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1.1 ZEMERFE(CO)% CLIR L LI bR LA R

111 CO,ZClEELTHATARZLOES

Bx 7o TR IS E 7o Foxe DB AT, A, AR, RIRT A LA EPIRICRE KFFL T
W5, BUEORE TINOICAEIROEE 2t 7256, EVRek, BIRAHET L 2 B E ST
W2, 1o T LA BRI 2 H 7 R IRFBE R Z W TAbs: 7 vt A ORENLIFTALFHIT L > THER
PR L 7o T D,

FOEIREFOLE, CLIFEE LT CO, DFMMANER SN TS, COIFRRICEFIHFEL, &
i CEPEAMENRFEFR TH D . C1 & L TmtiE - @ fHiiE 2 A it oaicfM+2 2 &
NEENTVDH[1-12], F7=. CO, FHIERIERRIL DRI & 72 DIEEBEAT A TH Y . O TEMFIHIE
CO, HEHEDHIIC & 272030, ARICBWT S, HEKERRCIE S & L CREERHEN P S
% CO, ®FI|FH(CCU: Carbon dioxide Capture and Utilization) 23 £ Lt 51TV 5,

CO, % CLRE LTHIAT 28, CO WLE CTHIGEIZZ LWMEEW TH D Z ENEE S TE
D, BUE TIXETEME A e SOG I OBHFE . RSSO EGHEbIZ K - T, #hx G EWA CO, 06
A FR ATREIZ 22 > T 5 (Scheme 1-1),

R
~ A P p O -/ IE OH
e A
‘\é @] O’Sn /L [ - CcOo
g0 4 CONa CH;0H
— H,N", NH,
O .
pa \._\ O L//J % I\:)E
R i a
ONa
Cheap and — — Stable and
widely available — — less reactive
H 2
I H N A T
~ /N @) ™
- .
>
HCOOH | (J) \ 0 ? ‘ ?
L ) | L )i
Ne H ~7a HN O RO OR R H OR’

Scheme 1-1. Chemical fixation of carbon dioxide.



1.12 CO,% ClIR &L L7-AbRAE R DF

Scheme 1-1 IR LI D 9 B FEICEIHEL L 7e BOSIE TEMICFERAES N TV OIS TH D, A X
J = IBREFIR O A7 b3, =F L v T r L r i SO RN R 2 2 & UL LA
DEBIZHFIAARETH D, DT, CO B A X ) — L ~OEHRITITIRERERNH D, CO, &K
FEELE LIz A B ) —VERATSEIE 80 4R HATHIL, CulZn RARIE[13-17]. Rus(CO)./KI fili[18]
[(Triphos)RU(TMM)] (TMM =k U 2 F L A & il [19] 72 EABAFE ST\ 5, 2008 4RI —H{b
I% Cu/ZnO/ZrO,/AlL05/Si0, Z /il & FAVN T, CO, EAKRFHFEE LIz A X ) —LARD /A 1y |
77 F100 F MRS K D FEREEREAT 072 [20]. £T2T A AT R TIIMBIE BT OPER AT A L ET
ZRA LT, BARBEOEENMTORL TV 5,

F72. CO T UVEZTMOHDREERK, CO, &7 = /) —AnEDOH U FILERERIER 100 FFrijlCE
RENTZELMOENTVWDARIETHY ., INHOAREIZTEMCLERLINTWS]21],

JBALECTIX, CO, & =mF L F XY RINOHEOLNLERRT—ARR— e AZ ) —VERISRESED 2 &
TYUAFAA—HRF—FDODMC)Z G L, fit 7=/ — /N EDZRBISZ L > TY T 2=V I —HR K —
NDPC)Z1G7-#%. B X7 = /—/L A (Bis-A) & DEME KIS L > TRY I —ARx— MiIlEZRET 2
7ut A% THE L T 5 (Scheme 1-2)[22,23], A%/ —/v &7 = /7 —/VFEIYL - BFRIHAIRER 72D, Z
DT Ak —DOORE R, CO, E=F L AF o K, Bis-A BHE SN, AU H—FRx—h
BiEL =T Lo 7 ) a— A RERT DG EWZ D, ZOEME, ERORY H—Rx— Nl ot
A TR0 | FEHCE BRI AT v E DR N LIz, AEFRL &8 = ¥ — (L& KB L7
MR 72 e ST

PhOH
MeO OMe

MeOH PhO OPh OH

CO

Scheme 1-2. Synthesis of polycarbonate by Asahi-kasei process.

F7o, CO EmRFY REDKIEMHEHRY I —Rx—  aBEsSbFEAbLIN TS, ZDK
JEIE 1969 I BB NFE R L TLCk, ffix 2Bz ST b, Bl X, ®HE - S EOBR L
7o BAR VT ¢ ) UEER[24], Darensbourg O 23BH%E L7 digh B2 7 = / % o REE{R[25-27], Coates &3
BA%E L7z B-2A 2 — MHiShEEIRSC[28,29], 4B Y L U BEIR[30-35] 72 EXEI BTV D, Fim, LD
fi & L CTlid, 2015 4-1C Rieger H25BA%E L7 “EHEMLILDS, CO, & 7 mnFk o AF v N DHES
IZEVEMEZ T 2 & DA STV 5 [36],



Scheme 1-1 @ FENCIFEAED & Z AEFUKITIZE > TWRUW CO, 2 CLIR & L bt & s 2o
L7c, COp EIKFEDN S X FE T 1T IR 215 2 UG DWW TIX, 1976 FI2H: E B 23 L7 Ru $&{Afh
55 2 AN SOG Z B8 0 12882 < D RUSHHRE STV H[37], BIfE, T4 D OSUSIT TR Z K FE T
JE& - SERRICFIH T D 72O O REEFZE S L CHER STV S, —J7, BUIKTIEFEEE L OB O Hign
RO TWD7OIZAH GO ERK & W ) BLED BIX TEITIZM N TW RIS TH DL EE XD
ns,

CO; L mARF Y REDKISEHEDKIGEE LT, CO 7V Py EDRIEHABILTWD, JIED
I, BERCO, LT VI DU EDRIST 24XV U D) UG ond Z L2 HE L TWH[38], =D
FORMEINLESIRER 0 | JEIRERLZ ST UV U VB8 RE WG e, 4 A )2
YINVED, BFERBHREOGA, S-ERAT Y D VNVERT D, — . He HIXA =T L % il
ELTHRINTAZLICE» T, @hRp 2-4xV VUV UEMAEERL TWA[39], Nguyen &%
Cr-salen $8(k% F 5 2 & T, fRIR & HBERBHEIE AT 57 2V O VB8R BRI 5-F A
XYY UERRTESLZ 2 AL TWAI40], Gallo H23H%E L7~ Ru fillid, = OIS LT
HHTHDH[41], Tz, BEHICESTCO, TV VU EDHERICLDOIFY UL X ARG HES
N TV 5[42,43],

VAFNI =R F— FOMC)IIAR Y I —ARp— MIEPR Y U L& URIERE U T U LA A R
BEMOBEARIFIHINTWDLERARMEMTH D, BIIE, DMC [ZEICA Y /) — IV ERAT L EDK
ST Ko TTEEMICAEES LTV 5 (Scheme 1-3,8), L LRG| RAF U OmMEDE S0, ALK
BICKEETHZ L, HWKEDRRIAET LR E, ZLOMELZRATOETrEATHY , 2l
R HEBENLEN TN D, T, REORIEEE LT, —BbRFE LT Va—, BFEEHVDE
BB I VIR = AGEDNFERBLEIC & » TEAE SN TV D3, F 872 CO O HFREME & W 2 5 (Scheme
1-3,b), —F., BRI —FFx— M EBHT S CO, _BELIE I T D (Scheme 1-3, ¢), —FHEAE
7RO E LTI, COp & A 7 — b ESE DMC %155 G35 %2 535 (Scheme 1-3, d), L2>L7eH
5. ZORUST D EFE RN > T D 72 9 (AGagek = 26.2 kd/imol [44]), FEBX G 2{To7- L L
TH DMC DIRIE 1~2%IZ R E > T e, FTBMFREOE ST, A XMEAFE T, AHIKATH 5
TR =N EHOTERRNORKERDERS 2 & T, CO & A X /) —/Linb DMC 23 e KINER 88% T
HiLH Z L& R L7z (Scheme 1-4, a)[45,46], 7 & & — /VIXISZIZ T & N A I NS0, BEAMIEEAT
EFCTNVa—LEaEHEE 2 CTv X —MCHAMRETHD, ., ELFaT7——7TDL)
7 R A [ AR K AN LR Tk 2 WA TE RNz, T O FE £ TIEARRISIZIIEH TE 220 7228,
IR 72 2 RS F & KR 2 2y i U 7o @ B BRI SOG2E 8 2 D Z & C DMC SRRICHEATE 5 2 &
HEE LTV 5 (Scheme 1-4, b) [47], F£72. ZOMUSIZIETF Z o7 v asky Ri48] b iz TH Y, D
BOTE=ULRN) 7T — NERNT 5 LSRRI ETTHZ b R L Tu 5 (Scheme 1-4,
c, d)[49],



0 0
(a) MeOH + —_— + HCl
CVJKCI MeO)kOMe
o}
(b) MeOH + CO + 0, — ‘)k + H,0
MeO OMe
0 0
R’ J - weon 0O HO ~ OH
(c) co, — O 0 —/—— )k +

>_J MeO~ ~OMe R
R

(0]
(d) MeOH + CO, > + H,O
MeO)J\OMe

Scheme 1-3. Synthesis method of DMC.

(@) MeOH co MeO OMe  "Bu,Sn(OMe), )O]\ 0
a e + 5 + - N
)Q MeO~ "OMe )J\
"Bu,Sn(OMe),
' o
Molecular sieve 3A
(b) MeOH + CO, - g
MeO~ "OMe
(©) MeOH + CO MeQ OMe Ti(OMe),/Crown ether ji\ o)
e + 2 + > +
)Q MeO~ "OMe )J\
(d) MeOH co MeO OMe Sn or Ti catalyst )O]\ o)
e + + >
2 )Q triflate salts MeO OMe + )J\

Scheme 1-4 Synthesis of DMC from MeOH and CO..

EEOIX, B Y v LB COy & A K /) —Linb D DMC B#ARICHATH DL Z L2 AL T
WA[B0], S5, ZORISIEF= MU VERBKA E LTHRMT 5 EIEEA R EL, 2.7 2 BV
VUNERbEWVINEEL 5L ENRESNTWD, BAKIZEV AR LZZ2-E=2 ) o7 I R, TR
7 AHEF Y DA N T 2-0 7 S B DU A~OBENARETH DL Z EbHEINTWDE D, BED
BRI TR 3% 2 [51].



UEDXS1z, CO, & CL IR E Lckkx bt &G BSOS BIR S, £o—EITE ML, T3
BI7ZAE B IR S TnD, L L b, ERES NI ISIZ Z > TEE E 1D CO,i%, CO,
BHEHHED 1% B2 VORBURTH D[52], €072, K0 ZERRA MG Z, THEMITE L
FEMAMRFIEEHNT, COMLEKT A Z EIITIRERERELHD EVZ D, EHIX, TOX—T
v & LT, MGBHENRRENRY UL OB ATRE T, REVP BB INTILEMTH D
CO, 1 BT 2 DICHF 22 @ L (R R L ¥ —) REBOFHILEM TH LWV A— MIER LT,



12CO, % C1IRL L7z BN R A — FDOERR

121 ANARNA—FDRY U VFZVEEE LTORA

RY T LH LT L2 A (-NH(CO)O-) 2 T D mm Fba¥ Tod D | 1937 HFITEAL S TLOK,
FI=HOHEAFBICBN TR AR THERA SN TWD, R T LE NIV YT x— MNEERY F
—NVHD 2 ODJFEHE )~ — DR A EA TARISN TR Y MEERENE, WtE, MiEEcEn s, RY
LA AL, TT AP —¢L LTAR=Y Y 2—XDMIESR, 740578 LTRSS TV A1,
FRAEL L TR RE R EITIEH SN TV A, EHIT, KR CO Al e L THWEARY v L ¥
IRV T L E T =B LTI, Ty g YRR ANE, WIEWEICHEIN D T & B IrE SoH A A
REDTERME, N =0~y LA MW o HBEAMER &, Hia e TERBICHER SN T
WAH[53-55], DXt mDbl, TITAFy I HiGFBIIBITLIRY v LE UMEA~OB LR E - T
BV, 2016 FFITBT H M TOFEAFERIL 1800 7 kT T S [56],

BE, RV L X OfPEERTHL VA YT F— ML, PTIVERAFUNLRESTND
(Scheme 1-5), L2>L7e/28 5, ZOBUTIETIIAR AL v OO R & ALK TE ORIA 233 & 72> T
5[57,58], A V7 F— bEEIT- TS T TIIEROR AT ORRER <72, f&E7 7 > b
ORE. RER, EH. ROREOMERE B ZEOBE B MEIZ 72 5[59],

ULEOEFING, RAT U EEHETICRY v L& o 2 8ET 58877 12 2AOFE R b
T&7e, TLTC, ZEOEIRFHARY O L& VFEEAER T mE A& LT, BANA— s OEGREEIGIC
kB4 72— MEEBER & TV 5 (Scheme 1-5)[60-62], 723, A V¥ T Xx— FOEAEZMZ D
T2 U HNINRA— N ENRE L T B AR EE T H B, 5] 21X, Fernandez © (% montmorillonite K-10
il LTHWD Z & T, YA A— EOBGIRISH R I HITT 5 2 L 2 8E LT\ 5[63],
DI, NN A— P&, CO, &kt LIBREIHMA OIS TEKT 2 Z L ATRE & 22T, R A
FUERMBLUROGEHAY U L& CBEERER TE . L¥#EME IR X 72 CO, i/ CLIHRE LTO
FIRERRBIC b OB E2 DD, o, R UL X AL YA VY v 73— b &R L TR
HENTWDHEN, NUBVBREGLEERTEA Y VT 32— B 2E0 92 505, TD7bh, /3R
— FOHRTEHEHFHREANVAA—=IBERE—7y hE LTEVEETHDLEF R D,



HoN—R—NH, P HO-R'—OH
Cl RF—I

O O
n

H H
SAITFR— b
o o 4}1 R LE Y
nZA

R, .R. J\O,R”

Iz
Iz

Scheme 1-5. Synthesis of polyurethane

122 BEFEDOINANRX— NERREE

IHETICHME SN TWD AR — FOERIEE EOFRH#Z L FITRT,
() FRF

BATO TEMR I NN A= AR T B AT, SAF U ERIT0OFEKRE, 7, ThAa—L%k

WD F1ETH H(Scheme 1-6), b H AL, RAF U ZRALRZWHRAY L& MBS T 1t 2
ZHETHA. RAF BRI ZOBITEE WD Z S IIAKREGE LW D,

0
. _r.
RNH, + ROH + CVJLCI

OR'

Iz

Scheme 1-6. Traditional process for carbamates synthesis.

() H—ARx— hOF|H

1845 FFIZT I E I —ARR— M EDFIRIC L S THNANA— "BHFLND Z EBPD THE Sz
(Scheme 1-7)[64], IT4ETIX. B il z V2% = & CHEBEAFHEN LR L TR Y . FHEBEH LR
— FEERINRBRTHLND L IR >TWD, BlRIE, 2002 412 Curini H1E, A v 7T /BT Al 2 v
T, BRI B/IET I ikt e LT, ST 2 03 A— F7D% 60~96% IR TH LD Z & Wb
LTWAIB5], FALLARE, $heh(K[66,67]. HHENSHIR[68-70], /L =1 AEEIR[TL,72]. AT VT AR
T o Z CBEIR[T3], BEIR[T4] & T o Tokk 2 @B EE AR 2 WIS R VRS ST\ D, £, BERREN[67].
HERA HER[68-70], MCM-41 |2 Zr-MOF-808 % fHEF S 7= il [72] PR b U » A Au kL 1% fHEF S H72
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fBE7411%, TEMICEZERFRY UL X VERTHLIEEFRY IV AA—NOERGAMRETH 72, &
72, Meier 51377 =V U E AW ROG 2 #HE LTV 5[75], el X 512, DMC X CO, B Ak
AHETH DD, OO FETFBENIC CO %2 CLIRE LIZaiEE S 2. BEANOEMSTH D
EWVWZD, LNLAERS, ARIZa A FOD DMC 2 9 MOMTI TR bICmnTn2n e Ex 50
Do

o 0

RNH, + L . r_M + MeOH
MeO” “OMe N OMe

Scheme 1-7. Carbamates synthesis from amines and DMC.

