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1. Introduction



Terpenes, Terpenoids

Isoprenoids ... Compounds formally derived from isoprene

— Terpenes ... Hydrocarbons of biological origin
having carbon skeltons derived from isoprene

— Terpenoids ... Natural products and related compounds

formally derived from isoprene units
/\

(Contain oxygen in vrious functional groups) IUPAC GOLD BOOK
TR s iLP“
Isoprene g\

OH OBZOAC ‘ i
HO




Category of terpene, terpenoid
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Diversity of terpene, terpenoid
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HTT and THT cyclization

HTT (Head-to-Tail Terpene)

a Head-to-tail polycyclization

THT (Tail-to-Head Terpene)

b Tail-to-head polycyclzation

—OPP

Paolyisoprenyl
diphosphates

*Reproducible in
bulk solvent

= Mainly yielding
decaline framework

Tail

*Lacking example in bulk
solvent (Man-made catalyst)

*Produce a diverse variety

of frameworks

Head

Albicanol

Surgey V. et. al, Nat. Chem, 2012, 4, 915



HTT cyclization(1)

Stork-Eschenmoser’s hypothesis (1950's)
X .
HO H

L

Squalene ‘ ‘ Lanosterol

trans trans
R Hle R 3
© \b £-oF >
Y —
Y W. S. Johnson, Acc. Chem. Res, 1968, 1, 1
cis cis G. Stork. et. al, J. Am. Chem. Soc, 1955, 77, 5068

A. Eschenmoser. et. al, ibid, 1955, 38, 1890



HTT cyclization(2)

Biomimetic synthesis of steroids

( )

Johnson’'s work
/) TFA, CF3CH20H
—>
35%
92:8 dr

11a-Hydroxyprogesterone

HO

\ J/

William. S. Johnson. et. al, J. Am. Chem. Soc, 1977, 99, 8341

( )
Corey's work
— 1. MeAICl,;
oTBS S S 2. HF, MeCN; o
3. TFA;IPh
O~ — / -
\b( /A 42% HO
Dammarenediol
\ J

Corey. E.J. et. al, J. Am. Chem. Soc, 1996, 118, 8765



HTT cyclization(3)

Enantioselective biomimetic cyclization
Chiral LBA(Lewis-Base assisted chiral Brgnsted Acids)  First example of enantioselective cyclization

J - \

! SQF
0\ $ncl, 0\ H (R)-BINOL-Me
SnCl, SnCl4 | (teq) Y
Of toluene ar CHaGl 0‘{ — \ o o
COr = oo e

1day, 58%

{RI-BINOL-Me {F'=Mg) Chiral LBA
{RFBINOL-Bn {R'=FPhCH,) S 0 .

{RIFBINOL-0-FBn {R'=e-FCyH,CHa) 88( 52/° ee) - 12
|_{A-BINDL-CCSiPhy (R =Ph,SiC=CCH,)

( N\

OSit-BuPh,
(R)-BINOL-0-FBneSnCl, (2eq)
toluene, -78°C, 3d

~ Bu,NF

(78%ee)

AC2O

BF3.Et20
CH;NO,
rt, 5h

89%, 75%ee

\_ J

Yamamoto. H. et. al, J. Am. Chem. Soc, 1999, 121, 4906
Yamamoto. H. et. al, J. Am. Chem. Soc, 2002, 124, 3647




Difficulty of THT cyclization(1)

acid
pentane

(+)-nerolidol o/p farnesene o/ bisabolene

further TFA
cyclization pentane

-
=
N H RN
=
=
- 7, - 2,
N 4, ( W 4,

20% 30% 25%
mixture products

Acyclic or mono-cyclic products

D. D. Syrdal. et.al, Tetrahedron. Lett, 1972, 24, 2455
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Difficulty of THT cyclization(2)

BF3 Et,0
OH||

Farnesol

(Cis-Trans,
Trans-Trans isomer)

