72, GABEAEE ~F 9 v /ERRT L)

I — 7 AL D A A
Scheme7: 7 A IV EHRA T, 30mL2 17 7 22t A U 27 Afild 341.6 mg (0.05 mmol)
Etrzy(BGml), RYIATAaT—L 541 mg (5.0mmol) ZHNZ 72, Held TRMNEZKE
FHATICEIL L, A A vy z] 120°CT 24 RN 21T 5 72, RUGK T, RIE
BAEPNKS mL 2Nz, EEEZMHILZ, 2o, barxy 5 mL CKEZ 2 BIBES
L. ABfE% 572, cic X b, =— 7 BN EBE T & v, sk il 23 [N &
N7,

294 7 VBUREE, BonkEE 60 MRERMES 2 2 & T A2 EILL, 1 %
A 7 VH RO FIETRISEAT 2 72,
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RIGHHEHRE

Scheme 8a: 7 v = VS T, 5mL 2 OEERE IC4 U 27 4fhiE 3 8.3 mg (0.01 mmol) &
Przy(Iml) ZMA7. Fd TRAZKRFMQNICERL, A4 s2dc 1R
BRHR L 720 ROGK T2, WUEIRME 21TV, WIEEZ AL 72, 2D, 'THNMR (in D;O) i
XYVl E T, v N PO v — 27 0Bl 21T - 72,

Scheme 8b: 7 v =V SEHAUT . 5mL 2 HEEREIC 4 ) 7 L/ 3 8.3 mg (0.01 mmol) &
Przy(Iml) , *RvIAT7ara—a 108.1 mg (1.0 mmol) Al Z 7z, il THMN%KFE
FHSATICEIR L, A4 A v 2hc TIRFRINEEE L 72, SOCK T . BIERIFEZ T, 3
WxEEE L, 2Dk, 'HNMR (inD:0)IC X W p#r 21T\, & F Y FaEo v — 27 ol
ZiTo 7,

Scheme 9: 7V =V SRHIA T, 5 mL 2 HEERE ICA Y 2 v L/l 3 249.5 mg (0.3 mmol) &
R+ 7 4 98.0mg (0.3mmol), Ay (ImL) MMz, =7 FF v 2 2x—F—%H
WCERT 10 2SR L 72, 2 Ok, LR 21T, WEZEE L 2. GBI =
X &y ENEREEYE & LT, 'THNMR (in CD;OD) I X Y #2417 - 72

Scheme 10: 7V =V FEHKX T, 50 mL 2 N7 72224 VY AflE 4 2.0 mg (0.0038
mmol) & P (15mL) , XY I A T7Ara—n 27.0mg (0.25 mmol) ZH Z, & A L3 %
i, 160°CT 24 BrEIMEMEIE 21T o720 RV ATAT b FROREFHR VIV DIEIT
E7 o VEEEEYEE LCHRZ U N T 7 4 — STk o TR 7=,

Scheme 11: 7 ATV EHEHKT. 5 mL 2 ORBEICA V¥ v Ll 4 8.0 mg (0.015 mmol)
Ehrxzv(Iml) Ry a7 a—ii 108.2mg (1.0 mmol) Nz, A 4 Ly 2H 120°C
T 24 MBI 21T o 70 RYXT AT & FRULREFBR VY IALDIGEIIE 7 = =V
EHEEYE L LCH A/~ 7T 7 4 =0T X o TRD 72,

Scheme 12: 7= v FPES T, 5mL 2 HRBEIC 0.1 mL OB+ > ¥ 4 (0.15M, 0.015
mmol) %Mz, 20 TR L, KEEE Lz, 2ok, BOTAITVvEREL, 1)V
7 Lfiis 3 12.5 mg (0.015 mmol) & AT v (ImL) ZMMA, =27 AF v 2 2% —F— %
WTERT 10 B L7z, Hild <. Ry X777 e F 106.1 mg (1.0 mmol) %A,
A noNzrh 120°CC 24 EMEMEHE 2T 0 720 REBFEBS VI LDIERITE 7 = =V
RIEEYE L LC, R B 7T 7 4 =TI ko TR 7z,

Scheme 13: JZ)& % Figure 5 1CR 9 & 5 BIBIROLEEZHA TITo 72, TATVERHKAT.
30 mL 2 07 7 Rk v L 24.5 mg (0.075 mmol), £ V¥ v Afilil 3 62.3 mg
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(0.075 mmol) & by (5 mL)ZM A, Eii<T10 pHHEL 7z, ZDE vy AT La—
b 540.1 mg (5.0 mmol) Z Mz, A A4 A oyZH 120°CC 24 RFEIMEMEHE 2 1T 5 72, REE
By OADIERIZE 7 2 S AR EEYE L LT, #RAZ U~ 2774 =S k> T
Ktz KBEAADIEL, HAE 2Ly MRS NABRE TR L 72, (Fr0 TR,
HASA L LCRHEL 720 KBHADHERF A7 02 b 777 4 =T IC & o> THER L
7. (Figure 6).

Figure 5. [llustration of the Reaction Setup Dehydrogenative Esterification of Benzyl Alcohol

Performed in Scheme 13.

T
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Figure 6. Results of GC Analyses. (a) The Chromatogram of the Evolved Gas by the
Dehydrogenative Esterification of Benzyl Alcohol Performed in Scheme 13. (b) The
Chromatogram of the Standard Gas of Hydrogen.

o UFUYIUAAL L 20
(a)
E 0- Lo E
-20 = - -20
0 1 é Ili 4 é Eli %’ é 9 10
R FER - -
I E VL N min miE% = =5%
1.195 657496 100.00 43301 100.00
DEIDEVEEIN
25 (b) - 25
0 Lo
7257 T ~ T T T T T T T T T T T 7725
0 1 2 3 4 5 6 7 8 9 10
REHEE11 #ER . .
DTy EiE HiE% = =5%
1.190 891712 100.00 58219 100.00
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3.5.2. {LEYIEH

6a: Benzyl Benzoate?: Yield: 94.8 mg (89%), (eluent for silica-gel column chromatography:
hexane / ethyl acetate = 10/1 (v/v))
'"H NMR (400 MHz, CDCl3) 6 8.13 (m, 2H, aromatic), 7.60 (t, 1H, J

(0]
‘ ©)\Om© | = 9 Hz, aromatic),
7.49 (m, 7H, aromatic), 5.40 (s, 2H, CH,). 3C{'H} NMR (100.5 MHz,

CDCl;) § 166.3 (s, COQ), 136.0 (s, aromatic), 132.9 (s, aromatic),
130.0 (s, aromatic), 129.6 (s, aromatic), 128.5 (s, aromatic), 128.3 (s, aromatic), 128.2 (s,
aromatic), 128.1 (s, aromatic), 66.6 (s, CH,).

6b: 4-Methylbenzyl 4-methylbenzoate?: Yield: 104.8 mg (87%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 50/1 (v/v))
"H NMR (400 MHz, CDCl3) 6 7.96 (d, 2H, /= 8.0 Hz aromatic),

(0]
/©)‘\o/\©\ 7.35 (d, 2H, /= 8.0 Hz aromatic), 7.23 (m, 4H, aromatic), 5.31(s,
2H, CH,), 2.40 (s, 3H, CH3), 2.36 (s, 3H, CHs). 3C{'H} NMR
(100.5 MHz, CDCl3) § 166.5 (s, COO), 143.6 (s, aromatic), 137.9 (s, aromatic), 133.1 (s,

aromatic), 129.7 (s, aromatic), 129.2 (s, aromatic), 129.0 (s, aromatic), 128.2 (s, aromatic),
127.4 (s, aromatic), 66.4 (s, CH,), 21.6 (s, CHs), 21.2 (s, CHjs).