() 7Iv, CO, KUARLFIRILAR Z AV 5 FiE

1977 FITHEH DX 7 I & COp & DRISIT & > TEKT 2 AN VBFHERB =T L E =T —
THNERIEL, I-= bR TF NN NNA— a5 2 5 2 L &2 L7z (Scheme 1-8)[76], Z DKt DUX
FITHK 10% LRI T > 723, WS R EABIRIIRALAKTE L DSORZ Z > T AN A= FREDL
D L& R LR CTh 5, D%, Dixneuf HIX7EF Lo T a— L EFE T I
2 IR E D PBOSIZ L T, BRa2 VT =0 MR AR TH D Z L A LIZ[77-79], & HIZ,
JHDICE ST VT =T ML R AT ¢ VR F AN D L AN — FOIERS HICH TS
ZENMEINTZ[80], 7z, WHBIE, AgNO; Zfilf e LTHWAD Z & T, o-7F A7 =1 VikiE
S DEAR T NN A — FERRBUSPNRESHEITT 2 Z L 2iE L TWD[8L), L¥a Rz
B 2D ORISR FAE L2V RTHDB Th 575, SR T V7« 7 iy
BHEESNLTLE Y ZLBRETH D,

o]
RoNH + COp, + X, O~ — RZNJJ\O/\/OV

RoNH + CO, + =R >~  RyN
(Zand E)

Scheme 1-8 Synthesis of carbamates from amine, CO,, and unsaturated hydrocarbon.
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(V) 7V, CORRTRFY FEAWDFE

1986 FFICH EDIE, TAI =T LRV T 4 U AL LTHWS Z LT, CO, 7 I KU
R R IR A— I ERT DRGNS, FiR - WEEWORMAREME T CTETT 22 2 /AL
7-(Scheme 1-9)[82], F7=. H&EIET I v DIHMELTIL, EiRED ELZn AV 25 & RUGSHIBICHET
THILLHWELTWAI83], LEMERIEA TGS, MBS MAT ARy FRYEHESNTLE
FITENRETHDEWNR D,

O

O
RNH2 + C02 + /A . R_NJJ\O R'
R’ N A

OH

Scheme 1-9 Synthesis of carbamates from amines, CO,, and epoxides.

V) BT e E RV CO, BRI AL

HH I3 1984 EITENIET X v & Al m 7 AbEa W ZE COMESRME T TS ESED Z LT, I
NI UM AR LTSRS T D IR A= IG5 Z & A WE LT 5 (Scheme 1-10)[84], LArL
RN ZORISTIEREIRS E LTN-TIVF LIS Z > TLE D, —J7. McGhee b IZ AR
FEERMT 5 & N-T X ACSIE D INH v, SO FRICHEITT 5 2 & 2@ L72[85-87), 7=, &
HOX7 =0 LA & BRSO A S DOEREN THLHZ xR/ EL TV HI[B88], ZnbHD
TR CLIRE LT CO #EEHATE DM THMATH LN, TEMEZREAT-5HE, BEAMOKE
WEH N ALEME D Z LR, BiEOEENNLE LD ENMETHDL EE XD,

O

RNH, + CO, + RX ————— R\HJ\OR. + HX

Scheme 1-10 Carbamates synthesis from amines, CO,, and alkyl halides.

(V) TIviTha—nuERAnE Co,EERHE

Ao Z L ORDOYVIZT Va2 — % CO,BLOT 2 v RS T DA, BIAERMITIAKE Y K
JeR ETIE T U — 2 22RO 72 B (Scheme 1-11), LU S, EEICZ D X 5 RIS EITH & K}k
DY RIZR > T LE DI T2, IANAA—=MIUTEAEHELNR Y, ZOTD, ZHNBKE R
DERE ., AR 7 FSEDLIRLERD D,
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o)

] R — R .
RNH, + CO, + R'OH H/H\OR, + H,0

Scheme 1-11. Carbamates synthesis from amines, CO,, and alcohols.

FTBMIIER D 513, 2001 £E(C "BuSnO filEAFAE T, AREBIKAI CHL T 84— a2 Mo Z LT,
72, COp TIT—ILINEDIININ A — N OAERKITHKE) L7z (Scheme 1-12, a)[89], F7=. 2004 F|Z
L. Ni(OAC), & 7 =) b U U AMAG DR -l & m G L2 R 3 2 & 2345 L 7= (Scheme 1-12, b)
[90], L2rLeint, AEBET I ET7 B —ADBKIELTA I ZARLTLE I LD, ZOFER
FHERINANA— FOEHICHEA TERNro72[91], LorLans, LEMICHIHIhDZ R v L&
D9 ELL NS EHEERERT OO THDLZ LAERL L[92]. fRO LA R T-56. HE
BEH NS A= NDOEEBRARETHD Z LIIRERPETH D L2 5D,

EtO OEt
(2 equiv)
0O
(a) ‘BuNH co EtOH 812510 2 mol%)
uNHz + CO, + Et >
200 °C. 24 h BuHN _OEt
(30 MPa) (10 equiv) 84% yield
MeO OMe
(1 equiv)
Ni(OAc), (2 mol%) o
hen (6 mol%
(b) CyNH, + CO, + MeOH zoo°c( ar 6) »> CyHNJ\OMe
(30 MPa) (10 equiv) ’ 67% yield

Scheme 1-12. Carbamates synthesis from amines, CO,, and alcohols in the presence of acetal.

BIEOLZAH, CO EHFERT I, TIAa—nbDHEEFHRINNA— MERIZOWTIZLLTFO 2
BIDNHE SN TWD, 2003 4FEIZ Ray HIXT Y VHNR VY TF L E MY T 2=V R AT 4 V&,
CO, b HFEBRT IV, TAI— N EFGFEINANA— NBNENETHLNAZ L EFRELTND
(Scheme 1-13, a)[93-96], L2>L., @fli72 7 VY U HNRUERY =F VL N 7 2 =/LiR AT ¢ & Y &L
FEHWDZ R0, TYDANR AR T F PR EFT L2 N0, LERIZITANRWVISTH
HENZD, b —oDHIE 2018 FEICEEHIZ & o THE SNkt U o Al s Bik#l & LT 2-
2T Y DR AW TS H(Scheme 1-13, b) [97], DG TIE, £THHFET I L CO, L&D
FISIZE D DU T AR L, ST LT ET AT — L EDRIRICE > TR A— WPNEKRT S &5
ZHNTND, LrLAaRs, DMC AROiCil~_7= X 512, 2-v7 / B U 2 v OfA « R IR
ENFED

13



PhsP (9 mmol)

(0]
EtOOC-N=N-COOEt (9 mmol) )J\
(@) ArNH, + CO, + R'OH O - Ao A op
(9 mmol) (1 atm) (9 mmol) DMSO, 90-100 °C N
Ce0, (0.34 g) o

2-Cyanopyridine (75 mmol)
(b) ArNH, + CO, + ROH - Are L

o OR'
(5 mmol) (5 MPa) (75 mmol) 150 °C, 24 h H

Scheme 1-13. Aromatic carbamates synthesis from aromatic amines, CO,, and alcohols.

1.3 ABFFED BE) L RSTOER

LI EDEFNS KEEFRICHIFETIZ. CO, 25Uk L LIS A VX A — | RIS BRI v
WA= NERIEOMHNI Z B E L, BIFE21T5 2 & & Lic, RIS X 512, TAa— L z2RGHE &
L7ZBEMTETIE, FHRNOKERVBRLS 20T B —ABLETHY . ZHANEEET 2 o ~Dik
RAEPF Tz, £2 T, AR TIET L a— L DORb 0 ITKERIE LRWERT LV ax v RERGH
ELTHWSZ EIZLz, LT, BIELESRE Raxy Rk, o8- BIRL, 73—/ CHAET
LZETHAMATAZLABE L, ZOFE, HAHZEDL L KIST 2B ARKTIE, 7V,
CO,. TNa—NOREEEIND VY — 77 vt R L7 5 (Scheme 1-14),

(0]
R-NH, + CO, + MOR' — R—NJ\OR' + MOH
(R = alkyl, aryl)
Regenerate R'OH

Scheme 1-14. Synthesis of carbamate using reusable metal alkoxide.

AELFRSCOMIZLL T O®MY Th oD, H B TIE, AXTAVaFX T RERAWET I & CO b D
HHEHI N SR A— RDOERRIZOWT, FE=F T, FH T axy REfniT I & CO b DHERK
ANISA—= R DERIZONT, FUETIE, ANV U r— hEHWZT I L CO 7 b DOHFREN LS

A— FDOARIZONWTIRARD, 5 HE CIEAR G S DRI OV TR RS,
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21 S

ARXT N AxY R COp, &7 /Vva— &k e LA —R % — hOARRICH A2 i s UTiE
HENTWb, LT, FIBMIEEEOELIL, YAT VAR A FF v K &EIK[Me,Sn(OMe)(u-OMe)],
& COp IR » WIEEWOIRMARZMHE T TRIGL, FERBOT L a X RIiZ CO, BiFALTZ
[Me,Sn(OCO,Me)(1-OMe)]; & 5% % Z & & FLiti L T 5 [1], DA XALEWid X BAEEREATIC b ks L
TEY, AXFEFIZHEE LTz C-0 fE A O A HEE02-C4: 1.292(4) A)Lilzlfd CO, » C=0 —HEiEAE
(1.16 A) X 0 B3 5 T E L T /= (Figure 2-1), Z® CO, ® C-O B DFEIX, A X T /L ax R
EA~DOFAILL > T, CO FMAENUWENLT R EEBEKLTND, EEIC
[Me,Sn(OCO,Me)(u-OMe)L 1Zxf L TA X/ — v ZEH &5 2 & T, C-0 e DUz > T A F v
B —RF— ERELND T LA STV D (Scheme 2-1)[1,2], A EDOREREZREE 2. A% 7 — DR
OOIZT I U EERASENE, ST DI RA— RN EARTE DD TR0 EE X 7-(Scheme 2-1),

Figure 2-1. The molecular structure of [Me,Sn(OCO,Me)(u-OMe)],

o)

MeOH
Me Me > MeO)J\OMe
"Bu | "Bu "Bu | "Bu
O~ / CO, \ O~ /
MeO—Sn_ /Sn\—OMe —_— MeOZCO—/Sn\ /Sn\—OCOZMe —
0] o) I
"Bu | "Bu "Bu | "Bu - j)\
 RNH
Me Me bo--Z» RHN” “OMe

Scheme 2-1 Synthesis of carbonates and carbamates using tin-alkoxides.
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BRUTHHRGTEBRE I N ANA— NERIEIZLL T O Y Th 5 (Scheme 2-2), AN ITEMRED YT
NFRIWVARDT N aFxy ReHT 50, FOSERDOAZFREICEEND AR Rady NI7ra—v
EEHSELZ L THA - BRAIHAIEETH L EEX NS, ThbL, YakA2RE LT, 7,
TR FE, TNV DOREPEE S, KOBPRIETDH T — U RKISEBETEHEE X,

0
RNH ng M —_— + "Bu,Sn(OMe)(OH)
, + CO, + "Bu,Sn(OMe), RHN)LOMG
(R = alkyl, aryl) T
/
H,0  MeOH

Scheme 2-2. Synthesis of carbamates from amines, CO,, and recyclable tin alkoxides.
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221 BUSEEEDORRFT

Table 2-1. Effect of reaction solvent.?

"Bu,Sn(OMe), (1 equiv.)

CO, (5 MPa), Solvent (3 mL)
NH; - OMe +
150 °C, 20 min

(1aa, Carbamate (2, Urea)
Entry Solvent Conv. (%)" Yield of 1aa (%)" Yield of 2 (%)°
1 1,4-Dioxane 35 34 2
2 THF 37 36 2
3 Diethyl ether 40 37 2
4 MeCN 47 41 4
5 MeOH 2 1 <1

 Reaction conditions: 0.8 mmol aniline, 0.8 mmol "Bu,Sn(OMe),, 3 mL solvent, 5 MPa CO,, 20 min,
150 °C. ° Calculated from HPLC results with toluene as internal standard.

Scheme 2-2 IZ/R LZSISIZOWT, 10 mA— k7 L—712, WETHLT7 =V v, [eHlE LT
4D "Bu,Sn(OMe),. i x DV Z AL, 150 °C IZFB W TRIGSESIA 5MPa & 725 & 912 CO, &2 A,
150 °C 2T 20 ZyMIsU S 7= (Table 2-1), £ DFER, 14-TUFFH | THF, P=FLrz—7 /L 7Ttk
F= R U & B RTRIEE R CROSEIT L, A F-N-7 = =)L 1)L /3 A — | laa BN HFREE DI T
13 B ALz (Entries 1-4), £/ BN TIEH L0 BIAERM E LTL3-Y 7 2=y L7 2 HAERKL TV,
Bz, 7 b= MU AP TRIGEZIT-7- Entry 4 1I2B W T, & HRBWIERT laa MEbhi-, —F5. A
B )= NVHRTRISEAT) ET IV PNIFEAEEE ST, laa AR Lo > 72(Entry 5), Z D KINRES
MINZHOWTGC-MS ZJ]IELT-E 2 A, YAFAA—ARF—hF (DMC) IZ)fE S D miz=45,59,90 O
VIFABNBRIESNT., DFV, T2V R0 B AX = APMBEERICRIG LT LEV, A A — |
T2 < DMC VER LT E B X HiLd,
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Table 2-2. Effect of CO, pressure.?

"Bu,Sn(OMe), (1 equiv.)

CO,, MeCN (3 mL)
NH; > OMe +
150 °C, 20 min

(1aa Carbamate) (2, Urea)
Entry CO, (MPa) Conv. (%)° Yield of 1aa (%)" Yield of 2 (%)°
1 1 48 34 6
2 2 47 35 5
3 3 45 40 4
4 5 47 41 4
5 8 46 39 2
6 10 45 39 1

# Reaction conditions: 0.8 mmol aniline, 0.8 mmol "Bu,Sn(OMe),, 3 mL MeCN, CO,, 20 min, 150 °C. b

Calculated from HPLC results with toluene as internal standard.
laa DYHEZ FIZHMN ST 572912, CO, [E R DORG 51T - 7=(Table 2-2), = DfEHR. CO,J LM

1 MPa 725 5 MPa % TIZES D EFIfE- TR B2 /L 6 7172 23 (Entries 1-4), 5 MPa LA Tl sk
WAL R S8 < 72 o 7= (Entries 4-6), LA EDFEEN S CO,EF1 5 MPa 23 i & Il L 7=,
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223 PBUNBEOZE

Table 2-3. Effect of reaction temperature.?

"Bu,Sn(OMe), (1 equiv.)

CO, (5 MPa), MeCN (3 mL)
NH2 > OMe +
Temp., 20 min

(1aa Carbamate) (2, Urea)
Entry Temp. (°C) Conv. (%)° Yield of 1aa (%)" Yield of 2 (%)"
1 100 5 2 0
2 130 27 27 1
3 150 47 41 4
4 180 47 38 6
5 200 42 31 7

2 Reaction conditions: 0.8 mmol aniline, 0.8 mmol "Bu,Sn(OMe),, 3 mL MeCN, 5 MPa CO,, 20 min. "

Calculated from HPLC results with toluene as internal standard.

WIZ, SUSIREE DB OV TG A1T - 7-(Table 2-3), Z OFER, RIS 150 °C L W K< 72 5
L. 7= ol bR X O laa OIERIME T L, 100 °C TiXIE & A ERUGAHETT L7z < 72 > 7= (Entries
1,2), —J7. RUGIREA 150 °C kv b LiF 5 &, 7=V v ObREITIT E A EE{LET . laa DIED
KT E, RIAERMTHDL Y LT 2 DPEROHEMMA ROz, BLEDOFERD G ROGIREE 150 °C 23 i 5
i &l U7,
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Table 2-4. Effect of reaction time.?

