Problem Session (3) -Answer-

Topic: NHC (N-Heterocyclic Carbene) catalyst in total synthesis

2021.7.24. Yuto Hikone

1. As for step 3, choose the best basic conditions (the conditions are shown
As for step 6, just provide a reason for complete conversion of 1-3 to 1-4.

above right).
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Ametovski, A.; Lupton, D. W. Org. Lett. 2019, 21, 1212.

conditions
1. DAST (1 .5 eq.), CH20|2, 0 °C, 83% a. K2003 (2 eq_), MeOH, rt, 2 h
2.1-2 (1 eq.), C-1 (15 mol%) b. KCN (1 eq.), MeOH, 0 °C, 45 min
THF/DMF (9/1), 80 °C
OH 45% (dr = >20:1, 96% ee) 0 0
0 OMe 3. conditions OMe OMe
| 4. 1BX (2 eq.), EtOAc, 80 °C
5. LiCl (2 eq.), H,0 (1.5 eq.) 3
DMSO, 170 °C (in sealed vessel) MeO,C H MeO,C H
MeO Csthir 32% (3 steps, 1-3:1-4 = 3:2) MeO CsHiy ~ MeO
1-1 1-3 1-4
-Bu | T
N-N Q oH o
OTMS { P 6. NaOMe (5 eq.), MeOH, 50 °C, 83%

CsHy4
(-)-A%-tetrahydrocannabinol
(4 steps from 1-4)

CsHy4
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N @N COQMe

aldol reaction k ,
COzMe o‘s‘ ,// %O
’ ’ ‘ ’ O

N"q!

highly electrophilic 11
(effect of cationic NHC)
NZ3N” H , COMe - C-1 5 HoprGOMe
Q%COZMe regeneration of w\coﬂ\”e _
O‘o@ NHC catalyst C-1 MeO,C CO,Me
1-12 1-13° 1-13 (96% ee)
step 2
/ H—[E)Me
% 0 HO <I HOMe H&S |
; »“J\CN -MeO” LLCN -CN L
Discussion 2 Ar Ar Ar
B-lactone & CO,Me MeO,C CO,Me MeO,C CO,Me
opening 2 2 2 2 O\\ 2 2
1-14 1-15 | 1-16
step 3
Q\F IBX
L2
| DR / <
\\\‘J\OMe + LiCl Q«J\"(}Me
Ar Ar
MeOQC COzMe MeOQC COzMe MeOQC COzMe
1-17 1-18 J 1-19
step 4
_Li
o7 H/OH o
- MeCl - MeCl
- COz Ar - COz
MeO
MeO,C CO Al\‘llre N T Ome Lisg
2 2 o?L..,o OMe
1-20 & 121 2
CsH1y CsHyq
CsHi CsH1s
eO
" }O’L — o
o)
1-22a 1-22b 1-22¢© 1-224©
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H.OH 0

OMe
[ jlo>Li A CO2Me arGOMe
H —~—— p—
H Ar
0 HOH © 0 MeO,C H
1-22b 1-3b 1-3b 1-3 (cis)
1 e} step 5
H.OH
OMe
r o>Li ArH R Ar
M\COQMe = MeO,C H .
O H%H 0 14 (trans) NaOMe, MeOH, 50 °C
1-22a 1-4a thermodynamic
product step 5,6

While methylester in 1-3 is axial-oriented, there’s no substitutions axial-oriented in 1-4. Therefore, epimerization
occured toward thermodynamic product 1-4.

Discussion 1: NHC catalyzed annulation
1-1. X-ray structure of azolium enolate and acyl azolium triflate

@)
. . I-Pr/=—=\i-Pr
i-Pr/=—\i-Pr )J\Ojk NO.N

NN p p
ipr T iPr THF-d8, rt =T 6 r
S
1-23 1-24
i-Pr/=—\i-P
TfOH (1 eq.) N SN OTf A. Biswas, J.-M. Neudgrfl, N.
E. Schicrer, A. Berkessel,
CDyCly, rt Angew. Chem. Int. Ed. 2021,
1 25 60, 4507-4511.