6¢: 4-Phenylbenzyl 4-phenylbenzoate?®: Yield: 128.1 mg (82%), (eluent for silica-gel column

chromatography: hexane)

'"H NMR (400 MHz, CDCl3;) § 8.18 (d, 2H, /= 8.8 Hz,

(@]
O o O aromatic) 7.68 (m, 8H, aromatic), 7.56(m, 2H, aromatic),
O O 7.49 (m, 6H, aromatic), 5.44 (s, 2H, CH,). 3C{'H} NMR
(100.5 MHz, CDCl;) & 166.2 (s, COO), 145.7 (s,

aromatic), 141.1 (s, aromatic), 140.6 (s, aromatic), 139.9 (s, aromatic), 135.0 (s, aromatic),
130.2 (s, aromatic), 128.8 (s, aromatic), 128.8 (s, aromatic), 128.7 (s, aromatic), 128.6 (s,
aromatic), 128.1 (s, aromatic), 127.4 (s, aromatic), 127.3 (s, aromatic), 127.2 (s, aromatic),
127.1 (s, aromatic), 127.0 (s, aromatic), 66.4 (s, CH,).

6d: 4-Fluorobenzyl 4-fluorobenzoate?: Yield: 114.0 mg (92%), (eluent for silica-gel column

chromatography: hexane)

o IH NMR (400 MHz, CDCl;) 6 8.09 (m, 2H, aromatic), 7.44 (m,
/@)\O/\@ 2H, aromatic), 7.13 (m, 4H, aromatic), 5.31 (s, 2H, CH,). BC{!H}
= F) NMR (100.5 MHz, CDCl;) 6 167.1 (d, /= 252.6 Hz, aromatic),
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165.4 (s, CO0O), 163.9 (d, /= 246 Hz, aromatic), 132.2 (d, /= 8.5 Hz, aromatic), 131.7 (d, J
= 3.8 Hz, aromatic), 130.3 (d, /= 7.7 Hz, aromatic), 126.2 (d, /= 2.9 Hz, aromatic), 115.6(d,
J=21.9 Hz, aromatic), 66.1 (s, CH>).

6e: 4-Chlorobenzyl 4-chlorobenzoate?’: Yield: 134.7 mg (96%), (eluent for silica-gel column

chromatography: hexane / ethyl acetate = 4/1 (v/v))
'H NMR (400 MHz, CDCl;) 6 8.00 (d, 2H, / = 8.4 Hz,

(6]
/©)\o/\©\ aromatic), 7.42 (d, 2H, / = 8.4 Hz, aromatic), 7.37 (s, 4H,
Cl ClJ aromatic), 5.32 (s, 2H, CH,). BC{'H} NMR (100.5 MHz,
CDCl;) 6 165.4 (s, COO), 139.6 (s, aromatic), 134.3 (s, aromatic), 134.2 (s, aromatic), 131.0

(s, aromatic), 129.6 (s, aromatic), 128.8 (s, aromatic), 128.7 (s, aromatic), 128.3 (s, aromatic),

66.1 (s, CHy).

6f: 4-Bromobenzyl 4-bromobenzoate?*: Yield: 131.3 mg (89%), (eluent for silica-gel column

chromatography: hexane / ethyl acetate = 10/1 (v/v))
o 'H NMR (400 MHz, CDCl;) 6 7.92 (d, 2H, J = 8.8 Hz,
o aromatic), 7.59 (d, 2H, /= 8.4 Hz, aromatic), 7.53 (d, 2H, /=
Br/©)\ /\©\Br 8.4 Hz, aromatic), 7.32 (d, 2H, /= 8.4 Hz, aromatic), 5.30 (s,
2H, CH,). BC{'H} NMR (100.5 MHz, CDCl;) 6 165.6 (s,

COO0), 134.7 (s, aromatic), 131.8 (s, aromatic), 131.8 (s, aromatic), 131.2 (s, aromatic), 129.9
(s, aromatic), 128.7 (s, aromatic), 128.3 (s, aromatic), 122.4 (s, aromatic), 66.1 (s, CH,).

6g: 4-Iodobenzyl 4-iodobenzoate: White solid. Mp = 132.3-133.7 °C; Yield: 161.3 mg (69%),
(eluent for silica-gel column chromatography: hexane / ethyl acetate = 15/1 (v/v))

o IH NMR (400 MHz, CDCl3) § 7.80 (m, 4H, aromatic), 7.72 (d,

/©)LO/\©\ 2H, /= 8.0 Hz, aromatic), 7.18 (d, 2H, /= 8.4 Hz, aromatic), 5.28

I I (s, 2H, CH,). BC{'H} NMR (100.5 MHz, CDCl;) 6 165.7 (s,

COO0), 137.7 (s, aromatic), 137.7 (s, aromatic), 135.3 (s, aromatic), 131.0 (s, aromatic), 130.0

(s, aromatic), 129.2 (s, aromatic), 101.1 (s, aromatic), 94.1 (s, aromatic), 66.1 (s, CH,). Anal.
Calcd for C14H 10,0, C, 36.24; H, 2.17. Found; C, 36.34; H, 2.35.

6h: 4-Nitrobenzyl 4-nitrobenzoate?*: Yield: 129.6 mg (86%), (eluent for silica-gel column
chromatography: CHCl;)

IH NMR (400 MHz, CDCls;) 6 8.33 (m, 6H, aromatic), 7.64

(6]
/@J\o/\@ (d, 2H, /= 8.4 Hz, aromatic), 5.50 (s, 2H, CH>). BC{'H} NMR
O,N NO (100.5 MHz, CDCl3) § 164.2 (s, COO), 150.8 (s, aromatic),

2
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147.9 (s, aromatic), 142.3 (s, aromatic), 134.8 (s, aromatic), 130.9 (s, aromatic), 128.6 (s,
aromatic), 124.0 (s, aromatic), 123.7 (s, aromatic), 66.0 (s, CHa).

6i: 4-(Methoxycarbonyl) benzyl methyl terephthalate?®: Yield: 134.3 mg (82%), (eluent for
silica-gel column chromatography: hexane / ethyl acetate = 5/1 (v/v))
5 IH NMR (400 MHz, CDCl;) 6 8.15 (m, 4H, aromatic),
o 8.08 (d, 2H, /= 8.4 Hz, aromatic), 7.52 (d, 2H, /= 8.4 Hz,
/O\H/©)J\ /\©\H/O\ aromatic), 5.43 (s, 2H, CH,), 3.94 (s, 3H, CHs), 3.92 (s,
O O 3H, CHas). *C{'H} NMR (100.5 MHz, CDCl;) § 166.6 (s,
CO0), 166.2 (s, CO0O), 165.4 (s, COO), 140.6 (s, aromatic), 134.1 (s, aromatic), 133.5 (s,

aromatic), 130.1 (s, aromatic), 129.9 (s, aromatic), 129.7 (s, aromatic), 129.6 (s, aromatic),
127.8 (s, aromatic), 66.3 (s, CH,), 52.5 (s, CHs), 52.2 (s, CHjs).