"Bu,Sn(OMe), (1 equiv.)

CO, (5 MPa), MeCN (3 mL)
NH; - OMe +
150 °C, Time

(1aa Carbamate) (2, Urea)
Entry Time (min) Conv. (%)° Yield of 1aa (%)" Yield of 2 (%)°
1 10 44 38 3
2 20 47 41 4
3 30 49 41 5
4 60 54 43 6

2 Reaction conditions: 0.8 mmol aniline, 0.8 mmol "Bu,Sn(OMe),, 3 mL MeCN, 5 MPa CO,,150 °C. "
Calculated from HPLC results with toluene as internal standard.

WIT, BUSHR OIS\ THE %217 - 7-(Table 2-4), ZOfSHE, KIS O EE > Th$hn
PTOENT =V U OREERD LA L7y, ROSFE#Z 1R E CTIEIX L T #3313 50%FREIZ 1 F
o712, F7o. laa OPERIISOSHROEE TIXIE & A ST, BIERY THD VLT 2 OULERIEY
MUTLE-T, YLEORERNG KOSKFHE 20 7303 e Sk & s L7z,

26



2.25 "Bu,Sn(OMe), i E DR}

Table 2-5. Effect of amount of "Bu,Sn(OMe),.?

nBUzsn(OMe)z
@ CO, (5 MPa), MeCN (3 mL) @ @
NH; - OMe +
150 °C, 20 min
(1aa Carbamate) (2, Urea)
Entry "Bu,Sn(OMe), (equiv.) Conv. (%)° Yield of 1aa (%)" Yield of 2 (%)"
1 0.5 26 23 2
2 1 47 41 4
3 2 70 63 2
4 3 78 76 2
5 5 87 82 1

2 Reaction conditions: 0.8 mmol aniline, "Bu,Sn(OMe),, 3 mL MeCN, 5 MPa CO,,150 °C, 20 min. "
Calculated from HPLC results with toluene as internal standard.

eV T, "BuSn(OMe), D Y4 B D% kgt L 7= (Table 2-5), 7 =V >{Zxf LT, 0.5 4 & "Bu,Sn(OMe),

(1 45 Sn-OMe) &M H L 72354, laa OULHIT 23%IZ 1L F - f:(Entry 1), —J7. "Bu,Sn(OMe), DY &%
B & laa DR A L L, 5 Y EHWD &R KD 82%IZ 7 L 7= (Entries 2-5),
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Table 2-6. Effect of R group in "Bu,Sn(OR),.%

"Bu,Sn(OR),
<::>F_ CO, (5 MPa), MeCN (3 mL) <::>}_ <::>»— _4<::>
NH2 ’
150 °C, 20 min
(1aa~1ad, Carbamates) (2, Urea)
Entry Sn source Conv. (%)°  Yield of carbamates (%)”  Yield of 2 (%)"

1 "Bu,Sn(OMe), 47 41 (laa, R = Me) 4
2 "Bu,Sn(OEt), 48 37 (lab, R = Ef) 2
3 "Bu,Sn(0O"Pr), 48 39 (lac, R ="Pr,) 3
4 "Bu,Sn(0"Bu), 39 35 (1ad, R = "Bu) 2

 Reaction conditions: 0.8 mmol aniline, 0.8 mmol "Bu,Sn(OR),, 3 mL MeCN, 5 MPa CO,, 150 °C, 20
® Calculated from HPLC and *H NMR results.

Thaxy REOT VXNV HOWTIHRET 21T > 72(Table 2-6), A h¥T K, = hFT K, 7
nHRFY R T P EY ROV THRHAET o128 25 GHET D B8 A — MR ZZ I 41% (laa).
37% (lab). 39% (lac), 35% (lad): b7z, DFE V| KRISIET Vv aFx s REORR LT L DI LN
A= RMDEZHENTH D Z Loz,
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2.3 "BuSn(O"Bu), DE X - HH|H

ART A%y KNG T LT, B TOREA /A — MBS 2 LA MRt G0 T,
FrftrlaE7e 7 ) — U RS 7 v A 2 EBLY R A U A B O HASIS & 2 OFF IOV TR
LT, BEAREIEARE RS Rinb 2 X7 L% o KEFAT S FRICE. BokAlE A7
TNa—EDORIGEl. PTAFAD—RF— N EDKIGE[A]. AN RV r—kEDORIS[B]NE B
TUB, KB, fieb Ll 73— RO RIS 2 BT 5 2 2 & Ui, S ORVERISC
LRI TERT 2 A& SR A WD B R E IRV BRS 2 L REETH LN, A4 ) — L% S
WCHWEBA KL ORI L > CTEONEENREEL 725720 WERENT X ) —Lextiid b
"Bu,Sn(0"Bu), & AWV THiETZ21T - 7=,

CO, (5 MPa) 0
MeCN (3 mL) JJ\ n . .
NH, + "Bu,Sn(0O"Bu), > N~ "O"Bu + Tin residues
150 °C, 20 min H
(1ad, carbamate)
+ "BuOH
- H,0

Scheme 2-3. Recycling of "Bu,Sn(0O"Bu), for the butyl N-phenylcarbamate synthesis.

77, "BuSn(0"Bu), & SUGAIE L THYY, CO, BMPa)t 7 =V %7 h= kU L, 150 °CT 20
SRS SHH%, BEAETCTEN= I, 7=U >, AANA—] lad 28 E L. AXBELET-,
WIZ, AR TZ ) —NEMZ, TA—V A= EEHOCTHALZROKIGESESZ LT
"Bu,Sn(0"Bu), & F4E L 7= (Scheme 2-3), = @154 L7z "BuSn(0"Bu), 2 WV TH O L3 A — | lad DA
& 4T - 7= (Table 2-7), ZD#E%E. 4 L 7= "Bu,Sn(0"Bu), 181k D "Bu,Sn(O"Bu), 2 V= & & & [l
DINHET lad #5277,
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Table 2-7. Recycling of "Bu,Sn(Q"Bu); in the synthesis of butyl N-phenylcarbamate.?

Recycle time "Bu,Sn(O"Bu),/aniline ratio Yield of 1ad (%)°
Fresh 1 37
1 1 38
Fresh 2 69
1 2 69

 Reaction conditions: 0.8 mmol aniline, 0.8 mmol or 1.6 mmol "Bu,Sn(0O"Bu),, 3 mL MeCN, 5 MPa
CO,, 150 °C, 20 min. ® Calculated from *H NMR results with mesitylene as internal standard.

WIT, T4 L7= "BuSn(0"BU), & HTiH D "Bu,Sn(0O"Bu), (22T, *H NMR 3 & O sn{*H} NMR =2
7 MV UT- (Figures 2-2, 2-3), £ DfEHR, ZHZEHD NMR A7 MUVZER R B, FFIZ
19Sn{*H} NMR 2227 kLT, BE S D 7 "Bu,Sn(0"Bu), (—121.7 ppm) & 13872 2 87 7= 723 7 F/1(102.8
ppm)B B S iz, Z DT 7 FAdfbEF T 7 MERX Kricheldorf & 23345 L7z "BusSn(Q"Bu)D > 7 b
(104.5 ppm) & B\ —%r %77 L CTHE Y [6]. "BuSn(0"Bu); D—EBA AL 2 Z L, "BusSn(Q"Bu)lz &
ELTWDHZEERBLTND, B, THEHBLZT VX ALRAXT L adx s ROREUCEIS AL
A7 S NI L > THRESNLTWA[7,8], ZORBULKIR AR THY . AR LTS &
B2 HALD "BusSn(O"BU) D ST IE D KIGHITH 5 "BupSn(0"Bu), £ 0 HARWZD[5]. A XGHID
HAELZZHEER D IRT & INNA— FEROIEEME T T 5 Z & THRIND,
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a) Fresh "Bu,Sn(0O"Bu),
-OCH,CH,CH,CH,

|

| |

b) Recycled "Bu,Sn(0"Bu),

Figure 2-2. *H NMR spectra of a) Fresh "Bu,Sn(O"Bu), and b) Recycled "Bu,Sn(O"Bu),

a) Fresh "Bu,Sn(0O"Bu),

e
b) Recycled "Bu,Sn(0"Bu),
"Bu,Sn(0O"Bu),
"Bu,Sn(O"Bu) /
\
T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 0 -100 -200 -300 & /lppm

Figure 2-3. **Sn{"H} NMR spectra of a) Fresh "Bu,Sn(0"Bu), and b) Recycled "Bu,Sn(O"Bu)s.
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24 RUSHEE

’l’Bu
"Bu "Bu
O/
"BuO—Sn /Sn—O”Bu
n / (@) \n C02
H,O Bu | Bu
"Bu
step A
step C
"BuOH "By
n
Tin residues Bu\ /é\ 'Bu
"Bu0,CO—Sn__ _Sn—OCO,"Bu
/ 07\
"Bu | "Bu
"Bu
step B
e) RNH»
R—N)J\O”Bu
H
(R = aryl, alkyl)

Scheme 2-4. The proposal reaction mechanism for carbamates synthesis.

AN SOERE L2 DU TH %2 L 7= (Scheme 2-4), %77, "Bu,Sn(0"Bu), 1% —- &fK["Bu,Sn(O"Bu)(u-0"Bu)],
AL TERY ., T CO, BNRIST D & ZORUEDO T Fkv FEIZZAZh CO, AL
["'Bu,Sn(OCO,"Bu)(u-0"Bu)]; # 5-2. % £ & 2 HL 5 (Step A), Hiel T, ["BuSn(OCO,"Bu)(u-O"Bu)], # #/v
REVRFBZT I USSR E 2 -9 2 LT, BN — k& "BuSn(O"BU)(OH) % k5 & 5 A X
BENHFOND EBZEZ L5 (Step B, B, ARXEEITT X /) — DRI LD
["Bu,Sn(O"Bu)(u-O"Bu)], ~FFAEFIRETH H(Step C), > T, BRISTRERAZ R THDL L, AXT L2
X REEARITAED K5 ITHEREL TR0, FEEMIZIZT I, CO, T — L DHPHE S, KD
BRRVET DEEEFFTLO H VR A — MERIEE B2 e N TE 5,
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25 #E

RETIE, AXT VXY REMSAIE LTHWSZET, TV, CONDLEFEANSRA— %
BT D FIEERRE Lz, 72, JOREO ARG Z 7L a—) L ORIRIC L0 FA Lz, HEED
NN A= RBRIZHND EFHDOAXT L axy REIZERBEOINETHNNRA =B’ ELND Z
CERM L, Tabb, AXTvaxy NEIFEMRERKIGH TH Y, FEMICITT I, CO, 7
b3 —)L DHITHE SV, KOBPRIAET D BREGHI O VS A — NERIE R MENLT D5 2 LN TET,

LnL, AXT vaxy RegsHlé LTHWES G, AXO@EMESR, BRIED AT )L 2%k R
BOSIZHETH D Z &, BAEOBICARBUEISIZ L » THEERRAIIE T LT ZERTPHEND A
DETH D, 16> T, LORSERE LS, REIMOBA - BRI 5 287 ee@ 7 rax s R
DIRENMLELZEZ BINLD,
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31 fE5

B OETHEH, AXTAax Y REAWD I ETHEEBEINANA— ORI ERNAIRETHD Z &
EFAELIEN, AXTaxy ROMEDIRE &4 - BRABOREUCIGATRE E 7o 72, Zh
O OBEA IR D720, Fil-REBT7 )V axy ROERNNELEZ -,

FTIBAFZEEE O D SRS U7 B TAFZEIC BV T Ti(OMe), Z fillit & UCH W= A %/ —1 & CO v D
® DMC ARG SN TEY . ZOKIGH#E L LT Ti-0 G~ CO,MFA LT # v I —ARE— |k
HPRARHRE STV 5 (Scheme 3-1)[1,2], E£7-. Parrino &% Ti(O"Bu)4 (2 CO, Z/EH SH7ZBD IR B
L ONMR A7 "V OZEALD S Ti-O fEEIZ CO AMEA LT2F ¥ v B — R 3 — MMEEROAERERE L
TW5[3].

Acetal
XHZO [L-Ti-OMe]  COy
Ketone N
MeOH)/
[L,-Ti-OH] [L,-Ti-OCO,Me]
(0]
P MeOH
MeO OMe

Scheme 3-1 Synthesis of DMC using Ti(OMe), as catalyst

ZIZT, UEDBEMRO L DICTF X o —RR— b PERT L ERET DL, AXTAaxy RO
REFRRICT IV ERISE®E DT ETHNVAA— FOEGEBAIRETHDH EEX T, £To, TH T T
TAXY RECO & A X ) —/L)vb DMC 25 2 FRUSIZIR W T L LTHREL TRV . Tl
BTELDIFHX e FaXxy RIET7 ha— Lt DRSICE > TF LT raxy RicEESRD L&
Z BTV S (Scheme 3-1)[2], 2 F VD, IANA— MR TELLAREERH LT X B KX R
TNA— L EDRISIZRVBAETEDLEEZ NS, o, WM LITEKEELT Z »(TiOnHO, n =
01512 TTNXNANI—HRA— b EDISIZEVTFZ T IITNLaxy RPERTELHI a2l
HELTBY, ZORIBEb NN A—MERTELDT X VEREOHAEISHRETH D EBE 2 T-[4], S
bIZ, FAUT I T7axy RIIZMETHEEGES, ROBWLAEL THDH, /o, VT AFILAX
DTN axy RERRY  TAXRANEELFTCWTFZ T NI T v aFk s RIEABHURIS A Z S0
LEZLND, T, ABETIEIFL LT I TAaxy RERIEAIE L1272 v & CO 0B DFEENR
H NN A — NEERIEOBRF & /ET LT,
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32 FHUT FITNaXY RO

Table 3-1. Screen of Ti(OR),.*

Ti(OR)4 (1 equiv.)

CO, (5 MPa), MeCN (3 mL)
NH. >
150 °C, 20 min

(1aa~1ad Carbamates) (2, Urea)
Entry Ti source Conv. (%)° Yield of carbamate (%)" Yield of 2 (%)°
1 Ti(OMe), 62 59 (1aa, R = Me) 1
2 Ti(OE), 58 57 (lab, R = Et) 1
3 Ti(O"Pr), 50 50 (1ac, R ="Pr,) 1
4 Ti(O"Bu), 50 50 (1ad, R = "Bu) <1

® Reaction conditions: 0.8 mmol aniline, 0.8 mmol Ti(OR);, 3 mL MeCN, 5 MPa CO,, 20 min,
150 °C. ° Calculated from HPLC and *H NMR results.

EFTIXAXT L 2X Y ROKIGRIZEBW Thci CTh o T2 5:F@REE: 77 h= Kk UL CO, /£ 7] :5 MPa,
FORSREE © 150 °C, JUGKEH : 20 43)C, 7=V v ZISHEEE L, xOF X T v I7T70axs R
(Ti(OR)4, R = Me, Et, "Pr, "Bu) & SG Al & L CTHW TRRFT 21T o 7= (Table 3-1), & DFER, 335 R
A— | laa~lad 28 50~60%DILRE T LD Z LR myhhotz, £io, BIERME LTY LT 2034/ L
7=, TOEIZILSENTH T,
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3.3 RISFHORE

3.3.1 BUSEIEDORRET

Table 3-2. Effect of reaction solvent.?

Ti(OMe), (1 equiv.)

CO, (5 MPa), Solvent (3 mL)
NH, > OMe +
150 °C, 20 min

(1aa Carbamate) (2 Urea)
Entry Solvent Conv. (%)° Yield of 1aa (%)" Yield of 2 (%)°
1 1,4-Dioxane 50 50 <1
2 THF 48 47 <1
3 Diethyl ether 51 47 1
4 MeCN 65 61 1
5 MeOH <1 <1 <1

# Reaction conditions: 0.8 mmol aniline, 0.8 mmol Ti(OMe)4, 3 mL solvent, 5 MPa CO,, 20 min,
150 °C.  Calculated from HPLC results with toluene as internal standard.

