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Development of Highly Reactive N-Heterocyclic Carbene Catalyst and

Diastereoselective y-Butylolactone Formation

Ryuji Kyan

ABSTRACT

In the past decades, N-heterocyclic carbenes (NHCs) have been widely employed as organocatalysts for the
C-C bond formation through acyl anions, homoenolates, enolates, activated carboxylate, and radical cation
species, which generating via umpolung of carbonyl compounds. Especially, NHCs react with an o.,[3-
unsaturated aldehyde to generate conjugated Breslow intermediate which acts as a homoenolate equivalent with
both a nucleophilic at the B-carbon and electrophilic at the carbonyl carbon. However, despite these engaging
catalytic systems, there are few methods for tuning the catalyst reactivity of NHCs. In addition, although
impressive advances have been made since the first NHC-catalyzed homoenolate annulation reported in 2004,
the developed vast majority of NHC-catalyzed y-butyrolactone formation offer f3,y-cis-selective synthetic
methods. Therefore, a major challenge in this area is the formation of NHC-catalyzed B,y-trans-selective y-
butyrolactone, particularly from simple aldehydes.

This review describes the development of highly reactive N-heterocyclic carbene catalyst and
diastereoselective y-butylolactone formation utilizing the N-aryl effects which provides useful knowledge and

contributes to the acceleration of the synthesis of pharmaceuticals and functional materials.
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Organocatalyst

A low molecular compound which has a catalytic action consisting of elements such as
carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulfur (S), and phosphine (P).
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Advantages

v/ Easy handling due to its high chemical stability

v/ Capable of one pot synthesis by orthogonal reactions
v Non-toxic, inexpensive and easy to prepare

Figure 1. Kind of catalyst and organocatalyst in organic synthesis.



T H, AR A I L FRIZEMEDO R S0 LR T < BEOEWH 2 WIdE 48 &
WiRWWTeh BREAM OB, L7 A X ORERREN L Vo I RIS L v s v o e
FafroZ &2 D, 2000 T 50 61EH 28D, AU, SFE. FKIL, 77A List, Barbas,
MacMillan & %R & 3 5 R T OFHES MALFE 72 B DT K D I 8972 AlEBR 8 LAl S S D BR
ENEDHENTELD, FFITEHE (2021 4F) O — ULZFE TiE List & MacMillan (8% 5 < A& T
WILE = A BT Barbas 720720725 9) BZETHICE-TEY . BUETIE, AL TaEZ A 7=
LR I, SR BRE OIS 2 0 T 2 A FWE 2 Il D /MR DOBREEART TH AT 2 EE e B
BRI 205 D720 B L WSS 2 BB T 2 BEMITET ETmE->TWVD, Ll
D, —HANCE R TSRS CTIIBUGRERI A RV 2 &0, AW D MBEER N2 LR ED R
HIFET DI 0D, S50 EERRLAHS FAEEDOBREARD LTV D,

AR TIE, TNETIZEERED > TETLAKD MO —>Th 2 FEREARRAN NV~ &

FHW=HFZEIZ W TR T 5,

1L.N-7)—ILEICEB LI-EFEMEA SH VYD LALAUEORIR 2

GRBEEFEERAN L (N-Heterocyclic Carbene: NHC) 1%, BT 2 ~F 0T D B /L~ fia R
FAOBTREICL o TLEENEINZ—FHIET VY T LAARTHY | TOAL—YVIFRICEH I
Bi LMHEINDILEMTHLTFT T I ICHRT D, F7IVIETCARKEOAY HTELE VAT &
TV CoA ~E BT HMETHHENE VBT B R —BoEEH.LTHDH Z b, NHC I
AERNICEIE T DEER OTEMET LA N LANC I R v 7 LI AL TH S (Figure 2),

Nucleophilic
carbene HoN
Active \/\ /‘<—‘N>_— . N'H
; . Biomimetic —
site, . \ ~/—Me
N — R—X.Y/)\R