6j: 4-(Trifluoromethyl) benzyl 4- (trifluoromethyl)benzoate?: Yield: 149.5 mg (86%), (eluent
for silica-gel column chromatography: hexane / CHCl; = 3/1 (v/v))
o) '"H NMR (400 MHz, CDCl;) 6 8.21 (d, 2H, J = 8.4 Hz,
/©)\o/\©\ aromatic), 7.73 (d, 2H, /= 8.4 Hz, aromatic), 7.67 (d, 2H, /=
FsC CF3] 8.4 Hz, aromatic), 7.58 (d, 2H, /= 8.0 Hz, aromatic), 5.45 (s,
2H, CH,). BC{'H} NMR (100.5 MHz, CDCl3) 6 165.0 (s,
COO0), 139.5 (s, aromatic), 135.2 (q, /= 32.4 Hz, aromatic), 132.9 (s, aromatic), 131.1 (q, /
= 32.4 Hz, aromatic), 130.1 (s, aromatic), 128.3 (s, aromatic), 128.0 (q, CFs, /= 270.8 Hz),

127.6 (q, CF3, /= 270.8 Hz), 125.7 (q, aromatic, /=3.8 Hz), 125.6 (q, aromatic, /= 3.8 Hz),
66.1 (s, CH,).

6k: 4-Cyanobenzyl 4-cyanobenzoate?: Yield: 122.3 mg (93%), (eluent for silica-gel column
chromatography: CHCl;)

5 '"H NMR (400 MHz, CDCl;) 6 8.18 (d, 2H, / = 8.0 Hz,
/@)‘\O aromatic), 7.78 (d, 2H, /= 8.4 CHz, aromatic), 7.72 (d, 2H,

NG /\©\CN = 8.4 Hz, aromatic), 7.56 (d, 2H, /= 8.8 Hz, aromatic), 5.44
(s, 2H, CH,). BC{H} NMR (100.5 MHz, CDCl3) 6 164.4 (s,

COO0), 140.4 (s, aromatic), 133.2 (s, aromatic), 132.4 (s, aromatic), 132.2 (s, aromatic), 130.1

(s, aromatic), 128.4 (s, aromatic), 118.3 (s, aromatic), 117.7 (s, aromatic), 116.6 (s, CN),
112.2 (s, CN), 66.1 (s, CHy).

61: 3-Methylbenzyl 3-methylbenzoate: Yield: 85.9 mg (72%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 50/1 (v/v))
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o !H NMR (400 MHz, CDCl;) § 7.91 (m, 2H, aromatic), 7.39 (m,
\©)Lo/\©/ 5H, aromatic), 7.18 (m, 1H, aromatic), 5.35 (s, 2H CH,), 2.41 (s,

3H CH3), 2.40 (s, 3H CH3). BC{*H} NMR (100.5 MHz, CDCl3) 6
166.6 (s, COQO), 138.2 (s, aromatic), 138.1 (s, aromatic), 136.0 (s, aromatic), 133.7 (s,
aromatic), 130.2 (s, aromatic), 130.1 (s, aromatic), 128.9 (s, aromatic), 128.9 (s, aromatic),

128.5 (s, aromatic), 128.2 (s, aromatic), 126.8 (s, aromatic), 125.3 (s, aromatic), 66.7 (s, CH,),
21.4 (s, CH3), 21.2 (s, CHj3).

6m: 2-Methylbenzyl 2-methylbenzoate®: Yield: 101.9 mg (85%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 7/1 (v/v))

o '"H NMR (400 MHz, CDCl3) 6 8.00 (d, 1H, /= 8.0 Hz, aromatic),
@J\o/\@ 7.47 (m, 2H, aromatic), 7.32 (m, 5H, aromatic), 5.40 (s, 2H, CH,),

2.66 (s, 3H, CH3), 2.46 (s, 3H, CH3). BC{'H} NMR (100.5 MHz,
CDCl;) 6 167.2 (s, COO), 140.3 (s, aromatic), 136.9 (s, aromatic), 134.0 (s, aromatic), 131.7
(s, aromatic), 131.7 (s, aromatic), 130.6 (s, aromatic), 130.3 (s, aromatic), 129.3 (s, aromatic),

129.2 (s, aromatic), 128.4 (s, aromatic), 126.0 (s, aromatic), 125.6 (s, aromatic), 64.8 (s, CH>),
21.7 (s, CH3), 18.9 (s, CHj3).

6n: 1-Naphthylmethyl 1-naphthoate?*: Yield: 100.7 mg (64%), (eluent for silica-gel column

chromatography: hexane)
'"H NMR (400 MHz, CDCl;) 6 8.98 (d, 1H, /= 8.8 Hz, aromatic),

(0]
O o ‘ 8.20 (m, 2H, aromatic) , 8.00 (d, 1H, /= 7.6 Hz, aromatic), 7.93 (m,
O 3H, aromatic), 7.70 (d, 1H, / = 6.8 Hz, aromatic), 7.61 (m, 6H,
aromatic), 5.91 (s, 2H, CH,). 3C{'H} NMR (100.5 MHz, CDCl;) §

167.3 (s, COO), 133.8 (s, aromatic), 133.5 (s, aromatic), 131.8 (s, aromatic), 131.5 (s,
aromatic), 131.4 (s, aromatic), 130.5 (s, aromatic), 129.4 (s, aromatic), 128.8 (s, aromatic),

128.5 (s, aromatic), 127.8 (s, aromatic), 127.7 (s, aromatic), 126.8 (s, aromatic), 126.7 (s,

aromatic), 126.2 (s, aromatic), 126.0 (s, aromatic), 125.8 (s, aromatic), 125.3 (s, aromatic),
124.5 (s, aromatic), 123.7 (s, aromatic), 65.2 (s, CH,).

60: Octyl octanoate™: Yield: 111.4 mg (89%), (eluent for silica-gel column chromatography:
hexane / ethyl acetate = 9/1 (v/v))

0 '"H NMR (400 MHz, CDCl3) 6 4.04 (t, 2H, /= 6.8

/\/\/\)J\o/\/\/\/\ Hz, OCH,), 2.28 (t, 2H, /= 7.6 Hz, COCH,), 1.61

(4H, m, CH,), 1.28 (m, 18H, CH>), 0.88 (t, 6H, /=

5.6 Hz, CH3). BC{'H} NMR (100.5 MHz, CDCl3) 6 173.9 (s, COO), 64.3 (s, OCH3), 34.3
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(s, aliphatic), 31.7 (s, aliphatic), 31.6 (s, aliphatic), 29.2 (s, aliphatic), 29.1 (s, aliphatic), 29.1
(s, aliphatic), 28.9 (s, aliphatic), 28.6 (s, aliphatic), 25.9 (s, aliphatic), 25.0 (s, aliphatic), 22.6
(s, aliphatic), 22.5 (s, aliphatic), 14.0 (s, aliphatic).