1-2. Enantio/diastereoselective formation of cyclohexyl 3-lactone
+ Catalytic cycle

S COzMe Y
¢
L ®
Arv\n/‘*N 1-9 @ CO,Me e
F .
formation of Michael 01-C9-C8-N1: -144.88 °
1) acyl azolium addition
| step A 1-8 step B
Ar
1-7
o
c-1 N= %O\
N N NZ@N o A COaMe
- \/ N
t-Bu V\ CO,Me
Ph
step D step C 1-10’
H COgMe
0 Ar é:lé/Ph aldol reaction
N COzMe 2N H COM Among four steps in the catalytic cycle,
of lactonization N‘N@" ArO2Me step A, B and C are the crucial ones
1-13° k b CO,Me that realize quite hlgh_enantloselect!v!ty
96% ee o (96% ee) and high diastereoselectivity
dr =>20:1 ’ 0o 1-11 (dr =>20:1)
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step A: formation of acyl azolium
Conformation of acyl azolium 1-8

1,3-diaxial interaction between Ph and Me groups

(i) NHC side .
ot N7
Me\ / IMe\ Me\ | Pseudo- / 0
ArW H O > Ar O Ar 0 I equatoria
\/\n/ W o .
OH H H :
1-8a (=1-8) 1-8b 1-8c pseudo-Ph 0)
' axial No A

(ii) Enone side
E-enone

bond rotation ___ i )
impossible Ar FTS\
1-8aa (=1-8a, 1-8) 1-8ab 1-8ac Ar 1-8a
Considering above factor (i) and (ii), 1-8a is the dominat product at the step A.
stepBand C CO,Me

) :
V\%\COZMe >\ N
o Y
N ]

Michael addition Michael addition
from ' from
less hindered face f  hindered face
i

MeO,C Y
SN Ar NL_@N\> /\O
O =
\\M
(0]
=
NG
H I ,l
@oo
1-10’a (= 1-10°)
H aldol reaction
N’ @N
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step D
lactonization

i

MeO2C COzMe MeOQC COQMe MGO2C COZMe MeOZC COZMe
1-13 dr-1-13 ent-1-13 dr-(ent-1-13)
Discussion 2: B-lactone opening OH
" MeO,C MeO,C 2
- : M 2 + MeOH 2 :
Strong-base conditions: NaOMe ArCO?Me ArCOzMe — .CO,Me
MeO,C O-~Ng MeO,C OH
1-30a 1-16’ Ar
~CO,Me MeO,C CO,Me
) _ L 1-16
- (desired)
Ar
MGOQC COZMe MeOQC COzMe Ar o
1-13 1-30 COxMe . MeO o
O\ ~— Ar
MeO,C Na '
MeO” N0 O Comd0:Me
: 1-30b 1-31
Figure 1 , —- - (undesired)
lowering AE A ¥ . . . .
r Screening of inorganic base-mediated 3-
CO-Me lactone opening (in MeOH)
Me0,C|O-M entry  conditions 1-16 : 1-31
M
e0 1_2% 1 NaOMe,rt,2h  1:9(1-31:91%)

M = Alkali metals

__________ 2 NaOMe, rt,0.5h 1:2
MeO,C CO.Me 3  Ky,COstt, 1h 1:1
1-13

4 032003, rt, 1 h 1.5:1

___________ 5 CSQCO3, 0 OC, 1.5h 2:1

o)
LAr 6 KCN,0°C,0.75h 3:1
0" Co,ML0aMe
Figure 2 (desired) i 1-31

(undesired)

In strong-basic conditions (entry 1-5), increase in the
nucleophilicity of methoxide (Cs*>K*>Na*) lead to the
increase of the ratio of 1-16/1-31 . It is suggested that
activation energy AE from 1-13 to 1-16’ gets lower as
the nucleophilicity of methoxide against B-lactone
increases (Cs*>K*>Na*), leading to the facile formation
of 1-16’ (Figure 1). In this case, nucleophilicity doesn’t
have an effect against AE from 1-16’ to 1-31.