\ Mixture products Hirosel Y. et.al, Chem. Lett, 1972, 263
[Enantioselecctive synthesis )

tBuAI
er jj?k Equivalent amount of

°F°'3 chiral binol is needeee

D-Limone (54/ 77%ee)

tBuAIﬂj?)< ‘
| Mono-cyclized
OH CFCI3 A product onlyeee

| |
YarmamotoHetal—Am. Chem. Soc, 1983, 105, 6154




What makes THT cyclization difficult?(1)

cyclization
—»
@
In biosynthesis Tansoid cation Q Cisoid cation
_ _ high energy barrier
i ® ] (12 kcal/mol)
X~ ? “@ﬁ Norman. L. Allinger. et. al, J. Am. Chem. Soc, 1975, 97, 752
-------- > - In case of FPP
I I
LN L A -
Tansoid cation Cisoid cation - -
=
a
OPP OPP
= ~ x
— | - p —tne
I I |
Linalyl-PP Linaryl-PP 4 possible first cyclizations
(transoid) (cisoid)

David W. Chem. Rev, 2006, 106, 3412-3442



What makes THT cyclization difficult?(2)

(2 Stabilization of cationic intermediate For further cyclization...

(@ Strained ring formation

e — [ |2 P P

high energy cationic Cumacrene

intermediate . . o
quenching by @ Anti-Markovnikov alkene addition

E1 elimination or
Sy1 reaction ©
(H,0 or other nucleophile)

Trichodiene

X ) X ® Wagner-Meerwein rearrangement
OH ([1,3]-hydride shift)
In bulk solvent /C?
Stabilization of cationic
intermediate is absent : i

Surgey V. et. al, Nat. Chem, 2012, 4, 915 Amorpha-411-diene
Rudolf. K. Allemann, et. al, Bioorganic & Medicinal Chemistry, 2017, ASAP

Artemisinin



What makes THT cyclization difficult?(3)

@ Random conformations of substrates

> -,
N NS A OPP @ ,l/

TEAS
(tabacco 5-epi-aristolochene synthase)

Y527
’ D525

M9<2;+ 1204 | W273| Y520 . .
vy An biosynthesis

v - T8 Conformation of substrate
ere gl " is restricted in enzyme pocket

Joseph. P. Noel. et. al, Science, 1997, 277, 1815

In bulk solvent
I ~ | Substrates adopt random conformations

Giving complex product mixtures( Previous sli




2. Today s contents
~tail-to-head terpene (THT)
cyclization in capsule catalyst™
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Today s topic

Konard Tiefenbacher

University of Basel Department of chemistry
ETH Ziirich Department of Biosystems Science and Engineering

https://nanocat.chemie.unibas.ch/en/welcome/konrad/

Artificial enzyme s * Recognition motif
for THT cyclizations N / « Rate-limiting cleavage

-

X = more strongly
binding residues

X=0H

L&.

B Su1! mechanism

leaving-group-controlled
product selectivity Sy2 mechanism

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP
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Supramolecular capsule

=Octahedral capsule (6* Resorcinarene +8*H20 )

= Self-assembly by 60 H-bonds

intermolecular O-H---O
intramolecular O-H---O
intramolecular (with H20) O-H---O

13 (R =Cy4Hz)
@ = OH group
O = H;0 molecule

= Intermolecular

hydrogen bonding | = 13g(H,0)g K. Tiefenbacher et. al, Nat. chem, 2015, 7, 197
4 Achiral face:
b l:: cmfmmn_:,r Legend »'éf Hjil
Ho 7 Hﬁ}_\gy
i[ -
243 A Chiral face:
i, conformer (/)
Chiral face:
C, conformer ()
H
D
Y I:l

Leonard. R. MacGillvray. et.al, Nature, 1997, 389, 469



Capsule stabilizing cationic guest

Cation-mt interaction
stabilize cationic guest
in cavity

M J_ R S LA L__Li

B

broadening of -OH and
2-position of resorcinol

kO LUk
T 17T 17 T 17 77 "7 1T 1T 1

1" 8 7 5 3 1 -1
NMR spectra in CDCI; saturated with H,

A.onlya, B.a+b c)Shivanyuk. A .et.al, Proc. Natl. Acad. Sci, 2001, 98, 7662

upfield shift of
ammonium bromide




Merits of using capsule catalyst

(1 Limited space in the capsule

- eRegulate the substrate conformations
(= improve reaction specificity)

eBlock the access of undesired nucleophile
to prevent the quenching of reaction
(Sny1 reaction)

\

g

r p
(2 Cation-r interactions

‘ eStabilize high energy cationic intermediates

. v,
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Potential of capsule catalyst for THT(1)