6p: 4-Methylpentyl 4-methylpentanoate®': Yield: 83.4 mg (83%), (eluent for silica-gel column

chromatography: hexane)
) 'H NMR (400 MHz, CDCl;) 6 4.06 (t, 2H, /= 6.8 Hz, OCH,),
‘NOW 2.32 (t, 2H, /= 6.8 Hz, COCH,), 1.62 (m, 6H, CH,), 1.25 (m, 2H,

CH), 0.90 (m, 12H, CH3). BC{!H} NMR (100.5 MHz, CDCl;) &
174.1 (s, COO), 64.6 (s, OCH>), 35.0 (s, aliphatic), 33.8 (s, aliphatic), 32.4 (s, aliphatic),
27.7 (s, aliphatic), 27.6 (s, aliphatic), 26.5 (s, aliphatic), 22.4 (s, aliphatic), 22.2 (s, aliphatic).

6q: Cyclohexylmethyl cyclohexanecarboxylate?*: Yield: 92.0 mg (82%), (eluent for silica-gel
column chromatography: ethyl acetate)
"H NMR (400 MHz, CDCl;) 6 3.87 (d, 2H, /= 6.4 Hz, OCH>), 2.32

(0]
‘ O)‘\O/\O (m, 1H, COCH_), 1.91 (m, 2H, CH,), 1.73 (m, 9H, CH>), 1.48 (m, 2H,
CH,), 1.32 (m, 6H, CH,), 1.00 (m, 2H, CH,). BC{!H} NMR (100.5
MHz, CDCl;3) 6 176.1 (s, COO), 69.2 (s, OCH>), 43.2 (s, aliphatic),

37.1 (s, aliphatic), 29.6 (s, aliphatic), 29.0 (s, aliphatic), 26.3 (s, aliphatic), 25.7 (s, aliphatic),
25.6 (s, aliphatic), 25.4 (s, aliphatic).

6r: 2-Phenylethyl phenylacetate 32: Yield: 105.3 mg (87%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 4/1 (v/v))

o 'H NMR (400 MHz, CDCl;) § 7.39 (m, 8H, aromatic), 7.21 (m,

©\/U\O/\/© 2H, aromatic), 4.38 (t, 2H, /= 6.8 Hz, OCH>), 3.67, (s, 2H, CH>),

3.00 (t, 2H, /= 6.8 Hz, CH;). *C{'H} NMR (100.5 MHz, CDCl5)

6 171.4 (s, COO), 137.7 (s, aromatic), 133.9 (s, aromatic), 129.2 (s, aromatic), 128.9 (s,

aromatic), 128.5 (s, aromatic), 128.4 (s, aromatic), 127.0 (s, aromatic), 126.5 (s, aromatic),
65.3 (s, OCHz), 41.4 (s, aliphatic), 35.0 (s, aliphatic).

6s: Isobenzofuran-1(3H)-one?: Yield: 120.4 mg (90%), (eluent for silica-gel column
chromatography: hexane)
o IH NMR (400 MHz, CDCl;) 6 7.93 (m, 1H, aromatic), 7.70 (m, 1H, aromatic),
@iﬁo 7.55 (m, 2H, aromatic), 5.32 (s, 2H, CH,). BC{!H} NMR (100.5 MHz, CDCl;)
6 171.1 (s, COO), 146.5 (s, aromatic), 134.0 (s, aromatic), 129.0 (s, aromatic),
125.7 (s, aromatic), 122.1 (s, aromatic), 69.6 (s, CH,).
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8a: Methyl benzoate®: GC Yield: 91%

'H NMR (400 MHz, CDCl;) § 8.05 (m, 2H, aromatic), 7.57 (m, 1H,
aromatic), 7.45 (m, 2H, aromatic), 3.91 (s, 3H, OCHs3). BC{!H} NMR (100.5
MHz, CDCl;) 6 167.0 (s, COO), 132.8 (s, aromatic), 130.1 (s, aromatic),
129.5 (s, aromatic), 128.3 (s, aromatic), 52.0 (s, OCHs).

8b: Methyl 4-methylbenzoate®: Yield: 122.6 mg (79%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 10/1 (v/v))
) '"H NMR (400 MHz, CDCl;) 6 7.94 (d, 2H, /= 7.6 Hz, aromatic), 7.24 (d,
/@)J\o/ 2H, J= 7.6 Hz, aromatic), 3.90 (s, 3H, OCH3), 2.40 (s, 3H, CH3). 3C{'H}
NMR (100.5 MHz, CDCl;) 6 167.2 (s, COO), 143.5 (s, aromatic), 129.6
(s, aromatic), 129.1 (s, aromatic), 127.4 (s, aromatic), 51.9 (s, OCHs), 21.6 (s, CHs).

8c: Methyl 4-chlorobenzoate®®: Yield: 145 mg (85%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 10/1 (v/v))

"H NMR (400 MHz, CDCl3) 6 7.98 (d, 2H, /= 8.8 Hz, aromatic), 7.41 (d,
2H, /= 8.4 Hz, aromatic), 3.91 (s, 3H, OCH3). “C{'H} NMR (100.5 MHz,
CDCl;) § 166.2 (s, COO), 139.3 (s, aromatic), 131.0 (s, aromatic), 128.7
(s, aromatic), 128.5 (s, aromatic), 52.3 (s, OCHj).

8d: Methyl 4-methoxybenzoate®: Yield: 149.5 mg (90%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 10/1 (v/v))
0 '"H NMR (400 MHz, CDCl;) 6 8.00 (d, 2H, /= 6.8 Hz, aromatic), 6.92
/@J\o/ (d, 2H, /= 8.8 Hz, aromatic), 3.88 (s, 3H, OCH3), 3.85 (s, 3H, OCH3).
MeO BC{'H} NMR (100.5 MHz, CDCly) 6§ 166.8 (s, COO), 163.3 (s,
aromatic), 131.5 (s, aromatic), 122.5 (s, aromatic), 113.5 (s, aromatic),
55.4 (s, OCHs3), 51.8 (s, OCHj).

8e: Methyl 4-nitrobenzoate®: Yield: 121.3 mg (68%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 8/1 (v/v))

o) 'H NMR (400 MHz, CDCls;) § 8.31 (m, 2H, aromatic), 8.23 (m, 2H,
/@*o/ aromatic), 3.98 (s, 3H, CHs). BC{'H} NMR (100.5 MHz, CDCl3;) §
O,N 165.2 (s, COO), 150.5 (s, aromatic), 135.4 (s, aromatic), 130.7 (s,

aromatic), 123.5 (s, aromatic), 52.8 (s, OCHs).
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8f: Methyl dihydrocinnamate®®: Yield: 89.1 mg (53%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 10/1 (v/v))
o !H NMR (400 MHz, CDCls) 6 7.31 (m, 5H, aromatic), 3.67 (s, 3H, CHs),
©/\)\O/ 3.00 (d, 2H, /= 7.6 Hz CH,), 2.66 (d, 2H, /= 8.6 Hz CH). *C{'H} NMR
(100.5 MHz, CDCl3) 6 173.4 (s, COO), 140.5 (s, aromatic), 128.5 (s,
aromatic), 128.3 (s, aromatic), 126.3 (s, aromatic), 51.6 (s, OCHs), 35.7 (s, CH,), 30.9 (s,
CHa).

8g: Methyl octanoate®: Yield: 107.6 mg (68%), (eluent for silica-gel column chromatography:
hexane / ethyl acetate = 8/1 (v/v))
o '"H NMR (400 MHz, CDCls) 6 3.66 (s, 3H, CH3), 2.32 (t, 2H, /=7.6
/\/\/\)J\o/ Hz, OCH>), 1.63 (m, 2H, CH,), 1.31 (m, 8H, CH>), 0.89 (t, 3H, /=
6.4 Hz, CH3). BC{'H} NMR (100.5 MHz, CDCl3) & 174.4 (s, COO),
51.5 (s, OCH3), 34.1 (s, aliphatic), 31.6 (s, aliphatic), 29.1 (s, aliphatic), 28.9 (s, aliphatic),
24.9 (s, aliphatic), 22.6 (s, aliphatic), 14.1 (s, aliphatic).