— ™
o \Y\Me
0 X=N,S
eo\b,o\P,O Y=C,N

Iy

o 009

Pyruvate dehydrogenase Thiamine pyrophosphate N-heterocyclic carbene
(PDB: 1W85) (NHC)

Figure 2. Roots of N-heterocyclic carbene.
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Figure 3. Overview of NHC catalysis and this study concept.
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Table 1. Catalyst reactivity of imidazolium salts.
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G5 & &5H &5
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Reactions were performed on a 0.3 mmol scale at 25 °C for 3 h. The conversion and dr were determined by 'H NMR analysis of the crude
mixture. The yield is a combined yield of both diastereomers and determined by 'H NMR analysis of the crude mixture utilizing 4-tert-

butylanisole as an internal standard.
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Figure 4. Kinetic profiles of y-butyrolactone formation with precatalysts.
BT, 2,6-F=F T = = VDG 72 & AR PR - DR 2 RS 729 IMesCl C1 & IEtC1 C6 %
PN THE 2 OYMEREAL & BT IRT 2175 Z & & LTz,
AN DEFHELL, NHC OREMRN A AFEMICRELSFET L2 L BMbTND 1112
B, 22T, 2,6 MLOBEHEILOEN G 72 68 FHIER &2 NHC-Ir- T /L 7R = V5D CO DffiffE &

B ENEDORRIEARBI T4 % Tolman Electronic Parameters (TEP)!3 19 (Z - CTLu#k L 7= (Figure 5), <



DOFER. IMesCl C1 KD Ir $5{A 4 TiX TEP DAY 2050.7 cm™ T B DIk L, IEtCI C6 KD Ir
SR 5 TIL 20511 em! & RFREDMEEZ R L2 2 &b A SIZBWT I A OE A EM T
fEME D] FIZ B E L2 LRI S Tz,

l - \
Ar=NxN~a, Tolman electronic parameters (TEP)
M‘“CO TEP showed a linear correlation between the level
oc” i of electron donation of the ligand and the average

Voo CO stretching frequency (vco®).

I(I)I 1(measured by IR)
The lower TEP values means stronger the electron

NHC-metal-CO complex donating ability of the NHC ligand.
Me =\ Me Et /—\ Et
MJNTi:K N¥M\§:>
Me/@ae Y Me Me @Et Y Et
r Lr
oc”l oc”
co co
4 5
TEP (cm-") = 2050.7 TEP (cm-") = 2051.1
(50 mM in CH,Cl,) (50 mM in CH,Cl,)

Figure 5. Comparison study of TEP values for NHC-Ir-CO complex 4 and 5.
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Figure 6. (a) Kinetic competition studies with regioisomeric chlorobenzaldehydes. (b) Potential Steric Effect in

Tetrahedral Intermediate
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Figure 7. Biologically relevant molecules and natural products containing the B,y-trans-y-butyrolactone scaffold.
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Figure 8. (a) (b) NHC-catalyzed y-butyrolactone formation. (c) B,y-trans-selective y-butyrolactone formation

from an a,f3-enal and aldehyde.
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& LCDBU%25 mol %, 25°CCTHFZIEME & L CHWTKIGEITo72 & 2 A, INETI% & BT
ROWEF LB OB ransiEIRPE (1:16 dr (cisitrans)) TT 7 hr3aiMGbhni-, £7-. Fa iRt L
EoWitE Lo 2 A, ikl UCTHF, L LTDBUZ W& L 0 b ROERIZE L2 h
o7, WIT, 2,6-EA(PT 2=V AF )T 2 = VEDORTAZE T GHEDO A MU EE2HT5



[Pr*OMeC] C13%0) & B RBIMEDEHRIFE 42 H T HIProCl C140 2N FNG L, MLz =
Ay ELLBIPHCICIRE AR TRFEDO VT A7 LA Z /R L7z b OO, IPr+OMeCl C13 TITILEE
D387% LR I L, —J5C, IPr+CICl C14 TIHIULER N T1% EIERN LTI T Lz, 2
iE N-7 V=N EED NI K B GHEORNVERLNER I DL ZLICL > T, AFE2 /T
— NMEMMEDOICER LR D720 B2 b b,