Iu(J ;t:l:’ E] NEta N{C1BH3]"]3 e
ding @ _] 3 5
 HNE, ) =1 ~< >

®
v N HN(CgHa7)

1 (R = C] 1H23)
self-
assembl

®
ELNE Bt Bt B

d)

Et

o N | Capsule works as a brgnsted acid
]
2 3 4 >
v
I =14(H;0)q
NH, Cl CN
“M.N.-#
N = ES] E ] Ly N"
P | N N N NH,
M H NH2 NH2 NH2
pK ., 11 9.2 8.8 8.4 7.0 6.1 5.2 4.6 3.8 1.7

degree of 80%2 802 T7%2 86+3 833 802 531 232 np? np?

protonation
(%)

mmm) Estimated pKa: 5.576.0
Konard. Tiefenbacher. et. al, . Am. Chem. Soc, 2013, 135, 16213
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Potential of capsule catalyst for THT(2)

OEt OEt add (@) O
PN - N M
Me~ "OEt C4qHx" TOEt 60 min Me H  CyqHzs H
1eq
1 eq a b
capsule |
add. + conversion (%) : ab
capsule | i
Aomotony & T
TFA . ]
@oomot) | %Y N
CH,COH* .
(PKa: 4.8) 0 L -
(10 mol%) '

* reaction time: 15h

__> Potential for activation of acyclic terpene by protonation

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2013, 135, 16213



Results of THT cyclization(1) *

1. Geraniol (14)

a 454 l
04 | A
354 I /I\/\/k/\ 10 mol% .. OH . |
30 4 I S X OH ?IOCP a-Terpineol {7) Eucalyptol (8) Terpmolene (9)
= | 14
s 25 1
% I 12 /}\/\/Jﬂ
ub} |
= 20 II
15 1 II Limonene (10) a- Terpmene (12) Linalool {15)
L s
:'"55— :
04 _— |
0 10 20 30 40 50 60 70 80 y-Terpinene (17)  Isoterpinolene (18)  Substrate
Time (h)
ea~-Terpineol, a-Terpinene, eee |nitial main product
ea~-Terpineol, decrease, Eucalyptol start to form

K. Tiefenbacher et. al, Nat. chem, 2015, 7, 197



Results of THT cyclization(2)

fﬁ

OH

—m- -
a-Terpineol {7) Eucalyptol (8) Terp\nclene (9)
Limonene (10) a-Terpinene {12) Linalool {(15)

: Eé

y-Terpinene (17)  Isoterpinolene (18) Substrate

80

ea-Terpineol eee Initial main product

ea-Terpineol decrease, Eucaly:ptol is final main product

K. Tiefenbacher et. al, Nat. chem, 2015, 7, 197



Results of THT cyclization(3)

3. Linalool (15)

C 45 -
@]
40 - .. Lg/ |
35 e
1 a-Terpineol {7) Eucalyptol (8) Terpmolene
30 4
S |
.:.:’ 20 ——
15 Limonene (10) a-Terpinene {12) Linalool (15)
10 A
L
-
0 —T T T T T T T 1 y-Terpinene (17)  Isoterpinclene {(18)  Substrate
0 10 20 30 40 50 60 70 80

eComposite result of Geraniol(14) and Nerol(16)

K. Tiefenbacher et. al, Nat. chem, 2015, 7, 197



Reaction condition (Effect of acid)(1)

Different cyclization yield depending on supplier of CDCI3

In CDClywithoutany treatment
a) COCI; (Sigma Aldrich)

* o
_)ua_ L__JL _J‘L/\._
b] COCI, (Deutera GmbH)
. | I
. I J=
<) CDCl, {Euriso-top GmbH)
...........................................................
........ ‘ -
L gl o

In CDCI, filtered over basic AL O,
a) COCI; (Sigma Aldrich)
* | J L
JUL L JlIL_;L J L
h) COCl, (Dauters GmbH)
¥ J |O ||
| |
J'LJ'L L. JII _ I, JIL__, U
¢) CDCI, (Euriso-top GmbH)
| J [y
b |' ||
JLJIL_ L Jlll_,lll_ _Jlt_Jl l\-,_J

3 12:11 10 9 8 7 6 5 4 3 2

3 12 11 10

© 8 7 6 5 4 3 2 1 0 -

gNMR spectrum of catalyst in CDCl3 NMR spectrum of catalyst in CDCls(treat with Al203)