7a: Dibenzyl ether’”: Yield: 87.1 mg (88%), (eluent for silica-gel column chromatography:
hexane / ethyl acetate = 9/1 (v/v))

‘ ©/\O/\© IH NMR (400 MHz, CDCl;) § 7.43 (m, 10H, aromatic), 4.62 (s, 4H,

CH,). BC{'H} NMR (100.5 MHz, CDCl;) § 138.2 (s, aromatic),
CH,).

128.4 (s, aromatic), 127.7 (s, aromatic), 127.6 (s, aromatic), 72.0 (s,

7b: 4,4’-(Oxybis(methylene))bis(methylbenzene)®: Yield: 72.5 mg (64%), (eluent for silica-

gel column chromatography: hexane / ethyl acetate = 9/1 (v/v))

‘ o '"H NMR (400 MHz, CDCl;) 6 7.26 (d, 4H, /= 8.0 Hz, aromatic),

/©/\ /\©\’ 7.17 (d, 4H, /= 8.0 Hz, aromatic), 4.50 (s, 4H, CH>), 2.35 (s, 6H,
CH;). BC{!H} NMR (100.5 MHz, CDCl;) 6 137.2 (s, aromatic),

135.2 (s, aromatic), 129.0 (s, aromatic), 127.9 (s, aromatic), 71.7 (s, CH,), 21.2 (s, CH3).

7c: 4,4’-(Oxybis(methylene))bis(chlorobenzene): Yield: 119.1 mg (89%), (eluent for silica-

gel column chromatography: hexane / ethyl acetate = 9/1 (v/v))
/@/\O/\@
Cl Cl

IH NMR (400 MHz, CDCl;) § 7.34 (m, 8H, aromatic), 4.51 (s,
aromatic), 133.5 (s, aromatic), 129.0 (s, aromatic), 128.6 (s, aromatic), 71.4 (s, CH,).

4H, CH,). “C{'H} NMR (100.5 MHz, CDCl;) & 136.5 (s,
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7d: 4,4'-(Oxybis(methylene))bis(bromobenzene)*: Yield: 136.1 mg (77%), (eluent for silica-

gel column chromatography: hexane / ethyl acetate = 9/1 (V/V))
/@/\ :/\©\
Br Br

'H NMR (400 MHz, CDCl;) § 7.47 (m, 4H, aromatic), 7.23 (m,

4H, aromatic), 4.47 (s, 4H, CH,). BC{'H} NMR (100.5 MHz,
CDCl;) 6 137.0 (s, aromatic), 131.5 (s, aromatic), 129.3 (s, aromatic), 121.5 (s, aromatic),
71.4 (s, CH,).

7e: 4,4’-(Oxybis(methylene))di-1,1’-biphenyl*!: Yield: 155.8 mg (88%), (eluent for silica-gel
column chromatography: hexane / ethyl acetate = 9/1 (v/v))
'H NMR (400 MHz, CDCl;) 6 7.61 (m, 8H, aromatic),

(0]
7.48 (m, 8H, aromatic), 7.37 (m, 2H, aromatic), 4.64 (s,
O O 4H, CH,). BC{'H} NMR (100.5 MHz, CDCl;) 6 140.9 (s,

aromatic), 140.6 (s, aromatic), 137.3 (s, aromatic), 128.8

(s, aromatic), 128.3 (s, aromatic), 127.3 (s, aromatic), 127.2 (s, aromatic), 127.1 (s, aromatic),
71.9 (s, CH,).

7f: 3,3’-(Oxybis(methylene))bis(methylbenzene)*!: Yield: 96.4 mg (83%), (eluent for silica-
gel column chromatography: hexane / ethyl acetate = 9/1 (v/v))

‘\©/\o/\©/ 'H NMR (400 MHz, CDCl3) & 7.27 (m, 2H, aromatic), 7.20 (m,

4H, aromatic), 7.12 (m, 2H, aromatic), 4.52 (s, 4H, CH,), 2.36 (s,

6H, CHj3). BC{'H} NMR (100.5 MHz, CDCl3) & 138.2 (s,
aromatic), 138.0 (s, aromatic), 128.5 (s, aromatic), 128.3 (s, aromatic), 128.3 (s, aromatic),
124.9 (s, aromatic) 72.2 (s, CH), 21.4 (s, CHs).

7g: 2,2’-(Oxybis(methylene) )bis(methylbenzene)*?: Yield: 80.3 mg (71%), (eluent for silica-
gel column chromatography: hexane / ethyl acetate = 19/1 (v/v))
'H NMR (400 MHz, CDCl;) 6 7.27 (m, 2H, aromatic), 7.11 (m, 6H,

@/\o/\@ aromatic), 4.46 (s, 4H, CH,), 2.23 (s, 6H, CHs). BC{'H} NMR (100.5

MHz, CDCls;) 6 136.6 (s, aromatic), 136.2 (s, aromatic), 130.2 (s,
aromatic), 128.6 (s, aromatic), 127.7 (s, aromatic), 125.7 (s, aromatic) 70.7 (s, CH>), 18.7 (s,
CHs).

7h: 1,3-Dihydroisobenzofuran®: Yield: 72 mg (60%), (eluent for silica-gel column
chromatography: hexane / ethyl acetate = 4/1 (v/v))
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'H NMR (400 MHz, CDCl3) 6 7.29 (m, 4H, aromatic), 5.13 (s, 4H, CH,).
BC{!H} NMR (100.5 MHz, CDCls) § 139.0 (s, aromatic), 127.2 (s, aromatic),
120.9 (s, aromatic), 73.6 (s, CH,).

7i: (oxybis(methylene))dicyclohexane*: Yield: 64.8 mg (61%), (eluent for silica-gel column

chromatography: hexane)

O/\O/\O '"H NMR (400 MHz, CDCl;) 6 3.18 (d, 4H, CH3), 1.80 (m, 12H,

CH,), 1.60 (m, 2H, CH), 1.30 (m, 4H, CH>), 0.97 (m, 4H, CH,).
aliphatic), 26.7 (s, aliphatic), 25.9 (s, aliphatic).

BC{'H} NMR (100.5 MHz, CDCl;) 6§ 38.0 (s, CHs), 30.1 (s,
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AV Py LEEEMEIC X B
y-795u27 e 1,4-T2TF—n
D77 b vLEkRLEEICLE
A4 F 74 PRI Y R T b DFA%E
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BE

AEFFET, FEER14- T2V F =D y-7Fu 727 b v~DfiikFEZ 7 b ALB IO
WRIGTH S y-7Fa 727 b v OKFCRICOMER ZFRFE L 72, UHEELFAFK Lz
Y FF—bHORNTZS D4V Py Ll v, SABY CRIS%ZITS & BikE 7
7 b VALBIITTERNICGETT 2 2 L 2 AL 72, 7. KRFHA N CH—D4 VY Y 4
it & 6,6'-t Fu ¥ -22-v v vBIUP M) FAT IVERMLTKIESEITS &,
WRIGTH L, y-7F8 77 bbb 1,4-7 2 v I F —VOKFMRKIGH T ITE R HE
T2 %R Lz, TNOLDOREREZD i, RilinGHEER (1,4-72 v F =0, y-
7Fu T b)) ARG LWKERE Y 2T LD A FEH L 72 (Scheme 1),

Scheme 1. Iridium Catalyzed Dehydrogenative Lactonization of 1,4-Butanediol and Reversal

Hydrogenation: New Hydrogen Storage System Using Cheap Organic Resources.