FEWN T, RUSIRE L Bc DWW TR L7e s 24, JIGREICL D VT AT LARIRE~DHF S
WFIEFIT/NE L, RIGREZ60 °CICFHEBT 5 2 & TR %2 mol%F T L CTH . IERITHFTK
T35 b DDBy-transiBPNE, BRI R T 2ERP B O, 22T SREZ&EILTH
TT AT UABRIRMEIZ R E BB R O N holo 2 e D ARBERIGIZB W T YT AT LA SN
PEDS R E 2 BB C O SR AT OSLRBRERITEE ISR ST D Z &R SNz, b DRER
D B AR RS FE X TPr+OMCl C13 232 mol%, DBUZ325 mol%., IREEATHF, KUSTRE 3 60°CE L
7=

Table 2. Screening of reaction conditions for the reaction of 1a with 2a.¢

o o
10 mol % precatalyst
o o v L
0 Ph Ph
CgHy-p-Br CgHy-p-Br
1a 2a (2.0 equiv) 3a-cis 3a-trans
cP Ar E E
A \ﬁ\@
IPr*Cl C12 IPr*OMec| C13 IPr<Cicl C14
79% yield? 87% yield? 71% yield?
1:16 dr (cis:trans)° 1:16 dr (cis:trans)® 1:16 dr (cis:trans)®

Optimized Condition (C13 2 mol %, THF, 60 °C): 66% yield®, 1:13 dr®

4Reaction conditions: a.p-enal (0.30 mmol), aryl aldehyde (0.60 mmol), 10 mol % precatalyst, 25 mol %
DBU, and 0.2 M THF at 25 °C for 24 h. °The yield is a combined yield of both diastereomers, determined
by ™H NMR analysis of the crude mixture utilizing 4-tert-butylanisole as an internal standard. °dr was
determined by HPLC analysis of the crude mixture.

INETORFRERAE 2. BRERICSKMETOB-REMT LT b REBEFEET LT £ RIZon
THE—WMEZ A L7 (Table3), A X4 U 7 A IPr*OMeC1 C13 % 2 mol%, DBU % 25 mol%.
THF 1 60 °C DM CHix BEET VT & RICOWTRE LIz L 2 A, NILCEREE AT 55EF
BT AT e RCIE, BAGHEETHIA M VEEZETIHEBRT VT & RERE USHEIT L.

AR EE DR DD B, y-trans BRI T 7 b U B35BTz (3a-c: 56-66%, 1:13-1:16dr), £7=, A ¥



PACHRFIR T £ RER AT HEEET VT R4 MICHERIEF 26T 5 5 EKT LT
RTEANTEBUOGTFBRT VT R ERIXFRE TH 5203 trans BIRIER M EL (3e-g:
51-71%, 1:24-1:99 dr), F¥lZ, 0-Z7 B XU X7 AT REAWEEA T 1:99dr SISIERRRTT
AT UABRIRMETT 7 oG b,

WIZ, OB TR OLBVIETTZ N2 52 lm- 7 e X7 AT REHWT, o,p- A~
M7 AT E RIZOWTHRH LI L 2A, NILCERLEEZ AT L0 AT7 0T e KT, @),
OF trans BRI T 7 oM &5 (Bh-j: 71-78%, 1:16-1:24 dr), FEW\TCT, m-rZ ma s v F AT
NTE RERWZEE TR, NIMLCEREZ AT 2 R L AREONER, SR Gk: 78%., 1:24
dr) TT 7 bUBNELIIZN, AN MICEREEZ T T AT AT AT RERWZEZ A, I
TR ST b DD, T AT VABRPER DT ITET L. Gl-m: 71-73%, 1:9-1:11.5dr), ¥
Too T REBERT Do -Raf7 VT RIZHHEHAFRETH Y . SR E rans BRPEIC

7 FUBELNZ 3n-0: 51-79%, 1:24-1:32 dr),

Table 3. Substrate scope.”