WIZ, BUSERIEE DR 21T - 7=(Table 3-2), FDfEHR., H DO AT /Laxy ROFR & FERIC
—T VR, 7 = MU A ERHWEBRIZRISSH#EITL, Z2OHRTT ' F= M) AR BWIEE
5.z 7=(Entries 1-4), F£7=, A% /=N EHOEIZIE E A EIERET Lholzl, 2HHHAXT
Naxy ROFREFEL, DMC OARMNERLIZEEZLBND,
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332 NRE & RIGERE ORE

Table 3-3. Effect of reaction temperature and time.?

Ti(OMe), (1 equiv.)

CO, (5 MPa), MeCN (3 mL)
NH; > OMe +
Temp., time

(1aa, Carbamate (2, Urea)
Temp. Time b . b . b
Entry _ Conv. (%) Yield of 1aa (%) Yield of 2 (%)
(°C) (min)

1 150 20 62 59 1
2 180 20 86 85 2
3 180 40 80 78 2
4 180 60 86 79 3
5 200 20 83 77 4

2 Reaction conditions: 0.8 mmol aniline, 0.8 mmol Ti(OMe),, 3 mL solvent, 5 MPa CO,. ® Calculated
from HPLC results with toluene as internal standard.

TN T, BURIREE & RORKEE ORRGET 21T - 72 (Table 3-3), SUSTREE % 150 ‘CA5 180 ‘Clid % & laa
DURIL 85% F T LA L7z(Entries 1, 2), —J7. BUGKF# A IEIX L 72355 (Entries 3, 4), K OBUGIRE %
L7254 Entry 5). laa OISR LTz, I LEORER LY | RGIRE 180 °C., KUSHHR 20 45 % i
L L,
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333 COENZR

Table 3-4. Effect of CO, pressure.?

Ti(OMe), (1 equiv.)

CO,, MeCN (3 mL)
NH, OMe +
180 °C, 20 min

\

(1aa, Carbamate (2, Urea)
Entry CO, (MPa) Conv. (%)° Yield of 1aa (%)" Yield of 2 (%)°
1 1 65 50 9
2 3 81 73 4
3 5 86 85 2
4 7 88 85 2
5 9 88 84 1

2 Reaction conditions: 0.8 mmol aniline, 0.8 mmol Ti(OMe),, 3 mL MeCN, CO,, 20 min, 180 °C. "
Calculated from HPLC results with toluene as internal standard.

WA, COL JEFTNZ DWW TR 21T - 7= (Table 3-4), CO, JE /1A 1 MPa D354 T KIS T L7273, laa
DL B0%IZHE E 0 | BIAEKM O T LT 2 DML 9% & bk 2 < Ak L 7= (Entry 1), CO,JE D L&
W~ T, laa OUERIFHENN, 2 DURITE T L. CO,JE/D 5 MPa DESIC 1laa DR R D 85% &
7¢ > 7= (Entries 2, 3), —J7,CO, /1% 5 MPa LA EiZ L C %, laa DYLRTIT & A EE{L L 727> 7= (Entries
4,5), LLEDOFERIG, CO, ) 5 MPa & f Sk & LT,
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3.34 Ti(OMe), I EDOHRE!

Table 3-5. Effect of Ti(OMe), amount.?

Ti(OMe),
@ CO5 (5 MPa), MeCN (3 mL) @ @ @
NH; > OMe +
180 °C, 20 min
(1aa, Carbamate) (2, Urea)
Ti(OMe), , . . . .
Entry , Conv. (%) Yield of 1aa (%) Yield of 2 (%)

(equiv.)
1 0.25 31 24 1
2 0.5 48 47 3
3 0.75 68 67 2
4 1 86 86 2
5 2 86 86 1

% Reaction conditions: 0.8 mmol aniline, Ti(OMe),;, 3 mL MeCN, CO, (5 MPa), 20 min, 180 °C.
b Calculated from HPLC results with toluene as internal standard.

Ti(OMe), D FiHED Z AT DU T L 7= (Table 3-5). Ti(OMe)s DI e 1 4 Bk 0 I L7 55r
laa DULERL Ti(OMe), DA FH &I e L Tieizd L7z (Entries 1-3), —J7, Ti(OMe), D&% 2 M &(TH L
ThH. laa DIEROENNZR HNARD -7,

TR TCTHAE L7z "BuSn(OMe), 1%, 80%UX KL ETH AN A — N EBHEDITIE 5 YENLETR > 7=012xt
L. Ti(OMe), 1% 1 ¥ ETHHTH D, T7bb, Ti(OMe), ZHH4 2 Z & T "Bu,Sn(OMe), D% L v &
EETNVaxY ROMEHELZ KBTI 22 R T 5 25,

41



3.4 Ti(OMe), ZFEALT=HIL/N A — SR RIGD 2 HE # A

Table 3-6. Carbamates synthesis using various substrates.®

Ti(OMe), (1 equiv.)

0
CO5 (5 MPa), MeCN (3 mL)
R-NH, —— : > R—NJ\OMe
180 °C, 20 min H
Entry Amine Product Yield (%)°
O 1aa
1 Qj%ma2 @NJ\OMG 85 (83)
H
O 1ba
2 MeONHZ MGONJ\OMG 95 (92)
H
(0) 1ca
3 MeOONHZ Meo@—NJ\OMe 99(98)
H
(0] 1da
4 BrONHZ Br <:> N)J\OMe 82 (77)
H
@] 1ea
5 ac%j%r\m2 . C@”J\OMG 62 (60)
0 1fa
6 NC@NHZ NCONJ\OMe 61 (55)
H
O 1ga
7 OZNONHz OZNONJ\OMe 54 (50)
H
j\ 1ha
NH
8 Q 2 QH OMe 85 (81)
MeO MeG
i 1ia
NH
9 Q 2 QH OMe 65 (61)
OMe
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O 1ja

10 <::>}—NH2 <::>}_N/ﬂ\0Me 93 (88)
H
0] 1ka
11 ——]L—NH2 N/M\OMG 90 (81)
H

% Reaction conditions: 0.8 mmol aniline, 0.8 mmol Ti(OMe),, 3 mL MeCN, 5 MPa CO,, 20 min,
180 °C. ® Calculated from *H NMR results with mesitylene as internal standard, and isolated yields
are given in parentheses.

Ti(OMe) Z FV N, fciiifb L2 BSOS T CEE S E 7 L VFERIC W B AR ORF 217 -
7-(Table 3-6), AT~ DEREEEZEA LT =V VFERIGEAARETH Y . TnEhxtibd 5
17V N A — D3 R i IR T3 B AL T2 (Entries 1-9), 2D TH ERAZEAN LT =V VFE
RIZ XV SR THRRY % 5 2 7223 (Entries 2,3), WVETREIILEZEANT D & AN A — N OUENEK
T4 B[R 25 L 5 AU 72 (Entries 5-7), Z OHEIET X ) BORBMEDEINTEEBEL TWAHI-H EE LI
Bo A RRUT =Y L ORMBRME S ST L 25, /8T > A% >H 0 R ONEE CIREANHD L
722D, RUSEE ONRREE G ICRICHE LY 5 2 5 2 L R &5 (Entries 3,8,9), F£72. NENiE
7 I HWTHEOSIEMEICET U ST IR V8 X — 28 RAF7RUNER T b AL 72 (Entries
10,11).

AFEE, TEMICEERRY U L Z BRI RER T EFR Y 1 V3 A — h OB R b i Al6E
T H(Scheme 3-2), 2,4-U7 X/ "M &HFEEE LTHY, 180CT60 it ®d &, xHbhT 56
BN A— |k a3 BEEIR 60% Tl biviz, £/, 44-AF L7 =1 % 180CT 20 /p Rt &8

&L RHRT D UL R A— | Ima DS HEEIER 82% T H T,

CO, (5 MPa)
(a) Ji:Ii Ti(OMe), (0.8 mmol) ji Ji:Iiji 11a
H,N NH, 180 °C, 60 min MeO ” ” oM
(0.4 mmol)
(Isolated yield = 60%)
CO, (5 MPa)
Ti(OMe), (0.8 mmol) )OJ\ j)j\1ma
H,N NH, 180 °C, 20 min MeO™ N N~ OMe
(0.4 mmol) H H

(Isolated yield = 82%)

Scheme 3-2 Synthesis of aromatic dicarbamates (polyurethane precursor).
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3.5 Hammett 4347

03 | ’-OMe
O .
3
&
T -03 -
06 7 p =-1.0232
R2 = 0.9953
'0.9 I I I I I
-0.3 0.1 0.1 0.3 0.5 0.7
o‘P

Figure 3-1. Hammett analysis of carbamate synthesis from para-substituted aniline. Reaction condition:
0.8 mmol para-substituted aniline, 0.8 mmol Ti(OMe),4, MeCN 3 mL, CO, 5 MPa, 120 °C, 20 min. The o,
values were obtained from the literature [5]

FEE T R PH O RS B2 FES ) T Hammett 54T 12 & B B 5% 4T - 7= (Figure 3-1), =7 /W{bEme L
TT7 =V DRI A MU AFVE BER, 7o', = e L2356 0% M0 Hammett
Ty NE{Tol, TOME, 470y MIBFRERBESRER LR = 0.9953), KSER p (ZADME
(-1.02) & 7p o7z, ZaE, AUEBMER T = U UABERORBKETH D Z L 2R L TERY . Table 3-6
(R LB T =V UBERDFERER &b BV —EZ R L T\ D,
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36 FHEUTIIFTNaxY ROFAE - BHAH

N T, FHUT M ITaxy ROFE - BARIC DLW TR EZITo 72, fis T~z L oic, &
Zrob ReXxy REERET Vv a—LnbF 207 M7 axy REBEEGRT D KEOWE BT
FEL72W 3, Ti(OMe), Zfitlft & L7z DMC B OBUGT A 7 MZEBWT, F4 b Rafy REERN D
FETIIZTNaxy RPFBEINLIHEBENMEEINTEBY, TORISEZBIIRISEITHIZ L L
7oo 723, Ti(OMe), DFFAITAEL D A & ) — /v EKROGEERREER T2, B EDOAXT Laxs Ko
A LRERIC, 74 7 — &AW Ti(OBU), DFAERTFT 52 & & Lz,

CO, (5 MPa) j\
@NHz + Ti(O"Bu), MecN@mb) @N O"Bu + Titanium residues
180 °C, 20 min H
(1ad, carbamate)
+ "BuOH
- H,O

Scheme 3-3. Recycling of Ti(O"Bu), for the butyl N-phenylcarbamate synthesis.

7T=U 2% LT LS ED Ti(O"Bu), # vy, 7k b= kU L¥EEH . CO,5MPa, 180 COSM:FT
20 Sy )i S 7=(Scheme 3-3), K, HZE FTT 2 h=hU, 7=V, HANRRA—FEEEL,
FHREEEN LTz, RIT, T4 — v AZ =0 FEZHOTRAKREITWRR LT X R E 7% ) —)v
ERIGSHEDHZ LT, Ti(O"Bu), DFAEEZTToT-, £ LT, ALK Ti(O"BU), # HWTA LA A — R
AT o7, Z DEER 5 R R L7ZERD B /L3 A — K lad DULR % Table 3-7 (2779728, FARES
5E# D IKL TS Ti(O"Bu)y DRISHEDIR T IXR b7,

Table 3-7. Recycling of Ti(O"Bu), for the n-butyl N-phenylcarbamate synthesis.*

Recycling time Fresh 1 2 3 4 5

Yield of 1ad (%)" 84(79)  84(78)  83(80) 83(80)  83(79)  82(78)

 Reaction conditions: 2.7 mmol aniline, 2.7 mmol Ti(O"Bu)s, 10 mL MeCN, 5 MPa CO,, 20 min,
180 °C. ® Calculated from HPLC results with toluene as internal standard, and isolated yields are
given in parentheses.
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F 7o, B R OFAEZO Ti(O"BU), @ *HNMR 222 kL% Figure 3-2 12~d, 7 ¥ o —2
ITZFNEI 4.26, 1.61, 1.36, 0.89 ppm ([ZBIE I N2, FAEICK DRI B RIFBH S e o7,

WoT, AXT N axy RETEZRY | Ti(OBU) ITERMICHEFRETH D LEX HND,

2

4

BUOYTI” O

1
Fresh (1) J\ 1

3

o )

* Grease

3) HH

“ N

s

5 4 3

2

1

o/ppm

0

Figure 3-2. *H NMR spectrum of Fresh Ti(O"Bu), and 1~5" recycled Ti(O"Bu), in CDCl,
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3.7 Ti(O"Bu)sZHEAL=AI/NA— FERKRIEOEE B AR

Table 3-8. Carbamates synthesis using various substrates.®

Ti(O"Bu), (1 equiv.)

0
CO, (5 MPa), MeCN (3 mL)
R-NH, ——2 : > R—N)J\O”Bu
180 °C, 20 min H
Entry Amine Product Yield (%)°
1 @ @ OB 84 (80)
2 Vs @ o2 (62)
3 O @— 0"Bu 100 (94)
0
4 NC@NHZ @ J\O”Bu 68 (60)
> @ @— 0"Bu 59 (54)
6 @ O - 95 (84)
7 MeOZC@NHZ MeOZCO 0By 85 (75)
NH
8 Q 2 Q 0"Bu 93 (85)
MeO
9 Q Q 0"Bu 75 (70)
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O 1jd

10 QNHZ QNJ\OHBU 94 (88)
H
(0] 1kd
11 +NH2 N)J\O,,Bu 94 (85)
H

O 1pd

12 /\/\/\NH2 /\/\/\NJJ\O”BU 88 (82)
H

% Reaction conditions: 0.8 mmol aniline, 0.8 mmol Ti(O"Bu)s, 3 mL MeCN, 5 MPa CO,, 20 min,
180 °C. ® Calculated from *H NMR results with mesitylene as internal standard, and isolated yields

are given in parentheses.

Ti(O"Bu)s D FF A= « FFIHZFESL TE 722 L A5 | Ti(0"Bu)g & FIV 2 SUGE DU CHLE i F G H O Bt
% FE{T - 7=(Table 3-8), < DOfEHE, Table 3-6 (Z/% L 7= Ti(OMe), D% EIFIFFEOFERNE LN, K FE
7=V FREAR, BT X ARG EA PR Ch o7, Eo, MNVETFWEIERERFOT =0 U
ERTIHRERRCROETTHZ . A MR T =0 v OBAERMERITGT D RISHERRT > A 2 >F
)bk DIEF TR T2 Z & bIAEETH - 7= (Entries 3, 6-9), £7-. ABUSIET 2/ HEOREIELTED

VVETBEESMNME A R LTz,

@) CO, (5 MPa) S T
/E:( Ti(0"Bu), (0.8 mmol) b /@( 1
o H n n
HN NH, 180 °C, 60 min BuO” N N~ 0"Bu
(0.4 mmol)

(Isolated yield = 64%)

CO, (5 MPa) p—
Ti(0"Bu), (0.8 mmol) )OJ\ j\ m
H,N NH,  180°C.60min  |"Bu0” N N~ 0"

(0.4 mmol)

(Isolated yield = 92%)

Scheme 3-4 Synthesis of aromatic dicarbamates (polyurethane precursor)

F7-. Ti(O"Bu), iX Ti(OMe), & [FIERIC, THEMICEZE R Y U L& VB~ R REZR S H/IE S L
NA—=NMNZEHETHY, 2407 I MU RN AL ATF LT =0 UinbZNERRIET 5
DIV R A — N A BB R 64%, 92% T35 Z & AN T & 7=(Scheme 3-4), Ti(O"Bu), (X4 « FAFIIH & e
MTETNDZEND, KFRETIRRAT ARCEDLLRY U L& VFE O 1= 72 THER G RIE~ & R

TXHLEEZTVWD
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38 RIGAI=AA

Parrino 1%, Ti(O"Bu)s & CO,. 7T T I EDRILN B I AN A — KN TE LRSI OWTIR &
NMR |2 &5 BB 21T 5> TV A[3], ZDFEFRN G, Ti(O"Bu), @ Ti-O #5512 CO, WA L= F & v
B —RF— MEROAER, 5 o —R3— FMERE T IV EDRIRZ L DT Z v BN A— NMEERD
AR, FZ TN S A — REEIROIMKGIRIZ L D N-T F VTSI RO, £ L TN g
R LT L3 — )L e DRUEN DTN S A — bk ERDPERT 5 S ZIRE L T\ 5,

L LARS, RETHELEZFZT hIT7axy REFAWEZT 2, CO 0 DHEFE LA
A= FERBORE. BOSRICKBIFE LR & IBIAED VR VR L Il U CHFEHREA NS R
WIFEFNCARLZED D Z LD, Parrino H 2R U 72 SOUCERE & 1IZR R D U0 CHEITL TCWnWb & 2
bhs,

H,O
) CO,
Ti(OR')4
' step C
R'OH step A
(R'O)nTi(OH) 41 o
or _ I
titanium clusters (R'O) Ti(OCOR') 4.1
W
/ﬁ\ RNH,
R—N OR'
H
(R = aryl, alkyl)

Scheme 3-5 The proposal reaction mechanism for carbamate synthesis.