Ir catalyst g HO Ir\’OH2
ligand
OH + 2H =N
130 - 140 °C 7 \
" Hy(8at 4
2 (8 atm) Ir catalyst

4.1. FFem

AR, KBIEREGS AT HEN AR ALF—HE LTHEHINTW S 13, kE
X, LR F 2 RAETE DL e BRIANF — R EDRA BT ANF — %2 B 5 1ME
WHFTZeRTE, T, BRI AV —FELEL TAALF LD 7 ) — VERE
WEWIREAB L, LA L, KRIEREEZFET 22T, HRFEETIAETH D
72, REPOMENRITK Y 2T LORMAEPEECTH L LEZLNT VD,

KBTI > A 7 L OFHFIC T, BFEKE N AR aR-C KR T OWMAKBIIRICIH E D | KE
W Ea, Fa v ~"A K74V A=KV F /) Fa—77 EDOBEE 728k 4 I iF5Ee 3T
bTnd ¥, LhrLhdio, REECRFE. AdoER, VR LERICX 251,
BLEIC BB O AFM A EOMELRH B L W2 D,

o XS R oHF, BERILAYNIOKFEEZR Y AZE 2 2 LT, REIPOIY RS
IR - EARRE CKFR R IR TE 5, AL F 74 FEHWIZKE Y 27 205
WCHEBEPET 5T S, HHANA P74 FERHOIKRITHY A7 003, VY v, &
L KT 7 & O AIBRIERREL & I - ik 3~ 2 BEfED A v 7 Z B BEEIICHI < % % WlRElESs
b7z, RERMERFEOLN TV, HlziX. A F v 7 a~F5 v Ok F#EK
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JH & P Y OKRFRIGIC X > TKEEZNZ N, &2 I3RS % & 27 L5390
FEI N, EALD InTw2 7Y, Zofh, EEFREEAA P T4 V2w 7oKkRETE S R
T LT AR O RIFERE L - TE Y, Al BIcEHRE I Tw B 2077,

Lo Ladib, TAa— A OERBEEAA N 74 FeKEITEEAE LTl
KBTS 2 T 2T 2MEFIZ T DT TH B B30, A F~2FAfio#ERIC LY,
REBODV T a—VEEREFERSSEICHFET 2 2FET L, Tra—
ZIKRETBIEAR & L 7KK S A 7 L OFIFOTFRLII R Z v, FRic, 14-7 X2 vyt —u
ZZ v a—2DHBICX ) RKBIAEIRTEY, ATFRoH2LLEHA A4 F T4 FOf
Yt BB LN TEL, 14- T2 v IF =N iGHENA VT4 FORFIA &
LTHEMATASEA. D 14-72 v P F—ni2liikFElbsgst e dic, y-7Fus27 v
BAEMT 2KEREMICORRTE, 2) y-7F07 27 P vEKRICIVETLIEE L L DHIC,
L4-72 v O F =N EERT IRICOMAEDBLETH e E2LNE, D 2)Dili)} % &
KT 5 Z e TENIE, AFERES TH Y BEFH BT L WIKRITE S 2 7 L OO
B Lz B I,

FlIETHERZXHIC,. FEFELRIINECa-e FarFov )P vEiF a-v) FF—
MK FZHT 24 Y PV LFEHRICO TR 21T\, 73 —VEHPBRIRT I VO
IKFERGIT T3 84 iR &2 8 L Cw b 440, 205 ik ERIGIE. WIFhd 4 Y
U L L BEBREMERCH T O R A M ER I DWW TiTbhTw b, & T, 5 3 E T,
ThAa—LDRKEZRTERIGEFIFELTED, 1) 1,4-7T 2 v A —n2RikELE
#plldic, y-7FuI 7 v EERT ZKBRERICORAKICE T 2 THIOME & 7%
>TWw3,

AKWMETIE, 1 4- T2 F =D y-7F5u 77 b v~OfiKkET 7+ vibe 1,4-7 %
VYT = NDOFAED D DKFESIGICEH Lz, liS . it e v ) Y v T &2 F
T4 ) VY Ll F G CRERICET L, RiixERFEHEAA N T4 F 14-742 v
TA—nt y-7Fus s b)) KX B LVKEIE Y AT LOREE~ LR 5T B,

4.2. BRLEE

4.2.1. BiAFBLD KGR

T9. 1,4-7 2 v F =N DPFIKFEACSIEIT D W T 2 85T L 72, #55% Table1 12/
¥ 1,4-7 2 v ¥4 — (15 mmol) DK FRIE R, 1,2-¥ A b F 2% (15 mL, b.p.:
84 “C)RMrp <, BIRSME T, 20 FEfEFT 9 &0 A4 U ¥ v LflBEFTEN A TH 5 [Cp*IrCl.], .
[Cp*Ir(OH,)3][OTf], i3iEME%# /R X 722> o 7223 (Entries 1 and 2), YA FA v A4 V2w L4
fill 1 22 L, 46%DINET y-7Fn 727 b v Efs L L bic 35%ICKTKENE
b7z (entry 3), TR, RIEFKPIE LT, 77 Fr 7 7 VvoERBPBREINZ, &
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NIEH 3 FEDO T — T LTl 7z X 5 I 1 2Bl e L Cldzo &, 547
IKFOIGERETHET L2 EAON S, =TT A VYT L2 IZEmIEEZR L, KK L
y-7F5u 77 ol EERNICE (Entry 4), 7=A VA VD7 2 3 3 &
WEER L, KEZINEK 77% T, y-7F8727 F v 2IK 82% TEALEFNE LN
(Entry 5), TNUOHDREERDL L, 1,4- 72 VI F—NVDWIKFET 7 b vfLiciE, a-e FuaF
eIV Hrwita-v) FF— MRS AR FABETH Y ol e il T
AV L2 & L7z,

Table 1. Dehydrogenative Lactonization of 1,4-Butanediol into y -Butyrolactone in the

Presence of Various Iridium Catalysts.

Ir catalyst (0.10 mol% @
o~ OH yst( O o, s (F°
1,2-dimethoxyethane

(b.p. =84 °C)
reflux, 20 h
Entry Catalyst Yield of Hydrogen (%)? Yield of Lactone (%)°
1 [Cp*IrCl5]o trace trace
2 [Cp*Ir(OH,)3][OTf], trace trace
3 1° 35 46
4 2d 100 100
5 3¢ 77 82

3Yield of hydrogen gas collected in a gas burette. °Determined by GC.