O (0] 2 mol % C13 /_\
PN T 25 mol % DBU N_ N c
| THF (0.2 M) Yo
& 60°C, 24 h @ Ph Ph OMe

1 2 (2.0 equiv) 3-trans Cc13 Ph
(a) Aryl aldehyde [Ar! = Ph]
o ¢}
3a (X =Br) 1 61% yield 3e (X = Br): 71% yield 3g: 65% yield
1:13 dr o] 1:24 dr o) 1:99 dr
b (X = Cl) : 51% vyield / 3f (X = Cl) : 51% yield /
13ar PO 1249r TN % C

3d (X=0Me) :nr

1: %
3¢ (X =COyMe): 61% yield
116 dr

(b) o,B-Unsaturated aldehyde [Ar? = CgH,-m-Br]
0] 0] 0]

CoHa-m-Br CoHy-m-Br CoHa-m-Br CeHy-m-Br

3e (X=H) : 71% yield 3k: 75% yield 31 (X=Cl) :71% yield 3n (X=0): 51% yield
1:24 dr 1:24 dr 1:11.5dr 1:24 dr
3h (X=Cl) 1 76% yield 3m (X = Br): 73% yield 30 (X =S): 79% yield
1:19dr 1:9dr 1:32dr
3i (X =CO,Me): 78% vyield
1:16 dr
3j (X=0Me) :75% yield
1:24 dr

2Reaction conditions: a,B-enal (0.30 mmol), aryl aldehyde (0.60 mmol), 2 mol % precatalyst, 25 mol % DBU, and 0.2 M THF at 60 °C
for 24 h. The yield is an isolated yield of trans-isomer after column chromatography. dr was determined by HPLC analysis of the
crude mixture.



IMesCl C1 & IPr*OMeCI C13 D VT AT LA BRPUEDE NS U7 A7 LA BIMEFELO A 71 = X A
DNTOFELE LT (Figure 9), 7 AT L AP DR E B FEIL AL Breslow HHENFE=E /
T — MEMifkE LT, FHEBRT AT b REKETHEBEEHER SN D, ZORF, Figure 9 1279 L 5
{2 IMesCl C1 % FIVT2 356 TR N-7 ) — VEEDVINS W2 cis IR, trans (RE B BT D
AT FA—vay (CED) ICBWTHHEEKRT AT RPETICETIEEAEET RN EEZD
NWBEM, BFERET VT & ROAVAK=)VH L 3 L UOSEER Breslow HAD T 7 — )L & O FHRT-- AR
FHEMERER/NRIZRD XHICEFBFBET VT RBESL a vy 7+ A—va v (C) OFNEFIT
BB cis ROERMPMENT B, —FH T, IPFOMCICI3 4, N-7 U — I ENER D, BHEEK
TATE REN-T V=V TSI E I THERFENAE T, FEBET VT & ROBSE 0
IMesCl1 C1 & Hf L TRE SHIBREN D, ZOREFR L LT, &M Breslow THIAD = / — /L LIFH
BT NT e ROINVAR=NVBRE ORIKFBEDEL D rans BKBAERT D27+ A—va v

(B) TORIGSHER]E 2 D120 trans (EOERIBERT D EEZHND,

|Ph OMe Meo/@ |Ph
" o
C13

up to1 99 dr

J{o !

Ar' Ar!

Ar? Ar2
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Me N‘_NMe Me N‘ NMe
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Figure 9. Possible diastereocontrol models of C1 and C13.
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Too N-7 U — )VEOREE 2 W RENTTE R L7227 AT L A B R A 72 A RO D BRFERFZEIT DUy TR
LTz, ARFETHRBNZRIRIT, 41 0O NHC filifit 4 Jok &+ 2 MEAT7EIc o T AR F 0 SRS
BT 70 ICA A2 MM R CTh 2, BUET S LEMICHIN TE 2 £ TMBIEIEZ @ - A5y
FAEBEIRTZDETH D, AAANENS LD 2 & THEICFEMAYZL NHC M3 BT S, EFRS
SBEREMEA B O B RO INEEPIE = X MEIZ LV 2 < D A& DR EDNT 72 Dbl & 22 iuE=gn
Th D,
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