MeOzC COZMe
1-13
HO

, Due to the high nucleophilicity of CN", activation energy

MeO.C CO,Me MeO,C OH AE" oy and total AE oy +AE?¢cy from 1-13 to 1-16’
1-15 ; . .

1-16’ are smaller than AEy.o , leading to the improvement

AEyeo > AE oy - ) .
AEyo > AE o+ AE2 oy (desired) of the ratio of 1-16/1-31 (Figure 2).
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1. C-2 (5 mol%), i-Pr,NEt (0.9 eq.)

2. 0 CH,Cl,, 40 °C
yZ 76% (dr =>20:1, 98% ee) * Yield was determined at the next step
H 2. LIAIH(Ot-Bu)s (2.7 eq.) as a three-step yield.

THF/CH,Cl, (1/10), 0 °C, 84%
| 3. H, (balloon), Pd/C (0.2 eq.)

o)
hexane/EtOAc (1/1), 23 °C
4. (CH50), (5 eq.), H,O (2 drops)
PO(OEY), Ba(OH), (1.05 eq.), THF, 23 °C*
2-1
OTBDP§-| 5. VCl3*(THF)3 (2 eq.), Zn (12 eq.)

HMPA (5 eq.), CH,Cl,, 85%

6. DIAD (3 eq.), PPh3 (3 eq.)
4-nitrobenzoic acid (3 eq.)
THF, 0 °C to ambient temperature
61%

Y eI

Il O
Et MeZN/F,’\NMeZ\(
NMez

c_2 HMPA DIAD isovelleral o

armillaridin
(2 steps from 2-4) OH (6 steps from 2-3)

Hovey, M. T.; Cohen, D. T.; Walden, D. M.; Cheong, P. H. Y.; Scheidt, K. A. Angew. Chem., Int. Ed. 2017, 56,
9864-9867.

Answer Et Et o
Q/\//N\ ® o /N BF4
: N , (.
N/ - I-ProNHEt N
Et 4 Et
nucleophilic H I PrgN Et

most electcr)ophilic

i- PerEt
o) 2‘6@ o) o™
Q4

N. R
Discussion 1 |© formation of |

NHC catalyzed N-N stabilized N- N Et

cyclization Et Et carbanion Et
PO(OEY),

2-1 2-5 2-6
carbanion to enolate
< conjugate acid
a

s proton source*) N g( 0 R ;O =
formation of Michael addition |® O@X\HH intramolecular
N’ et
Et\@
2-7

azolium 5-exo-trig N-N \ nucleophilic addition

Et -
E-enolate** Et
highly electrophilic
(effect of cationic NHC)

- 2-8
*Guo, C.; Fleige, M.; Janssen-Mdller, D.; Daniliuc, C. G.; Glorius, F.  ** Z-enolate cannot be generated
Nature chemistry 2015, 7, 842-847. considering the 1,3-allylic strain.



> o
. A2AI(Ot-Bu)g
, PO(OEt),
0]
O N@‘ ‘B HH - C-3 — jr—
\/Q\ N_Et regeneration of OO b o X Discussion 2
NEt NHC catalyst C-3 H H reduction;
(EtO),0P aldol reaction
2-9 2-10 (98%ee) 2-10’
step 1
OSD 0] pKa in DMSO 0
2 o
O 0 H o 0
X opening of H ™ 26.5 EtO-P
H lactol H EtO
(Et0),0P 5.41 (Et0),0P .12 Q 0 hoph
1 Eto
o H 18.6 most acidic proton
©) o | H from pKa Values in DMSO Compilation
£ H 0 ; (by Reich and bordwell)
(Et0),0P.__~ ;
ah | (Et0),0P
(see right box) H | (E10)2 1,3 allylic strain
2-14-E ' 2-14-Z
b 5 g
__H ./ OPO(OEt)2 E H \%T_lPO(OEt)g
O aldol reaction
2-15a ! 2-15b
Yy (Et0),0R. H
o° ®  ©O0—_ _>-|__OH
- H +H H -
2-17 2-18a
most acidic proton
convex \
(EtO),0P H\ ‘H/H OH ’
0]
Ny  HaPdC (EtO)ZOPm (EtO),0P
from convex face »
concaa o H ©0 H
2-19 J 2-20 J 2-21
step 2 g step 3
HO S
N A O{/\Oh\OH H
\O/\O{/\Oi\OH N
paraformaldehyde formaldehyde