- — L -ﬁ( -é( na

\
HO | —OH, W /OHZ r/OH
<N \
| N OH | \/
Y
cat. 1 cat. 2 cat. 3

I, IO E WG LT, 1,4-7 2 v Fd = (15mmol) %4 VU ¥ il 2 (0.10
mol%) ZM»C, HHEAGE (15 mL)rh, ZFST 180 70 (B Il RIS X ¢, fA DIF
AT L7z, #55R% Table 2 1IR3, /2. ZORICICET BKFDIK D FRZEAL %
Figure 1 1GR9, ¥4 Y 7t Arx—74 (bp.:68°C) 2788, KIGHEI3HEET
HY ., ORI IR SN o705, KFRE y-7Fu 77 vOIEIT 17T%E ., RIEE
THo7z (Entryl), 1,2-V XA b Fo v (bp.:84°C) ZHV72HE. 8T%D IR TKHE
L y-7Fug s rryafEon, meOGEEZR L% (Entry 2), T— 7 VRIEEECO R
(Entry 1~3,5) (3, RIGEEZAEOHICHBES Ao, 7=v =1 (b.p.:154°C)
TORIGICBWT, dbEWIGEESSE LNz, —/HT, Parxzy (bp.:110°C) TD
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B F D 30 43R 3 CLme SOSHEZ 7R U 72 43, 1 RFfE#& 12 13503 L T\ 7z (Figure
122, T, bz VEERCRMEARIE L 220 e EZX LN S,

Table 2. Effect of Solvent on Dehydrogenative Lactonization of 1,4-Butanediol into

y -Butyrolactone Catalyzed by 2.

Ir catalyst 2 (0.10 mol%) o

Ho/\/\/OH - 2H, + (_7?0
solvent, reflux, 3 h
Entry Solvent IDB_oiIinog Yield of ) Yield of X
oint (°C) Hydrogen (%)? Lactone (%)
1 Diisopropyl ether 68 17 17
2 1,2-Dimethoxyethane 84 87 87
3  Cyclopentyl methyl ether 106 100 100
4 Toluene 110 76 75
5 Anisole 154 100 100

aYield of hydrogen gas collected in a gas burette. °Determined by GC.

Figure 1. Time-Resolved Profile of the Yield of Hydrogen for Dehydrogenative

Lactonization of 1,4-Butanediol into y -Butyrolactone Catalyzed by 2.

100 4

Anisole —___

~—__ Cyclopentyl

80 methyl ether

Yield of | 60
Haz (%)

40 -

1,2-Dimeth th .
imethoxyethane Diisopropyl ether

20

0 20 40 60 80 100 120 140 160

180

Reaction time (min) >

KEIEK S A T LEFEOBEICE VT, 1,4-7 2 v I F — VDK E ST K FETRRE R
Ty TLREINS, o T, MRMEETCORIGHEE L\, 2T, AT colFE
DG BEH L7, 5 % Scheme 2 IC/R T, 1,4- 7% v F—n (15mmol) %l 2 (0.50
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mol%) fF7E F. 150 °CT 5 RefEnE s 2 &, 98%DUKT v-7F a7 7 + v BEKT S
Ll BT, 9BDINETIKENE LN, T HIC, KOEEZ 140°CIcd 5 & 5227 BN
T, KFELy-7Fu5 27 b v 96%DIRTHE LN,

Scheme 2. Dehydrogenative Lactonization of 1,4-Butanediol into y -Butyrolactone

Catalyzed by 2 under Neat Conditions.

Ir catalyst 2 (0.50 mol% o)
Ho™ > "OH =2 2 om, o (_\fo
without solvent

heating

at 150 °C for 5 h: 99% (H,), 98% (lactone)
at 140 °C for 9 h: 96% (H,), 96% (lactone)

4.2.2. KFRCKIGSFRRET

RIZ, ZOWIGTH D y-7FuF72 b vd 1,4-7 2P F —A~DREWLIGIC DN
THIET 21T 5 720 KEITEK Y 2 7 LFF OB O BOKRKIG & UM T 20, K
A CRICETT 2 Z L REE Ly, 22Ty 4 )27 Al 2 (0.50 mol%) DIFETE T .
WA CcD y-7Fa 7 7 b v OKRFRIEERET L 72, 5% Table3 ICRnd, y-7
Fu7 7 brEADTY L2 (0.50 mol%) DTFTE T, 8 [UEDKFFZFL F T 130°C,
22 BEMIG X85 &, 1,4- T2 v P F— A8 40% DR CE STz (Entry 1), 4 ) 27 4
fil it 2 % 0.10 mol% Il & L TG X € 72856 (Entry 2) ©/KFEE% 6 atm I T IF TRIG
97288 (Entry 3), 14-7 2 v VA= NDICERME T Lz, 14-7 % v VA — L DI
DPMEPCRICH F > T3 & LT, MEKFESFHAT., MR TRICEITo Tz, Bt
BT AREEL . I 2 R L 72720 CTH B EE X T, £T T, 66-YFuFe-22-v
vV Yy (BhF A% 1.0 mol% EBMTHMT 2 & BT L7 (Entry 4), $5 & 1,4-
TR ICF—ADIEKIT 81% L KiFIcEZEEI N, LaL, 2OHA, 1,4-72 VI F—
NDOBKELIGIC X WV ER T2 BT 7 Fu 77 vodmrabE (K4%) fiE
BENT, T Fu7 I vk, 4 )Yy LM 2 LkFEEORIGIC KD EKT
ZABEMED & 2 B OBRIEESES L Twb e E 2=, 7Tk Fu 77 v ohpizil
Thoic, WEEEET 222 v ) vy (BRALT B) % 1.0mol%iiinz L7z, Z D
R T b Terue 77 voElENA, IR 5% CHTET LZD DD, SEamERNE
T1,4-7 2 vV F—nN%157- (Entry5), COFEREZRE 2 KGR E Y v INICT 5720,
Fehiv A LIEERE LCHET I v Z2lmAle LTI 52 &1L 7, Entry 6 107
L5, BT AR0mol%) & NNN,N-7+F7AFALITFL VYT v (TMEDA,2.0
mol%) % 7= KIGTlE, 94%DIET 1,4-7 2 v ¥V F —Ad57-, mi&Iic, A+ A
(2.0mol%) & PV ZFAT IV (04mL) ZFHFMT 52 & T, IZITERBMWIC 14- 72 Y
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F—n (99%) #1525 ERTE, ThizkHICE T 2RESEE Lz (Entry 7),

Table 3. Hydrogenation of y -Butyrolactone into 1,4-Butanediol Catalyzed by 2 under

Various Conditions.

Ir catalyst 2 (0.50 mol%)
o) Additive

<_/\¢O without solvent Ho/\/\/OH
under H, (8 atm), 130 °C
Entry  Additive Time (h) Yield of Diol (%)?

1P none 22 40
2¢  none 22 22
34 none 22 35
4> AT(1.0 mol%) 22 81
5P B9 (1.0 mol%) 22 75
6°  A"(2.0 mol%), TMEDA" (2.0 mol%) 72 94
7° A" (2.0 mol%), Triethylamine (0.4 mL) 72 99

aDetermined by GC. °15 mmol scale. “With 0.10 mol% of catalyst 2.
dUnder 6 atm of H,. 30 mmol scale.

f HO OH g N N— h NM
Y N 7 MeoN~ > 02

N
_\ \ — \_/ TMEDA

A B

4.2.3. KRt - BOKBCHEE B ORET

LI, y-7Fug 7 e 1,4-7 2 v F — Lol i B Z % <72 (Scheme
3)s

101



Scheme 3. Successive Interconversion Between y -Butyrolactone and 1,4-Butanediol

Catalyzed by 2.