Scheme 3-5 |[ZHEE S A2 "3, £, XU T 2XF T RICCOMNMATHZ ETFH U I—R
A— FEEHADE L S (step A)e Z D step A IXFNHR S TH VD . COENZmD D & CO i ALUL DM e
INDD, RISREZED D & COMBERUSIMEE SN D B2 b, RIT, T I DINVR=)VR
FTADORBBEIZ L > THANRA— L&A T 5 (step B), /N A v MW OFE RIS, Z D step B 23k
B CchbEEZLND, £ LT, Ti(O"BU)y DRICHONTIE, FX UEEARILL TT b a—b & Kk
SHDHZLETTFH T AaAxy RRFETES(stepC), - T, BT r® AN /R E, FX T
T T Ay RIEMEO X5 IZ@ W Tk 0 . FFEIICIET I, CO T I — /L DOHBNHE S,
KD BIENET D BB OB F RN ANA — b EFIEE BTN TE 5,
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ARECTIE, T2 T hTTaxy REEEAIE LTHY, CO &7 00 b DO @R EEE
R A — NEBEERENL LT, TI(O"BU) I DWW TIX, KN DOT X Uik 75 7 — L EDRISIZE -
T Ti(O"Bu)s WHAERRRTHLZ LA AH L, B4 - BRAZ 5EH KL TH WA — NERROTE
PEBET L2V Z L2 LML, £ HNMRICE ST, AXT vadky FEERARY | f4 - F
FHOBBETHMNEZ BN &b LNT Lic, RAFEIR, Rkx227 =V UFER, IBEY <~
ICHEARE TH D, FRIC, LEMICEERR Y U L X VFEEHI AR VL /RS L8 A — h & EI
RBTHEOLNDLZE BB BN L,

Ti(O"Bu)y DFZHOWTIL, 74 ) —vEHWTHAEEEZHLTETCNDZ En, Ti(O"Bu), 1X5EEHY
IR & e 2 E N TE, AFIEIXT I v, COp T a—LOLBEE S, KOBDBEIET S
BREERFL OB FHE NV ANRA— N EIEE WA, R UL B ET o ADEFICORN D L0 & H
FFEib,
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4.1 FES

AN RNV —NMEIT b7 Taxe T e BTN, BRESERT Y B0, BTN A
DU, RIS U CIRIAWVERESH CHEA SN DL VY a— e ERix 2 HH 7 A FEMEIOJFEE L
THOHNTWA[L2, BUTOAHEAL b U r—boflEix, vV hE28B7r A BITETLLTOLAMK
THRTFLX—HET A THH[3], LirL, FiEFEETIX, AEBKRITHL 7L — 1 E T2
TR CTHLEL X2 T = =T 2 2MMT 5L T, YU B ETNa—nAnhbHEFL Y
r— NEBEEART 2 BIR &R LZ[45], ZOEMIC LD | REORIITIED O X5 22 B RR O R B
AN Y — b EBZ R = O a R N TREERRRIZ/ZR Y, A4V R U o — &2
DAFRGbEME LTHIRFREIZZR D E&F 2 bbb,

FHEA N b ) r— MRS T TR EHESODICIS L, T ) =T a— v EERT DT
OIKAIE LTHEET 2, LrL, WA A— FERROFATHIFRIZI WO THEBUKAI L LTHWSRT
WeT X =V TRV ERANL ST = MIT I EIERIG LR, — ., AL R S —
NMIFRIEE 2 FFORARRT X O T L aFk v R ETRR D | Si-0 #5E812 CO T A L7gvy, 20 X
SIME AR ST HEAN RV — FE2IANRR— RERICRIA L L 5 L &5, AL 5 ofil
AT HZ & TT IR CO ZIE LT D MENH 5,

TN T L CHRMEDIRNEE & L Ta b TR Y [6]. H5i2 Ml HENSE AT CO, [ &b D 5y BF I
BOWTELIEHENTWS [7,8], £7-. HELT X FEHAD Zn-N FEEIZ CO 2MF A L, #ignH /L8 A —
N ERCT B RO S S STV 5 [9-11],

PLEDOEEND, HMEE At L THWAZ L TCORT I U2 E L, A4 L ) r—
REHWET I8 COMBDBEFHREINANA— NERRNAREIC IR D L E X T,
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4.2 EgnflgORRET

Table 4-1. Screen of Zn catalyst.?

Zn cat. (2 mol%)
Si(OMe), (2 equiv.)

CO; (5 MPa), MeCN (3 mL)
NH, > OMe +
150 °C, 24 h

(1aa, Carbamate (2, Urea)
Entry Zn catalyst Yield of 1aa (%)" Yield of 2 (%)°
1 none 1 2
2 Zn0O 22 13
3 ZnCl, 18 9
4 ZnBr, 29 16
5 ZnS0O, 1 12
6 Zn(OTH), 35 6
7 Zn(OAc), 60 6

% Reaction conditions: 1 mmol aniline, 2 mmol TMOS, 0.02 mmol catalysts, 3 mL MeCN, 5 MPa
CO,, 150 °C, 24 h. ® Calculated from the HPLC results with toluene as internal standard.

fli 2 QWAL E AV, 7=V 2 COp 7 b7 AFNAIN kU &r— N(TMOS)h & O F5 i 7 /L3
A — NEREOG & WFt L7 (Table 4-1), £, #ignfilit 2 ne7, 7 b=k U, 150 CT 24 Ik
IS ZAT T2, AN A— |k laalflZ & A E/bNo7z (Entry 1), KRIZ, #fx Rdignbaw %
i BRI L Cs 2 T 7= & 2 A, ZnO, ZnCly,, ZnBr,, ZnSO4. Zn(OTf),. Zn(OAc), % W 7= Bz
laa DME~HIEE TR B, Zn(OAC), 23 b WXL (60%) % 5- 2 7= (Entries 2-7),
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4.3 BENLFORRE

Table 4-2. Screen of ligand.?

Zn(OAc), (2 mol%)
ligand 6 mol%
Si(OMe), (2 equiv.)

CO; (5 MPa), MeCN (3 mL)
Ormmtmlition. O o O O
150 °C, 24 h

(1aa, Carbamate) (2, Urea)
Entry Ligand Yield of 1aa (%)° Yield of 2 (%)°
1 none 60 6
2 N\ 7 7 84 3
N N=—
phen
3 \ 7/ \_7 83 5
bpy
NH HN
bispicen
<:NH HN:>
5 NH HN 60 12
cyclam
EtOOC—\ /\ /—COOEt
6

N N

debpn

HOOC—\ /\ /—COOH

7 /N N— 10 6
HOOC COOH
EDTA

% Reaction conditions: 1 mmol aniline, 2 mmol TMOS, 0.02 mmol Zn(OAc),, 6 mol% ligand (0.06
mmol for phen and bpy, 0.03 mmol for bispicen and cyclam, 0.02 mmol for debpn and EDTA), 3 mL
MeCN, 5 MPa CO,, 150 °C, 24 h. ° Calculated from the HPLC results with toluene as internal
standard.
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Zn(OAC), I DT Z ) E3° 2 7212, BN - OUSINZh R 2 Fgt L 7= (Table 4-2), K212 6 mol%d
1,10-7 = F > b wu U »(phen)Z N9 5 & laa OPEED 84%IZHIAN L 7= (Entries 1,2), 2,2-EE Y ¥
(bpy) ZHhN L7=%54& . phen & [R U X 5 ICEIHEE 5 2 7 (Entry 3), F£7-. WUEEANL D NN-E A (2-E
U PN AFI)-12-=F L 27 2 2 (bispicen)iZ B WIER % 5 2 72 23 (Entry 4). BRIRUERANLFTH D
1,4811-7 v 7Y a7 v 75 B (cyclam) Tl laa RO E LIX R S 720 > 7= (Entry 5), — .
NEERNLFTH D NN-PHEETF L-NN-ERAQ2-E Y DL A F)-12-=F L > PT 2 2 (debpn)L—F
Lo U7 R U ERER(EDTA)IKINEE T dH - 7= (Entries 6,7), ZAUIENMIENEL 20T EH LT =0 D
PN JE T ODA~DORBHERHEENLT-DOTHDLH EEZXTND, UL EDORR1SH, 1,10-7 =F > e
Uy akHWD RER#ESEMEE L,
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4.4 BOSSRMORE L

441 BUSEESEORRET

Table 4-3. Effect of solvents.?

Zn(OAc), (2 mol%)
phen 6 mol%
Si(OMe), (2 equiv.)

CO, (5 MPa), solvent (3 mL)
NH, > OMe +
150 °C, 24 h

(1aa Carbamate) (2, Urea)
Entry solvent Yield of 1aa (%)" Yield of 2 (%)°
1 1,4-dioxane 84 1
2 THF 73 1
3 diethyl ether 55 3
4 MeCN 84 3
5 MeOH 2 <1

% Reaction conditions: 1 mmol aniline, 2 mmol TMOS, 0.02 mmol Zn(OAc),, 6 mol% phen, 3 mL
solvent, 5 MPa CO,, 150 °C, 24 h. ® Calculated from the HPLC results with toluene as internal
standard.

RSO3t 51T - 7= (Table 4-3), FOFEH., Hx DT —F LREERCT & F =~ U L CREN

HATLU R 14-UF X0 7 b= MU AHFIZBWTEIERTA /LN A — | laa % 5 % 72 (Entries 1-4),
Tz, AX =NV TIIRISEDEIT LR o720, ZHUE ST, —EOARAXT Laxy RRF XTIV
aX T FOFREFEERIZ, DMC OARBELE LTI EEZ BN D, B EMEOBNNG, 14-V 4 F 4
YRV TR b= MU A ERRERREEE L,
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442 FONRE & RIGERE OB

Zn(OAc), (2 mol%)
phen 6 mol%
Si(OMe), (2 equiv.)

@NHZ CO, (5 MPa), MeCN (3 mL) . @ OMe + @ @

(1aa, Carbamate) (2, Urea)

100
80 -
g 60
8 180 °C
—
5 40 ——150 °C
S
@ —o—120°C
> 20 M
0 1 T T
0 5 10 15 20 25

Time (h)

Figure 4-1. Effect of temperature on the catalytic synthesis of 1aa. Reaction conditions: 1 mmol aniline,

2 mmol TMOS, 0.02 mmol Zn(OAc),, 0.06 mmol phen, 3 mL MeCN, 5 MPa CO,. The yields of 2 are
omitted for clarity.

T, ROSIREE & RS ORI DWW TR Lo, BOGIREE % 120 °C, 150 °C, 180 °C (T L7z B&
7 laa DU & RSEFH] O BIER 2 Figure 4-1 (27”9, BSOS A 120 °C (2 L7256, laa DA AGHEE A
RIS | 24 K[l laa OULERIT 15%ICH E o7, F£72. 180 °C TRILZAT T2 E . SUGHIHIC
laa VLS AR L7z b OO, 4 RERIHLABEIZULE D L, 24 BEfZICIZ 70% E TIR T L7z, 24
EIRCIElaa N BIZT I VRIS L VLT 2ICHMINTLES 221285 B2 b5, —J7.150°C
THRIGZEITH & laa BEVRINTAERK L. 0B322 OAEK BINZ HL- 2 &b, BSR4 KIS
J¥ 150 °C, SCIinIef 24 B & L7z,
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443 CO,EHBE

Zn(OAc), (2 mol%)
phen 6 mol%
Si(OMe), (2 equiv.)

CO,, MeCN (3 mL)
NH; > OMe +
150 °C, 24 h

(1aa, Carbamate) (2, Urea)

100

80 -
60
40
20
0

CO2 Pressure (MPa)

mlaa

Figure 4-2. Effect of the CO, pressure on the yields of 1aa and 2. Reaction conditions: 1 mmol aniline, 2
mmol TMOS, 0.02 mmol Zn(OAc),, 0.06 mmol phen, 3 mL MeCN, 150 °C.

Yield (%)

COJEN DB DOWTHRFIT D720 BN A—Rlaat 7 LT 20K E CO,JE I DR % Figure
4-2 2R LTz, laa DULFRIL, CO,/ET) 3-5MPa TIZA L L7gino 723, JEA % L MPalZ FIF 5 LR T2
Roiiz, —Ji. CO[ENNEWEA (10~14 MPa) b laa OYERIFK T L7z, ZAuk, @E N CHEE L
72 CO,MMEIED L H IR D HE D 2 & TRISRDOM O MARINTLE 9720, laa DUHERK T Lz &
EZoND, LEORERNL, U LT 2 DR GHEEA, CO,JET) 5 MPa & i geff & LTz,
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451 TMOS fEHEDHRH

Table 4-4. Effect of the amount of TMOS on the yields.?

Zn(OAc);, (2 mol%)
phen 6 mol%, Si(OMe),

CO, (5 MPa), MeCN (3 mL)
NH; > OMe +
150 °C, 24 h

(1aa Carbamate) (2, Urea)
Entry TMOS amount (mmol) Yield of 1aa (%)" Yield of 2 (%)°
1 1 54 4
2 2 84 3
3 4 79 1

% Reaction conditions: 1 mmol aniline, TMOS, 0.02 mmol Zn(OAc),, 6 mol% phen, 3 mL MeCN, 5
MPa CO,, 150 °C, 24 h. ? Calculated from the HPLC results with toluene as internal standard.

TMOS DOFINEDFEIZ SV TG L7=(Table 4-4), ZDO#fEHE, 1 4 &ED TMOS % HW\ =541 laa
DRI T L(Entry 1), 2 48D TMOS % H W2 BRIZ laa DIED K & 72 5 72 (Entry 2), Ziuid—57
FDANINA— FDBERRT DERTNE =50 F DRI ERKT D05, —43FDKITK LT TMOS 1251058
ST B0 EEZBND, —J7, TMOS f% 4 B EICTHRCT & laa DULRILTe L A L7223 Entry 3).
ZHUTIRIR T D TMOS IZ & o TROSERP AR S 4L, PUSRDORENME T L2 LItk B2 615,
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Table 4-5. Effect of various silicon alkoxides on the yield of corresponding carbamates.®

Zn(OAc); (2 mol%)
phen 6 mol%, Si(OR), (2 mmol) 0]

@NHz CO, (5 MPa), MeCN 3 mL) @NJ\OR
150 °C, 24 h H

(1aa~1ad, Carbamate)

Hydrolysis rate constant of

Entry Silicon alkoxides Yield of carbamate (%)"° SI(OR), (Mol sY)
1 Si(OMe), (TMOS) 84 (laa, R = Me) 2.99 x 1072
2 Si(OEt), (TEOS) 35 (lab, R = Et) 7.05 x 107
3 Si(O"Pr), (TPOS) 30 (lac, R = "Pr) -
4 Si(O"Bu)4 (TBOS) 32 (lad, R = "Bu) 2.0x10?
5° Si(O"Bu)4 (TBOS) 92 (lad, R = "Bu) 2.0x10?

 Reaction conditions: 1 mmol aniline, 2 mmol silicon alkoxide, 0.02 mmol Zn(OAc),, 6 mol% phen,
3 mL MeCN, 5 MPa CO,, 150 °C, 24 h. ° Calculated from the *H NMR results with mesitylene as
internal standard.  Reaction time: 72 h.