O/J 'O%E'[ OC?) /OEt ) H
SN 052 -OFtH ~OPO(OE),
formylation v/]/i:f:>< olefination o)
from o) 0 H
convex face H H
2-22 2-23 2-2 Step 4
VIICl,L. (Wﬂ VIL,Cl3(THF)glo[Zn"5Cl 4 VICI5(THF)5 + 2 Zn°
2bn [V 2Cla(THF)g]o[Zn"2Clg] < ] 3(THF)3 +
(L = THF or HMPA) Discussion 3
OTBDP%_| OTBDP%_I OTBDP%_|
SET I
. ViCl,L,
<smg/e electron)
8 steps transfer SET ‘
7 |
7 VI'Cl,L,.
L,ClaV"'—O, ot

OTBDPS |

NO, 4-nitrobenzoic acid

slow .
(intermolecular)”~,
» OTBDPS H OTBDPS OTBDPS
, s A\ H ®

- (FPrOCONH), +H e - O=PPhg /

attack of Ph 3FI’@ HO intramolecular Phs\P’o generation of HO

less hindered \/ trapping tertiary cation
secondary OH ’ stabilized by
2-29 2-30 adjacent 1 orbitals 2-31
fast
(intramolecular)
OTBDPS OTBDP §_|

1,2-alkyl shift

2-4
step 6



Discussion 1: NHC catalyzed cyclization

1-1. diastereoselectivity o oﬁ
o) ®
(Et0),0P~ 7= . NHC-— 7 Et
NHG T~ = O o =N
2.7 (Et0),0P ® NS
l NHC =
Q4
o)
(Et0),0P_ _Jx
2.100 dr = >20:1

1-2. enantioselectivity
3D structure !

2-7A (dominant) 2-7B
-=>2-10 -> ent-2-10

2-7E 2-7F 2-7G 2-7H
-=>2-10 ->ent-2-10 ->2-10 -> ent-2-10
While first quadrant is fully occupied, fourth quadrant is unoccupied (second and third quadrants are equally
occupied). This leads to the twist of the plane on which enolate and enone are placed (blue and red) against the one
on which the catalyst is located (gray). Among eight projections, 2-7A is the sterically least demanding one.

Discussion 2: reduction; aldol reaction © o
2-1. reduction of dihydropyranone BH3.,(OMe), _BH,_,(OMe),
H O 0]
H H
o) H OI—‘_| 0 0 work up
0 NaBH, (0.75eq.) S — — = 233
NN ™ H H
! M%ng (gf%M) ! COMe , ., COMe , 4,
CO,Me ’ CO,Me « NaBH, (small reductant)
2-32 2-33 -> Formation of O-B bond suppressed the lactol opening.
. ) * LIAIH(Ot-Bu); (bulky reductant)
Sggg'igslé Lupton, D. W. Org. Lett. 2010, 12, -> Bulky tert-butyl groups prevented coordination of oxygen
- . atom to aluminum, leading to the lactol opening.