Ir catalyst 2 (1.0 mol%)
Ligand A (4.0 mol%)

(0] Triethylamine (0.4 mL) OH
(0] . Ho/\/\/
without solvent
(o}
15 mmol H, (8 atm), 130 °C, 72 h 98%
O
- 2H, + go
under Ar, 140 °C, 24 h
98% 97%

4V 27 AfhlE 2 (1.0mol%) . Fifz+ A (4.0mol%) BX O F YV 547 I v (0.4mL)
DIEE T, AT, KFFEHKT Batm), 130°C, 72h T y-7Fm 77 + vooikFEl
1O 8. L4-T 2 v VA —Ap 98N DINETIF LNz, TORISICEHT S, FBZE %
Figure 2 127”37,

Figure 2. Time-Resolved Reaction Profile for the Hydrogenation of y -Butyrolactone under

the Conditions Shown in Scheme 2.

100 - ®

80 -

Yield of 60 A b
1,4-butanediol
! % 40 4
()
20 - [ ]
° ®

0 . T T T T T T T T 1
0 8 16 24 32 40 48 56 64 72

Reaction Time/ h

Ric, FOFEMHRET AT VICEEL, RKICdE N A 2Ly ML, KGREY %
140°C< 24 FFRIMEA L 72, Z DFER K 97T% T y-7F v 77 b v pERT B L & i,
INH 98% C/KFELH LN, T DRIGICE T b#ERZ L % Figure 3 IZ/R T,
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Figure 3. Time-Resolved Reaction Profile for the Dehydrogenation of 1,4-Butanediol under

the Conditions Shown in Scheme 2.
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D y-7Fus s v 147Xy O — L O BT, RS TD, T
NaA—NEFGEANAANIA VT L Lk, KENES AT L08EHT L LTHiffck 5,

4.3. k&

AR TIZ, 14- T2 v oA —nDikFIckd y-7Fu 727 b v eKEOEM, B
KW 14-7 % v I F =N DRFIC K 2 0H RGO AR BHFE I L) L 72, WiSOGIE. EAE
Hev ) VR 2ET 54 Y v LI E v CRIERIICET L, &l 7x SRR A
NAPFTAYN Q4-T2vIF =Nl y-7F077 V) ICXEHLWKEREKY 2T L
DG~ L BH 5 72,

4.4. EBIH

4.4.1. EBRSEH

L TCORIGPEEIREARNICT Vv FHKTHVITo72, 'H X0 BC{'HINMR [
JEOL ECS-400 (400 MHz) ¥ 7= 1%, JEOL ECX-500 (500 MHz) % F\» CHlliE L 7=,

YDA~ 2777 4 =081, GL-Sciences f1:#® GC-4000 Plus ® ¥ v v 5 Y
— 7 7 L (InertCap Pure WAX or InertCap for Amines) # FH\»C{T o7z, KEHZADH R
n~ 2777 4 =403, GL-Sciences 8D GC390 @ %> 7 N4 7 L. (Molecular Sieve
5A and Gaskuropack 54) % I\ CHIE % 1T 5 72, IREIIZARERE L L Cofillbih, % \»id
AR BB EF B TEE I N2 D2 AV, [Cp*IrCl],*7, [Cp*Ir(OH)s][OTf],
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BOAD DY LA 1420 4D Py LA 250 4 ) 2w AR 34 IZBERICHE > THRL
L7z, ZOfhdadd il z A L TR L 7,

1,4-72 v A —NDRBKET 7 + MAURISIC BT 5 EARSM: (Tables 1, 2, Figure 1, and
Scheme 2) : [JG1d Figure 4 1083 & 9 BIBIR OB MHA TIT o7, TV FEAT,
TAT7 IR A Yy A 1,4-T 2O F -0, B (R 1 BLXUE 2 05H) &
Mz 7=, T DREV % RETSAE T (Table 1 5 X U Table 2 D5) 7213 — i(mFET(SCheme

1 D%y) TMBHEHREL 72, BRAEL W AOBREIIHN A 2Ly P CHIE L7, FBELRHD

Zx GC bric X W #likFETH 5 2 & #HEZR L 72 (Figure 5), #AE 2L v PO K AT
ZUEST 2HE ET 1 [ L S-INL 72 7 A ORBEITREFCHE L 72, 2hbH D
FlED b &, KFEOEALRZ ML GOENZH, PV = nRT OXTHIBL &, y-7F
7727 ORI, 7 2= ENEREL L7z GCobric X W #HlE L 7,

y-7Fu 2 b v OKRBRIGIC BT ALY (Tables 3) : G Figure 6 i0R3d &
5 IR ORBEMA TIT o 720 TAT YA, Y A—H4— MOV v 7 L CF
ONTZJERF 7 ZABDORISERIT, 4 VPV Lt 2, y-7Fu 77 v, BXOEINAZ
Mz, KFE#%8LEE CIIEL =%, 130°CTMEMEEEL 72, KItH, KEDQIENIZ 8 KUE
EHERFL 7o, 14-7 2 Y VA — L OIGKIE, €7 = = LR NEREEE L L7z GCAMFc X 0 3l
E L7,

y-7Fus 7 v 14-7 R v I AV OMHEERIC BT 3 K65 (Scheme 3)
JJGIE Figure 6 ICRT X 5 BIBRROEEEZHA TIT 72, RV A—FKr—1rH-oryry
FCEODNSERN T ABKIGEIC, A VYT Ll 2, y-7Fu 77 v, BIUEMN
Wz iz, KEz% 8 LT TIMIEL 7214, 130°CT 72 RefalMBMEHE L 72, 1,4-7 X v 2 F
—LDINKIZ, €7 2 AR NERIEREL L7z GCOrIc X VlEL 72, 2D, F) H—F
F— POV Yy FEROAL, ERA 7 ABORIGEICHT A 2Ly b &EHE L 72, it
Wik 7 27 b ARG IE Figure 7 1IR3 X 9 RTRIROZEE Z A TIT - 72, T D2EE T,
BAEY%E 140°CT 24 FERENBEIRL ., HET 2/ RAOEEZH A 2Ly FCHE L 72,
FAELZHRIT GC HHICX VMKETHZ L E2ER Lz, HAE2L Y FNOHZE
ZHETDEE BN 1 RIE IS L, I 2 W A OREIREHCHE Lz, 2hbo
FlED b &, KFEDELEEZBEESGEOENZH v, PV = nRT ORI L7z, y-7F
277 yOREIT, 7 2 2 V2 NEREERE L L7z GC atric X D HlE L 72,
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Figure 4. Illustration of the Reaction Setup Dehydrogenative Lactonization of 1,4-

Butanediol Performed in Tables 1, 2, Figure 1, and Scheme 1.
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Figure 5. Results of GC Analyses. (a) The Chromatogram of the Evolved Gas by the
Dehydrogenative Lactonization of 1,4-Butanediol. (b) The Chromatogram of the Standard
Gas of Hydrogen.
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Figure 6. Picture of Thick-Walled Glass Reactor Covered with a Jacket Made of Polycarbonate
Used for the Hydrogenation of y -Butyrolactone into 1,4-Butanediol Performed in Table 3
and Scheme 2.
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Figure 7. The Reaction Setup Used for the Dehydrogenative Lactonization of 1,4-Butanediol

into y -Butyrolactone Performed in Scheme 2.
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