Broadening of OH and H20 is observed
with CDCls without stabilizer (Fast proton
exchange) 3

Removal of DCI gives sharp peaks
of OH and H20 .

em. Soc, 2017, ASAP



Reaction condition (Effect of acid)(2)

Cyclization with different amount of DCI

10 mol% cat.
CDCI; (DCI free)
X-"oac  DCI (X mol%)

v
| 30 °C
GOAc
o] s 1% DCI m=p
conversien g 0 mol% DC No conversion
20% 1 A a-terpinene O 0
(M
15% | _ 0 -Removal of capsule (3 mol% DCI)
D .
- ‘ No conversion
10% -
O
o A A A A A & | [Combination of capsule and
A N . .
0% & . . | , , cid is necessary for cyclizatio
0 2 4 G 8 10 12
DCl (mol%)

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP
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Reaction inside the capsule

Reaction inside the capsule

10 mol% cat. /\

cDcl
éi/\mc additi3ve < BU4N > )\/\/k/\
I

\

GOAc Strongly binding guest
I
entry I additive conversion "Inhibitor"

1  10mol%  none 94% (1 d) 3.
2 10mol% 15 mol% BuyNBr 4% (3 d, no THT product) n-decylll-GOAC(45)
3" 10mol% 0.5eq45 1d: g;:i;ﬂfﬂtssoﬁc (20) "Large substrate” (Weak binding quest)
4  10mel% 10 eq DMSO 0% (7 d)
5 none none 0% (20 d) In DMSO mmp Capsule collapse to monomer

Reaction inside the capsule
is necessary for cyclization

Konard. Tiefenbacher. et. al, . Am. Chem. Soc, 2017, ASAP



Remarkable point of capsule catalyst

Previous report of synthesis of Eucalyptol : First example from
using "strong" Br¢nsted or Lewis Acid "acyclic" terpenes

20% H3PW12040/Si02 (065 Wt.%)
cyclohexane, 60°C

> o)
OH
33%
(100% conversion, 33% selectivity)
E.). Ledo Lana. et. al, J. Mol. Catal, 2006, 259, 99
10 mol% Bi(OTf);
DCE, 80°C
> o)
OH

67%
Tristan. H. Lambert, et. al, Org. Lett, 2009, 11, 1381



Mechanism analysis (Eucalyptol)

1. Protonation step
Possible mechanisms of protonation

/R/VL\_‘_L e of . N ‘ s_
D18 oD

|ntermnlecular LCH-
o* | 00 p{ﬂé"ﬂ:ﬂ?&e .2
by - _F_,-r"'- - GH
PPO oS o . [l-CH;
Lg D.0 rac-D-4 0L0

_ ’ E

pr(;ton:l.ltlor:l | |

the alcoho -

cation 2 by o

“terpinyl + op -D* - HsD  CHay 4-&[.]

55b D-4
D syn to ether
a) Reported sp;ctrum
7 9
5] 3 4 Hexo
T HSsago HT Hs
Fexo 5 Hendo HéTm
Hendo
HS. He, ‘ .
NN |
b) Isolated sample
Evidence of intramolecular i
roton transfer He S
P \\ o |
1.31H
HS o i
" MU .. “ Rodney. Croteau, et. al, J. Am. Chem. Soc, 2002, 124, 8546
ML kS \F'_t':»:' WM

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP
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Mechanism analysis (Isotope-labeling)

Time [h] !*O content [%]
3 65.2 h
6 65.1
9 65.0 .

excess(8) amount of H,'%0
present close to intermediate 12 64.6

|—> @>—<:>— E 23 63.1 )

)W%)H 10 mol% cat.> ~75% of OH is .
| 180H from leaving OH

180H-linalool (88.1% '30H) 180H-u-terpineol
Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP




Results of THT cyclization (other LGs)(1)

*H20 (leaving group) causes quenching of cationic intermediate

< _=

[ Other leaving group (weak nucleophilicity) shows other selectivity? ]