2-2. aldol reaction

CSQCOS
CO,Et
Eto W CH,Cl,
t- BUOZC

-10to 0 °C
2-3 2-36 2-37 2-38 (antl*)
30% (RIS =4.6:1) 30%
Ishikawa, H.; Suzuki, T.; Orita, H.; Uchimaru, T.; Hayashi, Y. Chem. Eur. J. 2010, 16, 12616-12626.
@E(t)o >OP NO, (E(t)O)QOP NO, (E10),0P INoz
= jCOzt Bu o0 Ljﬁogt-Bu == OO% CO,t-Bu
ST ' e
0] EtO,,0 Et0,,O

2-39a 2-40a (syn) 2 40b (syn)

- (EtO) 2P02
- Horner-Wadsworth- CO,Et
— Emmons reaction

syn elimination -BuO,C

-3
' NOz
(Et0),0P  NO, (Et0).0P NOg QH 0, /OEt M
=7 — '
mozmu %@FBU =
EtO 0

EtOOO t'BUOzc
2-39b 2 41 (anti) 2-38 (anti) NO,

Considering this result, aldol reaction in step 2 would not proceeded via intermediate 2-15b.
Otherwise, syn-eliminaition would have been occured.

Discussion 3. vanadium mediated pinacol coupling
1. Effect of additive (Raw, A. S.; Pedersen, S. F. J. Org. Chem. 1991, 56, 830.)

[V!'5Cl3(THF)glo[Zn",Clg] (0.5 eq.) additive  yield
o additive (6 eq.) HO OH none 3%
_BU)W i-BU"H DMF (5 eq.) 63%
H CH20|2, rt HMPA (5 eq) 72%

2-42 2-43

2. Dlastereoselectlwty (Myers, A. G.; Dragovich, P. S. J. Am. Chem. Soc. 1992, 114, 5859-5860.)
[VIL,Cls( THF)G]Z[Zn”ZCIS] (1.2 eq.

) e
g = CH,Cl,, 23 °C, 3 h HOT ==

2-44 2-45
cis:trans = 10:1
1. effect of additive 2. diastereoselectivity

non-chelation model

V|||”O -
/
V!(DMF),Cl,**

“Edema, J.; Gambarotta, S. Abstracts of Papers,

-7 a P 199th National Meeting of the American Chemical V”I 2 463 tl’ans 2 46b CIS
> Q2 Society, Boston, MA; American Chemical Society:
c |3§\>§i J’, Washington, DC, 1990: INOR 592. Che|atIOI’l model
x-ray structure of [V!',Cl5(THF)g]*” 0w =
/ = Diastereoselectivity of coupling
* : M—=0——— ,
Bouma, R. J.; Teuben, J. H.; Beukema, W. R.; vV a . adduct could be explained by

Bansemer, R. L.; Huffman, J. C.; Caulton, K. G.

2-47 (cis i
Inorg. Chem. 1984, 23, 2715, H 247 (ci9)  chelation model.
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1. Course of the reaction between NHC catalyst and enal

Q =Y
R1\\)LH R’N\”/N‘Mes
enal NHC
OH Mes OH Mes o OH Mes
RN RN N RIS N
Y Y | Y
’N\// /N\// /N\//
R® R R®
acyl anion equiv. Breslow intermediate homoenolate equiv.
proton transfer
©)
0" Mes
R1/\A(N\
Y
N7
R®
enolate equiv.
2. Homoenolate vs enolate Et
2-1. Solvent effect _N
O/\r \IE\?
N
Et
©
BF, N
o = L1 (10 mol%) N _T N
@ N N S N /T
N + @@ . Ts + N—TS
Ph/\)J\H ZN base (1.0 eq.) P
© solvent Ph" o) Ph 5
1 2 3 4
(2.0 eq.) (1.0 eq.) via homoenolate via enolate
entry base solvent 3:4
1 DBU THF 86%, 20:1
2 K>CO4 THF 88%, 20:1
3 KQCO3 CHZCIZ 700/0, 8:1
4 K>,CO3  toluene 37%, 1:7

Solvent has an great influenece on the ratio of 3/4.