AN SV — FOT VX IVEHOREEEBLET L0, x OFHANL U r— b E AWK
Jix % fiEt L7z (Table 4-5), TMOS % M2 )OS D B S 412C TEOS, TPOS, TBOS % W\ = 7 /L3 A
— MERERFI L2 & 2 A, ZERENRIGT D VN 2 — FDOULEIT 35% (lab), 30% (lac). 32% (lad)
Tholz, Fo. 24 FEFFES Tl B IR O > 72 TBOS 122V T, SFE# % 72 Bf# & CIEiXd &
RUDINERT I NN A= FPEBNT, DFE D MREFIC Lo TROSHHE SNZERTIER < RO
HWEMETLZLE T ThDEEZXLbND, ZIUTAHAL MU 7r— ORGSR EZ KL T b
EEZ B, TMOS &K & DRISHE L TEOS, TPOS, TBOS X ¥ 72372 ) B Z L3 a5 TV 5[12],
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Table 4-6. Effect of the degree of alkyl substitution in silicon alkoxide on the yield of 1aa.?

Zn(OAc), (2 mol%)
phen 6 mol%,
Me, Si(OMe),., (2 mmol) O

MPa), MeCN L
@NHZ CO, (5 MPa), MeCN 3 mL) @*NJ\OMe
150 °C, 24 h H

(1aa, Carbamate)

Entry Silicon alkoxides Amount (mmol) Yield of 1aa (%)"
1 Si(OMe), 2 84
2 MeSi(OMe); 2.67 60
3 Me,Si(OMe), 4 40
4 Me;SiOMe 8 17

% Reaction conditions: 1 mmol aniline, 2-8 mmol silicon alkoxdie, 0.02 mmol Zn(OAc),, 6 mol%
phen, 3 mL MeCN, 5 MPa CO,, 150 °C, 24 h.  Calculated from the HPLC results with toluene as
internal standard.

RIT, V= hOT N ax v EOKEFUSMEDORRERF L, TV ax s EoBNERL Y 7
—  Me,Si(OMe)s, (N=0,1,23)Z WV, A FFVEDENUNELL R LI R YBETHINLNRA—TLD
AR AT 7=(Table 4-6), ZTDFER, “ U 7r— DA MF OB ILE- T, laa DILRIZETNZEN
84%, 60%., 40%, 17% &I Uiz, 7 A # LD 7 V2% L HOBUTIE U TR MR E RSN 5 2 &
DHRESINTNWDZEnD, ZOBGEHE V) 7 — FONKSREEIZ L VFHATL 2 LA TE H[13],
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—-78.24
-85.74

Si(OMe),
(Me0);Si-O-Si(OMe),
MWWWMMMWWMWW Www«mwwww\g\wwmlwwmwmwww
L L B B
-72 -74 -76 -78 -80 -82 -84 -86 ppm

Figure 4-3. 2Si{"H} NMR spectrum (79.5 MHz) of the reaction mixture. Reaction conditions: 1 mmol
aniline, 2 mmol TMOS, 0.02 mmol Zn(OAc),, 0.06 mmol phen, 3 mL MeCN-ds3, 5 MPa CO,, 150 °C for
24 hours.

TMOS kDA % fi#BH 9 % 72, MeCN-d3 F CTH /L N X — |k laa DA EIT o T2, MIGHET L
7= SOSRA D PSi{'H} NMR A~ ML &2 JIIE L7z & 25, -78.2 ppm O TMOS O 3 7" F /LI .
—85.7 ppmiZ~FH A hF v vm 4 2 (Me0)sSiOSi(OMe)s 12 If & S v D o 7 v hsBlivi= (Figure 4-3),
451 HiTHNANA— FERICBW TIRRDINRZFFD IO hiK 2 480D TMOS BNUETHL Z &%
RULTZA, ZHUTT a4 7% Scheme 4-1 1IR3 X 9 RIS T 25510 TMOS & 143 FDKRNPBAE
KT D=0 THD,

OM H,0 OMe TMOS OMe OMe
MeO- Sl OMe T’ HO- s| OMe T’ MeO- S| o- Sl OMe
OMe MeOH OMe MeOH OMe OMe

Scheme 4-1. Formation of (MeQ)3SiOSi(OMe); from 2 molecular of TMOS and 1 molecular H,O.

BIEOLZAH, ~FH A R VvaxHhind TMOS 2 FAT 5 MISOWEFIER W, L LR
5. FBRHIERCTIEy U H & T a— o biESE TMOS G 5 FiEE@E L TRBY ., v U ZH 0 Si-0
FEEENRMCYIM TE D 2 L2 FFEL TV D[5,6], ZD7=®, RO TIETY v a P o Si-0
AEYWIL, TMOS ZHATLZ L L AEETHL EEZDLND,
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10 mol% KOH

Ar (1.7 MPa)
QMe QMe MS 3A (25 ) QMe
MeO—SIi—O—SIi—OMe + MeOH 30 C on > MeO—SIi—OMe
OMe OMe ’ OMe
(7.5 mmol) (100 mL) (Yield = 93%)

Scheme 4-2. Regeneration of TMOS from disiloxane

T TVEBIZAFT A MR vvaxthozs ) LT v a—unb OB TMOS A6k & [l UK
ISR 2 8 T TMOS ~DOFAZ AT, ~FH A v vaddhr b r¥ ) — %k fillltg&o
KOH L E L &% 27— —7 3A DFFEE F.230 °C T 6 B SUG & H72 & 2 A,93% & W 9 &R T TMOS
G BT (Scheme 4-2), ZDZ v, TMOS BN A — MEROBFETEL LTo~FH A hF ¥
vaXxtrE AL ) — L EDRIGIZE > TTMOS ~E BAERRTHL Z L2 EREL T,
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Table 4-7. Scope of the substrates for the carbamate synthesis.?

Zn(OAc), (2 mol%)

phen 6 mol%, Si(OR"); (2 mmol) o)
CO, (5 MPa), MeCN (3 mL) )J\
R—NH, R-N" “OR'
150 °C, 24 h H
Entry Silicon source Amine Product Yield (%)°
O 1aa
1 Si(OMe), Qj%r\m2 @N e 84 (82)
H
O 1ba
2 Si(OMe), Me@NHz MGO”J\OW 97 (91)
O 1ca
3 Si(OMe), MeO@NHZ MBOO”J\OMe 99 (96)
i 1ha
NH
4 Si(OMe), Q 2 QN OMe 89 (81)
MeO MeO
i 1ia
NH
5 Si(OMe), Q 2 QH OMe 82 (72)
OMe OMe
o 1da
6 Si(OMe), BrONHZ o C N)J\OMG 78 (70)
H
O 1fa
7 Si(OMe), NCONHz NcONJ\OMe 63 (57)
H
O 1ga
8 Si(OMe), ozw«i%r\m2 OzNO”J\OMe 44 (40)
O 1na
9 Si(OMe), F@NHQ FO”J\OMG 80 (73)
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10

11

12

13

14°

15°

16°

17

18

Si(OMe),

Si(OMe),

Si(OMe),

Si(OMe),

Si(OEt),

Si(0O"Pr),

Si(0"Bu),

Si(OMe),

Si(OMe),

N\ O . 88 (84)

H
__ 0 1ra
N NH = 50 (46
/\\:/>7 2 Ny )—N~ “ome (46)
\ 7/ H
o 1lja
NH
(s QNJ\OMG 88 (80)
H
O 1pa
NN
NH, /\/\/\NJ\OMe 87 (76)
H
O 1ab

84 (81)

Qj%r\m2 @N o 85 (80)
H
O Orbom 269
H
0]
H
Q) ewe @&om NR

1ma 52 (46)
o) /‘/\‘\O s 0
MeO)J\N J\OMe

# Reaction conditions: 1 mmol amine, 2 mmol Si(OR");, 0.02 mmol Zn(OAc),, 0.06 mmol phen, 5

MPa CO,, 3 mL MeCN, 150 °C for 24 hours. ® Calculated from *H NMR results with mesitylene as

internal standard, and isolated yield are given in parentheses. © Reaction time: 72 hours.

fifit & L CZn(OAc), &£ 7 =F > b U v Z W .CO,JE/I5MPa, 78 b= kU b KSIEE 150 °C.
BOGKREH] 24 RfE] & O Sl & e Sl & U C, VB H&PH 2 135S L 72 (Table 4-7), Z DOFER, kx 72
EHIEZEA LT =V UFEENEEE LTHEHARETHY . MIET DI AN A— EBZENER

40~96%UY R T15 5 1L 7= (Entries 1-10), #Fl2. 7 2 VIR LTI A FVEE, A RSV, B=1

=

66



HEREANLET =) UBEERITEOINEREA 5 2 72 (Entries 2,3,10), — 5. 7 /M, = btk PER
FIFEEEA LT5A TR ALRE T L2 (Entries 7,8), A FF 37 =V 2 oW Tid, VREEZ X
B L T/NT « A Z AL R ONEIZSOSHEPME T 28 M 23 7 S 7225 R R WIS 4 5- % 72 (Entries 3-5),
Flo, HEIRERT I URMEMIET I U0 b bR T DA LS A — R DERCRTEE T & - 72 (Entries 11-13),
TIVXRNEHD BT DRk 2 Te AL ) r— R 2 HWTH, ST 2 A8 2 — KBS BAFRIER T
57~ (Entries 14-16), AARIEIL. BT I A L CREARBIGHEZ R LTS, BT I &k
Fe L THWSE, IAAA— 2G0T, JREIOAN R S L7 (Entry 17), F72, TERNICEE
BRARVTVEZDFERTHD 44-AF L7 =Y VO ARFETEHETH O | 46% DI THEG
T 5 VN A — RGBTz (Entry 17),
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47 RISA =R A

TMOS & Zn(OAC), itz W=7 2 > CO B DEREN LN A — R ERRIZHOW T, BED L Z A
IR D BEEC BB IZE > T, 2072, H< ETTUTIED 2 B HEE OSSR 2 /R T
(Scheme 4-3), £9°. 7=V > ® N-H#EA 2 Zn(0AC), IZ L » TIEMEIL & (=), 7 a Fvbkd 5 2
LI LS T Zn-NFEEEER SN D (=11, &I, Zn-N FEEI1Z CO 2MEA L, Hign L 3 A — kA
IV 2T 5, ARRIERE M7 I AT LTRE®RTH D Z 2R L L IV NG EHEI LA —
ERTELEVL, B RrFUdifp vV &1 Yo7 x— b VI ZRET 5 AR SV, V& FERED UG
LT Zn(OAC), AT 2 LI, 1 3 FDKRDBERNRT D, ZOKE TMOS EETHE, YirFi
Y VI ZTOYMeOH BT %A Y 72— b VIE MeOH & SUSTIUT IR A— N EAERT DD,

IR =Y VRIS LT LT RRIET D EEZ2 NS, L LRR L, mFl&ED TMOS Z i
HEDTLTNTMOS &G L, BN A— MR TEERMICRD EEZLND,

R /)\ HOACc
H
N—ZnOAc
Zn(OAc), (1) ©/ an

H,0 /
E HOAc

oo-- HO—-Zn OAC N C 0-ZnOAc
| \, ©/ (|V
H,O + Sl(OMe

/ NCO NHz

MeOH

(Me0)3Si-O—Si(OMe), (VI
(VI )/ &
NH,
(S
Orptone 2| O O
H Si(OMe), H H

1, major product 2, minor product

Scheme 4-3. A proposed mechanism (Ligands are omitted for clarity).
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48 F=

FINETIX, AMA L N2 r— b EHEAAEEE 2T X & CO DD DEMEI NS A — NEEkE
ERHFE LT, ZORIGTIE, 7= F v ba U UREN T & LTHEZITH U | i 7e SRS N TRk 96%
DHBENRTHNANA =P GEONT, SHIZ, FERT I 20 TlEe, BRERT I RENRT
SVICHBARFETHEAETH D, HIZ, LENCAMRRI UL E VFEEHE RGN A — |
WOWTHEHRRETH Tz, IHIC, BlIEFMTHLIY a4k, 7TAhva— L EDRINIE->T
AL N o — MIFAERETHD Z EZFFELT,

FESRIICERE AL N U r— E S T EMIC KEDN O BERTRE I 2o T, RPRIEIT AN A — |
FRICH BRI NV ANA— F~DOF LWVERED—2 L7055 B2 TV5D,
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ARXTNaxy RefWizT I E CONDDHEMUNNA— NDERL

BT, ART A aX Y REERIEAIE LT, 7 & CO DDA VR A — K% EINET
BT DA E M L, £0, RISBROAXFKE 2B - AL, BAIHMEThHL Z &
MW SMNZ L, UL, BAETAEIC, DEOZX T L ax s REARAENARIENE 2 XA~z
b 2720, IEEPIRAIIET T2 & TSNS,

ARPEF, BRIEOAXT Vaxy MEEMINKISICHLETH D Z L0, BETIHIEICAXLEYD
RIS Z D Z ENES L W2 D05, T3, CO, L HAETRRRER T Vaxy Rnb D
VIR A — R ~DERDEE N W2 D,

FEUTNIAXL RERWET IV E CONDDEMI NI A— NDERK

FoEmTIETF X T axy REHSAIE LTHWY, CO &7 b DENRR A LN X —
NARRAE R LTz, o, R UL X UEE LTHRREERY AN ASA—FOERLARTHD Z
EEMOMNI LT, FHEUTNLaxy FEHWOARFIEL, EoHTHEINLEAXT L ax s FEHn
D PREICHAS, R T Vaxy ROMARMEKCE, BA - HRAAROSMEL AL, 2l THE
PEAME S . EEMICEA - BRARTRERTF ¥ o7 v ax v REHWEATER, BERftcERL:-
BEINNAA—=REHRT B EATHY, R U LA BET B 2AOEFIORNB LD EHFIND,

ANV — b 2HWET I E CONLDEBINNRA—FDERK
FIE T, AL B r— b ERWET 2L CO b DFREI LS A — N AREZ B LTz,
Zn(OAC) /phen filll: = D ISIZxE U CREIEMEZ R LTc, Hix R EE - BIRETY o0 o335

NWRNRA—=FRERTEDLZEEMALMNI LI, SHIC, MAELLEY YR 2 A4V ) r—h
(CHEFRETHD Z L EIGELT,
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AR TIE, CO B R E L= e I LS X — N A ROE DR % B e 51T - 72, 4
FTRFgE L LT, TR Z— A ZhAAIE LTHWAZ LT, 722, COp Tha— L&k LizhL
NA—= RGP EESN TS, LnL, 7TEZ—LEHAWS FER, TEMNCRLEERRY 7 L4
VIRBFCH D HEERT I CHEATERWITANRERBECTH o7, & 2 TARMZETIL, FERRER
GRT N AF T IR, AL N r— LRI A A DT USSR E WD Z LT, HEE
FNNA— M ATREZR A VS A — NERIEE R T DICE 272, ZHHDORISITH N T, Ui
Tt AR THEESNADIZCO,. TIv, TAa—A7EFThs, Bz, {LFR EORIARDITK
DHTHY | Tk - FREIERICESRCAEDZ —OERH L2202 L 5 Th D, Frio, BRYIRIOBAE - /B
MR Z 5 2F 27 aky R0, KA RS Lo G IEN L Sh o2 b 5 A A
Vb Y r— MR AWTRIE, BREFIFNE LK T X MEZ S L7 TERIZE LS 7T 2B ATH Y |
AHARY U L& UFRHELE T 0 2AOEFIZORB D O LIRS,
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General procedures

Unless stated otherwise, all of the chemicals were purchased from Sigma-aldrich, Tokyo chemical industry, or
Wako chemicals in the best grade, stored under N,, and used without further purification. Carbon dioxide was
purchased from Showa Tansan Co., Kawasaki, (purity > 99.99%) without further purification. The standard
compounds "Bu,Sn(OEt),, "Bu,Sn(O"Pr),, were synthesized according to patent method [1]. **N-enriched aniline
was purchased from Cambridge Isotope Laboratories. Ligands bispicen [2] and debpn [3,4] were synthesized by
reported procedures. Zn(OPiv), was synthesized through a similar method to the preparation of Pd(OPiv),.[5]

The reactions were performed in a 10 mL stainless-steel autoclave with a gas-pressure monitor (max. 25 MPa).
All of the oxygen-free operations were done in a glovebox. Reaction mixtures were heated in Sibata Chemi-300
synthesizer. *H, ®*C{*H}, ®*N{*H}, and ®Si{*H} NMR spectra were recorded with a 400 MHz Bruker NMR
Spectrometer at room temperature. Product mixtures were analyzed with a Shimadzu HPLC with MeOH/H,0 (v:v
= 7:3) as the mobile phase at 40 °C. Carbamates were isolated with a Yamazen Al-580 Single Channel Automated
Flash Chromatography System by suing dichloromethane and n-hexane as eluents. Molecular weights were
determined with a Shimadzu GCMS-QP2010 Plus Gas Chromatograph Mass Spectrometer. FTIR spectra were

obtained with a Shimadzu FTIR-8400 Spectrometer.