2-2. Effect of the basicity

MeO
N
O/\r/ ﬁ)
N
MeO
Cl AN
0 ©® L2 (10 mol%) N
® “n—Te
+ N N—'S
PhMH Z°N base (1.0 eq.)
S) toluene Ph 0
1 2 3 4
(2.0 eq.) (1.0eq.) via homoenolate via enolate
entry base 3:4 ﬁ)
. ® |/j
1 DBU 15:1 H-NEt, Q\N
2 EtsN 1:3 H
10.8 12.0
conjugate acid pKa
L1 (10 mol%) N
0 ©® o K,COj (1.0 eq.) N
Ph/\)k H Z g toluene
DBU (xeq.) Ph o
1 2 3 4
(2.0 eq.) (1.0eq.) via homoenolate via enolate
entry DBU (xeq.) 3:4 percentage of 3
1 0 1:7.1 12%
2 0.02 1:4.3 17%
3 0.05 1:1.8 36%
4 0.1 1:1.5 40%
5 0.2 1.6:1 62%
6 0.5 2.8:1 73%
7 1.0 7.2:1 88%
Homoemolate adduct 3 was more preferentially generated to enolate adduct 4 as the basicity increased.
2-3. Effect of proton source
N L1 (10 mol%) N
0 ©© K,COs (1.0 eq.) N
@ ‘N—Ts
+ NT _Ts + N
PhM H ! THF
AcOH (x eq.) Ph o)
1 2 3 4
(2.0 eq.) (1.0 eq.) via homoenolate via enolate

entry AcOH (xeq.) 3:4 percentage of 3

1 0 20:1 95%
2 0.1 1:1.3 44%
3 0.2 1:1.4 41%
4 0.33 1:1.8 36%
5 0.66 1:2 33%
6 1 1:2.5 28%

Enolate adduct 4 was more preferentially generated to homoenolate adduct 3 as the acidity increased.



2-4. Proposed mechanism

O O
N e ° =N
ey (0 Triy
Et Et

e) L1

BF,
pre-catalyst o)

0 /»7
OH =N Et proton OH
o o N_ N transfer O
Ph/\/\( N | = = Ph/\/\( N
/>J strongly basic Et less-basic />J

Et Et N
®

g* N conditions HO | conditions N
Et Ph Et
homoenolate equiv. Breslow intermediate enolate equiv.
6 5 7
If conjugate acid of the base
is acidic, protonation of homoenolate
occures to give enolate.
2
_N
Z "N O

X
N‘N/TS
Ph . o
via homoenolate via enolate

Proton concentration has an important role in determining the course of the reaction.
If the proton concentration is high, protonation of the homoenolate equiv. 6 proceeds to afford enolate equiv. 7.

Guo, C.; Fleige, M.; Janssen-Miiller, D.; Daniliuc, C. G.; Glorius, F. Nature chemistry 2015, 7, 842-847.



3. X-ray structure of Breslow intermediate
X-ray structure of isolable-analogues of the Breslow intermediate are shown below.

_N < N
O/\r/ﬁ—)@—Br ‘\ ‘; ,]
i Br '\ ?
Rd
© o)
BF d
® Ph ¢ ¥N Br % NG ,,
Ph" XN L3 (1 eq.) N N\Q\ .
I

N7V
i-Pr,NEt (5 eq.) Br
BF, 2

CH,Cly Ph” N / ‘@L‘Q/ . "
68% |

10 11 /
oy
Steric repulsion between aminoindanol and phenyl 7 / \ ' \ ,
group at C27 makes twist around C1-C19 double bond. 1 — "

! C & \
O/R:NN Br
Koo,

Ph ITI N
1 Oy T2 / &)

T~ 0D ”2\1 N ___‘@3
— N3 (
=N SN "ﬁﬁé-%’ N '\,-

1,
| !
® Br b | Oy ‘y p
~N-Pn L3 (1 eq.) N Nm I S
| | | Br Br "\ / » e

Ph” cio,® i-Przcl:\ll_I|Et (g?\l eq.) | ,Typh Q | N N ~
3 ~ _ A ®
77% Ph NN TN = f -
12 13 \ \

(.A)/ ~y 7N
Due to the less bulky substitution on C27 in 13 than in 11, ~
the diene moiety in 13 became planar. (l

DiRocco, D. A.; Oberg, K. M.; Rovis, T. J. Am. Chem. Soc. 2012, 134, 6143.