Typical reaction procedure for the synthesis of carbamates using "Bu,Sn(OR),

Under N, protection, amine (0.8 mmol), "Bu,Sn(OR), (0.8 mmol), and 3 mL MeCN were added to a stainless
steel autoclave (10 cm?® inner volume) at room temperature under a nitrogen atmosphere. The autoclave was sealed
and filled with 3 MPa CO; at room temperature. Then the pressure was adjusted to 5 MPa at 150 °C, and the
autoclave was heated for 20 min. After cooling to room temperature, 85 mg toluene was added to the mixture as

an internal standard to determine the yield of products using HPLC.

Typical reaction procedure for the synthesis of carbamates using Ti(OR),4

Under N, protection, amine (0.8 mmol), Ti(OR), (0.8 mmol), and 3 mL MeCN were added to a stainless-steel
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autoclave (10 cm® inner volume) at room temperature under a nitrogen atmosphere. The pressure was adjusted to
5 MPa at 180 °C, and the autoclave was heated for 20 min. After cooling to room temperature, 85 mg toluene was
added to the reaction mixture as an internal standard to determine the product yield using HPLC. The solvent was
removed at room temperature under reduced pressure. The product was purified by distillation or column
chromatography. All of the isolated products were characterized by *H and **C{*H} NMR spectroscopy, and

GC-MS. Results are comparable with authentic materials and the literature.[6-12]

Typical reaction procedure for the synthesis of carbamates using Si(OR),4

Under N, protection, Zn(OAc), (3.7 mg, 0.02 mmol), phen (10.8 mg, 0.06 mmol), MeCN (3 mL), amine (1
mmol), and Si(OR), (2 mmol) were added to an autoclave with a stir bar. The autoclave was sealed tightly and
filled with CO, to 3 MPa. The autoclave was heated to 150 °C, and the pressure of CO, was adjusted to 5 MPa.
After 24 hours, the autoclave was cooled to room temperature, and CO, was released slowly. Toluene (85.3 mg,
0.1 mL) as internal standard was added to the mixture. A small amount of the mixture was filtered for HPLC
analysis. Isolated material was purified by automated flash chromatography with dichloromethane and n-hexane
as eluents. All of the isolated products were characterized by *H and *C{*H} NMR spectroscopy, GC-MS, and

FTIR spectroscopy. The data were comparable with those of authentic materials and literature values. [6-12]

Recycling of "Bu,Sn(0"Bu), for the butyl N-phenylcarbamte synthesis

3 MPa CO, and a reaction mixture of 251 mg (2.7 mmol) aniline, 2.04g (5.4 mmol) "Bu,Sn(0"Bu),, and 10 mL
MeCN were added to a stainless steel autoclave (20 cm® inner volume) at room temperature under a nitrogen
atmosphere. Then the pressure was adjusted to 5 MPa at 150 °C, and the autoclave was heated for 20 min. After
cooling, 82mg mesitylene was added to the reaction mixture in CDCl3 as an internal standard to determine the
yield of products by *H NMR.

The reaction mixture was stirred at 100 °C, and the products were removed under vacuum. The residues were

refluxed in 60 mL "BuOH for 24 hours. The water and the reaction mixture formed an azeotrope, from which the
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water was distilled. After cooling to room temperature, solvent was removed under vacuum to yield a yellowish
liquid (recovery of "Bu,Sn(O"Bu),; 2.02g, 99%).

Then, 3 MPa CO, and a reaction mixture of 195 mg (2.1 mmol) aniline, 1.60 g (4.2 mmol) recycled
"Bu,Sn(0O"Bu),, and 7.7 mL MeCN were added to a stainless steel autoclave (20 cm® inner volume) at room
temperature under a nitrogen atmosphere. Then the pressure was adjusted to 5 MPa at 150 °C, and the autoclave

was heated for 20 min. All other reactions were conducted in a similar manner.

Recycling of Ti(O"Bu), for butyl N-phenylcarbamate synthesis

A reaction mixture of aniline (252 mg, 2.7 mmol), Ti(O"Bu), (0.92 g, 2.7 mmol), and 10 mL MeCN were added
to a stainless steel autoclave (20 cm® inner volume) at room temperature under a nitrogen atmosphere. The
pressure was then adjusted to 5 MPa at 180 °C, and the autoclave was heated for 20 min. After cooling to room
temperature, 85 mg toluene was added to the mixture as an internal standard to determine the yields by using
HPLC analysis. The products were separated from the reaction mixture by vacuum sublimation at 100 °C. After
sublimation, the residues were heated under reflux conditions in 30 mL "BuOH for 24 hours. The water was
removed by azeotropic distillation. After cooling to room temperature, "BuOH was removed under vacuum to
yield a yellowish liquid of Ti(O"Bu), (recovery rate: 99% after each run).

A reaction mixture of aniline (223 mg, 2.4 mmol), recycled Ti(O"Bu), (0.82 g, 2.4 mmol), and 10 mL MeCN
were added to a stainless steel autoclave (20 cm?® inner volume) at room temperature under a nitrogen atmosphere.
The pressure was adjusted to 5 MPa at 180 °C, and the autoclave was heated for 20 min. All other reactions were

conducted in a similar manner.
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NMR spectra of product

Cj

R R EEEEE PP e + Compound 1aa was prepared according to general procedure. The resulting mixture was
purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1aa as white solid (124 mg,
82%). 'H NMR (400 MHz, DMSO-dg): & 9.64 (s, 1H), 7.45 (d, 2H, J = 7.6 Hz), 7.27 (t, 2H, J = 7.6 Hz), 6.98 (t,
2H, J = 7.2 Hz), 3.66 (s, 3H). *C{'"H} NMR (100 MHz, DMSO-ds): 5 154.4, 139.6, 129.1, 122.8, 118.6, 52.0.

GC-MS (El): m/z (%): 151.

____________________

8%

D T Compound lab was prepared according to general procedure. The resulting mixture was
purified by column chromatography on silica gel (CH,Cly/hexane, v:v = 5:1) to afford 1ab as white solid (134 mg,
81%). *H NMR (400 MHz, DMSO-dq): & 9.60 (s, 1H), 7.46 (d, 2H, J = 8.4 Hz), 7.26 (t, 2H, J = 7.6 Hz), 6.97 (t,
1H, J = 7.6 Hz), 4.11 (g, 2H, J = 6.8 Hz), 1.24 (t, 3H, J = 6.8 Hz). *C{"H} NMR (100 MHz, DMSO-dg): & 153.5,

139.2,128.7,122.3, 118.1, 60.1, 14.5. GC-MS (El): m/z (%): 165.

_____________________

L EE R Compound lac was prepared according to general procedure. The resulting mixture was
purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ac as white solid (143 mg,
80%). 'H NMR (400 MHz, DMSO-dg): & 9.60 (s, 1H), 7.46 (d, 2H, J = 7.6 Hz), 7.26 (t, 2H, J = 8.0 Hz), 6.97 (t,
1H, J = 7.6 Hz), 4.03 (t, 2H, J = 6.4 Hz), 1.63 (quint, 2H, J = 7.6 Hz), 0.93 (t, 3H, J = 7.6 Hz). “C{"H} NMR

(100 MHz, DMSO-dg): § 153.6, 139.2, 128.7, 122.3, 118.1, 65.6, 21.9, 10.3. GC-MS (EI): m/z (%): 179.
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--------------------- + Compound lad was prepared according to general procedure. The resulting mixture
was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ad as white solid (162
mg, 84%). *H NMR (400 MHz, DMSO-dg): & 9.58 (s, 1H), 7.46 (d, 2H, J = 7.6 Hz), 7.26 (t, 2H, J = 7.6 Hz), 6.97
(t, 1H, J = 7.6 Hz), 4.07 (t, 2H, J = 6.4 Hz), 1.60 (quint, 2H, J = 7.6 Hz), 1.38 (sext, 2H, J = 7.6 Hz), 0.91 (t, 3H, J
= 7.6 Hz). *C{*H} NMR (100 MHz, DMSO-d): & 153.6, 139.2, 128.7, 122.2, 118.1, 63.8, 30.6, 18.6, 13.6.

GC-MS (El): m/z (%): 193.

was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ba as white solid (150

mg, 91%). *H NMR (400 MHz, CDClg): & 7.25 (d, 2H, J = 7.2 Hz), 7.11 (d, 2H, J = 8.4 Hz), 6.49 (br s, 1H), 3.76
(s, 3H), 2.30 (s, 3H). *C{'H} NMR (100 MHz, DMSO-d): & 154.5, 137.1, 131.6, 129.6, 118.7, 52.0, 20.8.

GC-MS (EI): m/z (%): 165.

; Me@*”J\O”Bu :

s ' Compound 1bd was prepared according to the general procedure. The oily
residue was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1bd as white
solid (137 mg, 83%). "H NMR (400 MHz, DMSO-dg): & 9.47 (s, 1H), 7.32 (d, 2H, J = 8.0 Hz), 7.06 (d, 2H, J =
8.4 Hz), 4.05 (t, 2H, J = 6.4 Hz), 2.22 (s, 3H), 1.58 (quint, 2H, J = 5.6 Hz), 1.37 (sext, 2H, J = 7.6 Hz), 0.91 (t, 3H,
J = 7.2 Hz). ®c{*H} NMR (100 MHz, DMSO-dy): 153.6, 136.7, 131.1, 129.1, 118.2, 63.7, 30.6, 20.3, 18.6, 13.6.

GC-MS (El): m/z (%): 207.
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mixture was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ca as pale
brown solid (174 mg, 96%). "H NMR (400 MHz, CDCl5): & 7.27 (d, 2H, J = 7.6 Hz), 6.84 (d, 2H, J = 8.8 Hz),
6.63 (br s, 1H), 3.78 (s, 3H), 3.75 (s, 3H). *C{*"H} NMR (100 MHz, CDCl,): § 156.0, 154.5, 130.9, 120.8, 114.3,

55.5, 52.3. GC-MS (EI): m/z (%): 181.

to reaction mixture and filtered. The solvent was removed at room temperature under reduced pressure to afford
1cd as pale brown solid (168 mg, 94%). 'H NMR (400 MHz, DMSO-dg): & 9.38 (s, 1H), 7.34 (d, 2H, J = 8.4 Hz),
7.63 (dt, 2H, J = 8.8 Hz, %) = 3.6 Hz), 4.04 (t, 2H, J = 6.4 Hz), 3.70 (s, 3H), 1.58 (quint, 2H, J = 8.0 Hz), 1.37
(sext, 2H, J = 7.6 Hz), 0.91 (t, 3H, J = 7.2 Hz). *C{*H} NMR (100 MHz, DMSO-ds): 154.6, 153.8, 132.3, 119.8,

113.9, 63.7, 55.1, 30.6, 18.6, 13.6. GC-MS (EI): m/z (%): 223.

9
=
>:
(@)
5

------------------------- Compound 1da was prepared according to general procedure. The resulting

mixture was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1da as white
solid (162 mg, 70%). ‘H NMR (400 MHz, CDCls): & 7.42 (dt, 2H, J = 8.8 Hz, 2J = 2.0 Hz), 7.28 (d, 2H, J = 8.8
Hz), 6.59 (br s, 1H), 3.78 (s, 3H). *C{*H} NMR (100 MHz, CDCls): § 153.9, 137.0, 132.0, 131.7, 120.3, 52.5.

GC-MS (El): m/z (%): 231.
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e Compound lea was prepared according to general procedure. The resulting

mixture was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford lea as white
solid (232 mg, 60%). '"H NMR (400 MHz, DMSO-dg): 5 10.07 (s, 1H), 7.65 (s, 4H), 3.70 (s, 3H). *C{*H} NMR
(100 MHz, DMSO-dg): 6 154.3, 143.3, 126.5 (d, J = 3.7 Hz), 123.5, 122.86 (g, J = 31.9 Hz), 118.3, 52.3. GC-MS

(ED): m/z (%): 219 for CgHgNO,F3, the corresponding isocyanate.

o
I<Z)
>:
o
5

------------------------- Compound 1fa was prepared according to general procedure. The resulting
mixture was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1fa as white
solid (100 mg, 57%). *H NMR (400 MHz, DMSO-dg): & 10.16 (s, 1H), 7.74 (d, 2H, J = 8.8 Hz), 7.63 (d, 2H, J =
8.8 Hz), 3.70 (s, 3H). *C{*H} NMR (100 MHz, DMSO-dq): 5 154.2, 144.1, 133.8, 119.6, 118.5, 104.5, 52.5.

GC-MS (El): m/z (%): 176.

o
Sj
=
<
2

R L L + Compound 1fd was prepared according to the general procedure. The oily
residue was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1fd as white
solid (105 mg, 60%). *H NMR (400 MHz, DMSO-dg): & 10.16 (s, 1H), 7.74 (dd, 2H, J = 7.2 Hz, 2J = 2.0 Hz),
7.63 (dd, 2H, J = 6.8 Hz, 2J = 2.0 Hz), 4.11 (t, 2H, J = 6.8 Hz), 1.61 (quint, 2H, J = 6.8 Hz), 1.38 (sext, 2H, J =
5.6 Hz), 0.91 (t, 3H, J = 7.2 Hz). *C{*H} NMR (100 MHz, DMSO-ds): 153.3, 143.7, 133.3, 119.2, 118.0, 104.0,

64.4, 30.4, 18.6, 13.6. GC-MS (EI): m/z (%): 144 for corresponding isocyanate.
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mixture was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ga as yellow
solid (78 mg, 40%). 'H NMR (400 MHz, DMSO-de): 5 10.41 (s, 1H), 8.21 (dd, 2H, J = 7.2 Hz, 2J = 2.0 Hz), 7.69
(dd, 2H, J = 7.2 Hz, 2 = 2.0 Hz), 3.72 (s, 3H). *C{*H} NMR (100 MHz, DMSO-dq): & 154.2, 146.2, 142.1,

125.6, 118.1, 52.7. GC-MS (EI): m/z (%): 164 for C;H4N,O3, the corresponding isocyanate.

residue was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1gd as yellow
solid (103 mg, 54%). *H NMR (400 MHz, DMSO-dg): & 10.37 (s, 1H), 8.19 (dd, 2H, J = 7.2 Hz, 2J = 2.4 Hz),
7.69 (dd, 2H, J = 7.2 Hz, 2J = 2.4 Hz), 4.13 (t, 2H, J = 6.4 Hz), 1.61 (quint, 2H, J = 5.6 Hz), 1.38 (sext, 2H, J =
5.6 Hz), 0.91 (t, 3H, J = 7.2 Hz). *C{*H} NMR (100 MHz, DMSO-dg): 153.3, 145.8, 141.6, 125.1, 117.6, 64.6,

30.4, 18.6, 13.6. GC-MS (EI): m/z (%): 238.

¥
2>=

mixture was purified by column chromatography on silica gel (CH,Cly/hexane, v:v = 5:1) to afford 1ha as dark
brown oil (147 mg, 81%). 'H NMR (400 MHz, DMSO-dg): & 9.64 (s, 1H), 7.13-7.20 (m, 2H), 7.00 (d, 1H, J =
8.0 Hz), 6.57 (ddd, 1H, J = 8.0 Hz, 2J = 2.4 Hz, %) = 0.8 Hz), 3.71 (s, 3H), 3.66 (s, 3H). *C{*H} NMR (100 MHz,

DMSO-dg): 6 160.1, 154.4, 140.8, 130.0, 111.0, 108.1, 104.5, 55.4, 52.1. GC-MS (EI): m/z (%): 181.
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------------------------- Compound 1hd was prepared according to the general procedure. The oily residue
was purified by column chromatography on silica gel (CH,Cly/hexane, v:v = 5:1) to afford 1hd as dark brown oil
(152 mg, 85%). *H NMR (400 MHz, CDCls): § 7.19 (t, 1H, J = 8.4 Hz), 7.13 (s, 1H), 6.85 (dd, 2H, J = 8.0 Hz, 2]
= 1.2 Hz), 6.61 (ddd, 1H, J = 8.4 Hz, 2J = 2.4 Hz, 3] = 0.8 Hz), 4.17 (t, 2H, J = 6.8 Hz), 3.80 (s, 3H), 1.65 (quint,
2H, J = 5.6 Hz), 1.42 (sext, 2H, J = 5.6 Hz), 0.95 (t, 3H, J = 7.6 Hz). *C{*H} NMR (100 MHz, DMSO-d;):

159.6, 153.5, 140.4, 129.5, 110.5, 107.5, 104.0, 63.8, 54.9, 30.5, 18.6, 13.6. GC-MS (EIl): m/z (%): 223.

purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford lia as yellow liquid (130
mg, 72%). *H NMR (400 MHz, DMSO-dq): & 8.43 (s, 1H), 7.62 (d, 1H, J = 7.6 Hz), 7.06 (tt, 1H, J = 8.0 Hz, 2J =
1.2Hz), 7.01 (d, 1H, J = 8.0 Hz), 6.91 (tt, 1H, J = 7.6 Hz, 2J = 1.6 Hz), 3.79 (s, 3H), 3.64 (s, 3H). *C{*H} NMR

(100 MHz, DMSO-dg): 6 154.8, 150.7, 127.5, 124.8, 122.3, 120.8, 111.7, 56.1, 52.2. GC-MS (EI): m/z (%): 181.

purified by column chromatography on silica gel (CH,Cl,/hexane, v:v=5:1) to afford 4id as yellow oil (125 mg,
70%). *H NMR (400 MHz, CDCls): & 8.08 (s, 1H), 7.21 (s, 1H), 7.01-6.93 (m, 2H), 6.85 (dd, 1H, J = 7.6 Hz, 2J
= 2.0 Hz), 4.17 (t, 2H, J = 6.8 Hz), 3.87 (s, 3H), 1.67 (quint, 2H, J = 5.6 Hz), 1.42 (sext, 2H, J = 5.2 Hz), 0.96 (t,
3H, J = 7.2 Hz). *C{*H} NMR (100 MHz, DMSO-ds): 153.8, 150.1, 127.1, 124.1, 121.5, 120.3, 111.2, 64.0, 55.6,

30.6, 18.6, 13.6. GC-MS (EI): m/z (%): 223.
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--------------------- Compound 1ja was prepared according to general procedure. The resulting mixture was
purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ja as yellowish solid (126
mg, 80%). *H NMR (400 MHz, DMSO-dg): & 6.99 (s, 1H), 3.50 (s, 3H), 3.23 (m, 1H), 1.63-1.74 (m, 4H), 1.53 (d,
2H, J = 12.8 Hz), 1.11-1.27 (m, 4H). *C{*H} NMR (100 MHz, DMSO-dg): 5 156.3, 51.4, 49.9, 33.2, 25.6, 25.1.

GC-MS (EIl): m/z (%): 157.
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purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1jd as white solid (140 mg,
88%). 'H NMR (400 MHz, DMSO-dg): & 6.97 (d, 1H, J = 8.0 Hz), 3.90 (t, 2H, J = 6.4 Hz), 3.25-3.16 (m, 1H),
1.73-1.04 (m, 14H), 0.88 (t, 3H, J = 7.2 Hz). *C{*H} NMR (100 MHz, DMSO-dg): 155.5, 63.1, 49.3, 32.7, 30.8,

25.2, 24.6, 18.6, 13.6. GC-MS (EI): m/z (%): 199.

i *\‘N)J\O”Bu i
.| H |

------------------ + Compound 1kd was prepared according to the general procedure. The oily residue was

purified by column chromatography on silica gel (CH,Cly/hexane, v:v = 5:1) to afford 1kd as colorless oil (118
mg, 85%). "H NMR (400 MHz, CDCly): & 4.58 (s, 1H), 4.00 (t, 2H, J = 6.0 Hz), 1.57 (quint, 2H, J = 7.2 Hz),
1.37 (sext, 2H, J = 7.2 Hz), 1.31 (s, 9H), 0.93 (t, 3H, J = 7.6 Hz). *C{*H} NMR (100 MHz, DMSO-d;): 154.8,

62.6, 49.2, 30.8, 28.6, 18.7, 13.6. GC-MS (EI): m/z (%): 174.
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resulting mixture was purified by column chromatography on silica gel (hexane/ethyl acetate, v:v = 2:1) to afford
1la as white solid (78 mg, 60%). *H NMR (400 MHz, CDCls): & 7.75 (s, 1H), 7.25 (s, 1H), 7.08 (d, 1H, J = 8.0
Hz), 6.54 (br s, 1H), 6.37 (br s, 1H), 3.77 (s, 3H), 3.75 (s, 3H), 2.18 (s, 3H). *C NMR (100 MHz, DMSO-dg): &
154.7, 153.9, 137.2, 136.4, 130.2, 125.5, 115.0, 114.8, 51.6, 51.5, 17.1. GC-MS: 174 for corresponding

isocyanate.

resulting mixture was purified by column chromatography on silica gel (hexane/ethyl acetate, v:v = 2:1) to afford
11d as white solid (82 mg, 64%)."H NMR (400 MHz, DMSO-dg): 5 9.50 (s, 1H), 8.76 (s, 1H), 7.48 (s, 1H), 7.14
(d, 1H, J = 8.4 Hz), 7.04 (d, 1H, J = 8.4 Hz), 4.07-4.03 (m, 4H), 2.10 (s, 3H), 1.58 (quint, 4H, J = 8.0 Hz), 1.36
(sext, 4H, J = 7.2 Hz), 0.91 (t, 6H, J = 7.2 Hz). *C{*H} NMR (100 MHz, DMSO-ds): 154.4, 153.6, 137.2, 136.5,
130.2, 125.6, 114.9. 63.8, 63.7, 30.7, 30.6, 18.6, 17.1, 13.6. GC-MS (EIl): m/z (%): 174 for corresponding

diisocyanate.

________________________________________

LT TR T Ty Compound 1ma was prepared according to general procedure.

The resulting mixture was purified by column chromatography on silica gel (hexane/ethyl acetate, v:v = 5:1) to
afford 1ma as white solid (144 mg, 46%). '"H NMR (400 MHz, DMSO-dg): 8 9.52 (s, 2H), 7.34 (d, 4H, J = 8.4
Hz), 7.09 (d, 2H, J = 8.4 Hz), 3.79 (s, 2H), 3.64 (s, 6H). *C{"H} NMR (100 MHz, DMSO-dq): & 154.4, 137.4,

135.9, 129.3, 118.8, 52.9. GC-MS (EI): m/z (%): 250 for C15sH10N,0,, the corresponding isocyanate.
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The resulting mixture was purified by column chromatography on silica gel (hexane/ethyl acetate, v:v = 5:1) to
afford 1md as white solid (146 mg, 92%)."H NMR (400 MHz, DMSO-dq): & 9.50 (s, 2H), 7.34 (d, 4H, J = 8.0
Hz), 7.08 (d, 4H, J = 8.4 Hz), 4.05 (t, 4H, J = 6.4 Hz), 3.78 (s, 2H), 1.58 (quint, 4H, J = 8.0 Hz), 1.36 (sext, 4H, J
= 7.6 Hz), 0.90 (t, 6H, J = 7.2 Hz). *C{"H} NMR (100 MHz, DMSO-dg): 153.6, 137.1, 135.4, 128.8, 118.3, 63.7,

39.5, 30.6, 18.6, 13.6. GC-MS (EI): m/z (%): 250 for corresponding diisocyanate.
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----------------------- s Compound 1na was prepared according to general procedure. The resulting mixture
was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1na as white solid (123
mg, 73%). *H NMR (400 MHz, DMSO-dg): & 9.68 (s, 1H), 7.45 (dd, 2H, J = 8.8 Hz, %] = 4.8 Hz), 7.12 (tt, 2H, J
= 8.8 Hz, 2 = 2.0 Hz), 3.65 (s, 3H). *C{*H} NMR (100 MHz, DMSO-ds): § 159.3, 156.9, 154.6, 136.0, 120.3,

115.7, 52.1. GC-MS (EI): m/z (%): 169.

was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1nd as white solid
(142 mg, 84%). "H NMR (400 MHz, DMSO-dg): & 9.64 (s, 1H), 7.46 (dd, 2H, J = 8.4 Hz, °J = 4.8 Hz), 7.63 (t,
2H, J = 8.8 Hz, 2 = 2.4 Hz), 4.07 (t, 2H, J = 6.8 Hz), 1.61 (quint, 2H, J = 7.6 Hz), 1.37 (sext, 2H, J = 7.6 Hz),
0.91 (t, 3H, J = 7.2 Hz). ®*C{*H} NMR (100 MHz, DMSO-dg): 156.4 (d, J = 230 Hz), 153.7, 135.6, 119.7, 115.2

(d, J = 20 Hz), 63.9, 30.6, 18.6, 13.6. GC-MS (EI): m/z (%): 211.
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R T e TP PP + Compound 1lod was prepared according to the general procedure. The oily
residue was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1od as white
solid (157 mg, 78%). *H NMR (400 MHz, DMSO-dg): & 10.08 (s, 1H), 7.88 (d, 2H, J = 8.8 Hz), 7.58 (d, 2H, J =
8.8 Hz), 4.23 (t, 2H, J = 6.4 Hz), 3.69 (s, 3H), 1.65 (quint, 2H, J = 7.6 Hz), 1.41 (sext, 2H, J = 7.6 Hz), 0.92 (t, 3H,
J = 7.6 Hz). ®*C{*H} NMR (100 MHz, DMSO-dq): 165.4, 153.8, 143.7, 130.3, 123.4, 117.4, 64.0, 51.9, 30.3,

18.7, 13.6. GC-MS (EI): m/z (%): 251.

___________________________

mixture was purified by column chromatography on silica gel (CH,Cly/hexane, viv = 5:1) to afford 1pa as
colorless liquid (121 mg, 76%). *H NMR (400 MHz, DMSO-ds): 7.04 (s, 1H), 3.51 (s, 3H), 2.95 (q, 2H, J = 6.4
Hz), 1.24-1.40 (m, 8H), 0.87 (t, 3H, J = 2.8 Hz). *C{*H} NMR (100 MHz, DMSO-dg): & 157.1, 51.5, 51.1, 31.4,

29.8, 26.6, 22.5, 14.4. GC-MS (EI): m/z (%): 159.

residue was purified by column chromatography on silica gel (CH,Cly/hexane, viv = 5:1) to afford 1pd as
colorless oil (132 mg, 82%). "H NMR (400 MHz, CDCl5): & 4.60 (s, 1H), 4.04 (t, 2H, J = 6.4 Hz), 3.16 (dd, 2H, J
= 12.4 Hz, %) = 6.4 Hz), 1.61-1.29 (m, 12H), 0.95-0.88 (m, 6H). *C{"H} NMR (100 MHz, DMSO-de): 156.3,

63.2,49.2, 31.0, 30.8, 29.4, 25.9, 22.0, 18.6, 13.8, 13.6. GC-MS (EI): m/z (%): 201.
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------------------------ + Compound 1ga was prepared according to general procedure. The resulting
mixture was purified by column chromatography on silica gel (CH,Cly/hexane, v:v = 5:1) to afford 1ga (149 mg,
84%). '"H NMR (400 MHz, DMSO-dg): 5 9.69 (s, 1H), 7.44 (d, 2H, J = 8.8 Hz), 7.39 (d, 2H, J = 8.8 Hz), 6.66
(dd, 1H, J = 17.6 Hz, 2 = 11.2 Hz), 5.70 (dd, 1H, J = 17.6 Hz, %J = 0.8 Hz), 5.15 (dd, 1H, J = 10.8 Hz, 21 = 0.8
Hz), 3.67 (s, 3H). *C{*H} NMR (100 MHz, DMSO-dg): 5 154.4, 139.4, 136.6, 131.9, 127.1, 118.6, 112.8, 52.1.

GC-MS (El): m/z (%): 177.

o Kowe |
------------------- Compound 1ra was prepared according to general procedure. The resulting mixture
was purified by column chromatography on silica gel (CH,Cl,/hexane, v:v = 5:1) to afford 1ra as yellow solid (70
mg, 46%). *H NMR (400 MHz, DMSO-dg): & 10.10 (s, 1H), 8.38 (dd, 2H, J = 4.8 Hz, 21 = 1.6 Hz), 7.43 (dd, 2H,
J=4.8Hz, %) =1.6 Hz), 3.71 (s, 3H). *C{*H} NMR (100 MHz, DMSO-dq): & 154.2, 150.7, 146.5, 112.7, 52.5.

GC-MS (EI): m/z (%): 152.
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Figure S-1 *H NMR of 1aa (400 MHz, DMSO-dg).
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Figure S-4 *C{*H} NMR of 1ab (100 MHz, DMSO-ds).
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Figure S-8 *C{*H} NMR of 1ad (100 MHz, DMSO-ds).
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Figure S-10 **C{*H} NMR of 1ba (100 MHz, DMSO-ds).
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Figure S-16 “*C{*H} NMR of 1cd (100 MHz, DMSO-ds).
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Figure S-20 *C{*H} NMR of 1ea (100 MHz, DMSO-dj).
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Figure S-24 *C{*H} NMR of 1fd (100 MHz, DMSO-ds).

104



9
z
Sj
>:
)

OV WO 0 Mo “
—H Ao 0O O ® e o
ol ol W00 -~

el el e e e

SNVANEX

o oo™ o o
o~ — @ o S+ OO
. P . . COIFNO~NDmMm
I S e eemdenan
) = = (o)) — NOOQ o>
— — — — [ e = Ao NN es I e
fmmmmmmmmmmmm oo .
1 1
! O 1ga:
i i
1 )J\ 1
» OoN N~ OMe,
2
1 H 1
1 1
iy 1
s ! H“ o b e o g I et
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure S-26 “*C{*H} NMR of 1ga (100 MHz, DMSO-ds).
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Figure S-28 *C{*H} NMR of 1gd (100 MHz, DMSO-d).
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Figure S-29 *H NMR of 1ha (400 MHz, DMSO-ds).
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Figure S-31 *H NMR of 1hd (400 MHz, CDCly).
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Figure S-32 *C{*H} NMR of 1hd (100 MHz, DMSO-d).
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Figure S-34 *C{*H} NMR of lia (100 MHz, DMSO-ds).
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Figure S-36 “*C{*H} NMR of 1id (100 MHz, DMSO-d).
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Figure S-37 *H NMR of 1ja (400 MHz, DMSO-ds).
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Figure S-38 “*C{*H} NMR of 1ja (100 MHz, DMSO-ds).
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Figure S-39 *H NMR of 1jd (400 MHz, DMSO-dj).
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Figure S-40 “*C{*H} NMR of 1jd (100 MHz, DMSO-d).
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Figure S-41 *H NMR of 1kd (400 MHz, CDCls).
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Figure S-42 *C{*H} NMR of 1kd (100 MHz, DMSO-ds).
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Figure S-44 “*C{*H} NMR of 1la (100 MHz, DMSO-ds).
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Figure S-45 *H NMR of 1ld (400 MHz, DMSO-dj).
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Figure S-48 *C{*H} NMR of 1ma (100 MHz, DMSO-d).
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Figure S-49 *H NMR of 1md (400 MHz, DMSO-dg).
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Figure S-51 *H NMR of 1na (400 MHz, DMSO-dg).
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Figure S-52 **C{*H} NMR of 1na (100 MHz, DMSO-ds).
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Figure S-54 *C{*H} NMR of 1nd (100 MHz, DMSO-d).
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Figure S-57 *H NMR of 1pa (400 MHz, DMSO-dg).
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Figure S-58 **C{*H} NMR of 1pa (100 MHz, DMSO-ds).
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Figure S-60 **C{*H} NMR of 1pd (100 MHz, DMSO-d).
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Figure S-64 *C{*H} NMR of 1ra (100 MHz, DMSO-ds).
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