Direct isomelization
rd L\\
A O C
— j/ ‘
y P . P N
30% 1 * 4 <+ 6 7
| \ " | |
D 25% - 5 N AN
= 20% - j/ | L\}/
Fa-l |
san o-terpinene > ~ AN
5% 1 8

good selectivity

3. Geranyl acetate (20)
(C) 45% - I Not found

10%
< anaca —
5% 4 M,,.r:—"""" - —'\1 [
} N —— - s
- "-"""‘"‘ i substrate
0 10 20 30 40 50 60 70 80
time (h) 35

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP



Results of THT cyclization (other LGs)(2)

4. Linalyl acetate (21)

(d)w" 5 Initial GOAc(20) formation \ 1§ /L
S Ry P
OAC E */jl{O (\Vf{/’ ~ }
‘ X / — [
35% /“:\ N N
- =3 » 4 <+ 6 7
) /l\\ \\*/OH L‘ i |
258 S < N AR TN0AE TR

\l H 5\ g Low selectivity

5% 4 - .
@_» — e—— JT\ substrate

0% deememER—T : ———— - — 35
0 10 20 30 40 50 60 70
@ time (h) .
5. Neryl acetate (22) LOAc,NOAc GOAc
(f) 45% a-teripnene, ,

40% 4 oL terplnyl cation
35% A
'.g 25% =
> B Main product (Less selectivity) Good select|V|ty
15% - l 99 IS 3
10% 1 \M‘ What makes the difference
o Av—_’-‘. - -
o ~ from the same intermediate?
0"-:"'"’- \.‘.""."L-—--M—-q-a— '
0 10 20 30 40 50 60

time (h) Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP



Cyclization in Sn1 or Sn2 type manner(1)

1 1% .
A OAc c%raz 7o cat ] ] \2\1(7 F destabilize cation intermediate
F » No cyclization ®:

| v
F-GOAc x Sy1-type cyclization

N 19 mol% cat. F : O S\2-type cyclization

3 > +
OAc

|
F-NOAc
NX-"oac  Snitype N Sn1 type

»> ; >
| | OAc  g\2 type

GOAc 5 NOAc

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP



Cyclization in Sn1 or Sn2 type manner(2) ™

Proposed mechanism of different selectivity N\

Sy1 type < Q >

il ?T > =< §D e

V <f>

long distant from reaction center
Work as base

for deprotonatlon
SN2 type /\\

Dozt o B

Deprotonation

Proximity to catlonlc intermediate
Konard. Tiefenbacher. et. al, . Am. Chem. Soc, 2017, ASAP



Results of THT cyclization (other LGs)(3) ™

( q ) 45% ~ . meseseesssecesssceaeeee \
= X =
40 . t ) A, vaf N )
: ‘ X P o :[
das ! limonenees N AP
. ) s 3 - 4 <+ B 7
o : M roduct OH
309 : . \V; |
a . Ry P RN 0AC
o 25% \I H L\Q/
|
= 209’_: ~ \\'L ,/\\
8 = 17 20 = 34
15% 1
N
10% (]
o /\I‘/\ substrate
" 0% , 35
0 80

Bulky ba&e\
A\

/\
¢ >— <@

Rk N

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP



Results of THT cyclization (other LGs)(4) ™

yield
O
yield
] o]

E 2:
o
=
@

> Sn1 cyclization for
substrate

What difference?

2o >~ Bad selectivity
o 1}, > ,,_,-;h“‘_i‘ - = —

o b : (1 I .— I ‘_ _r_. i Izr."‘—-—""_’

0 10 20 30 40 50 60 70 0 1 30

Konard“.;"Tiefenbacher./et. al, J. Am. Chem. Soc, 2017, ASAP



Affinity and reaction selectivity(1)

Encapsulation ratio of substrates with different LGs (Affinity)

10 mol% caL Encapsulation ratio
analysis (NMR)

OR CDCl;, 1day
j\/ j\/ j\/ Lower affinity
H M of
o O ’ o Lower selectivity
38 44 (Snv2 (+ Sn1))
0.5+0.2% 1.440.6% 2.6+0.4%
o) . . .
)]\/F Higher affinity
© J@ X@ Higher selectivity
Y (Sn1)
2.040.6% 10.0+1.40 2.68+H.6%

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP



Affinity and reaction selectivity(2)

Additional interaction with substrate and capsule wall

|
H

0 éHydrogen bond

AOJ\/EI -Ao I TCTclnteractlon

Proposed mechanism of tendency for Sy1 cyclization

AN

\/lfavorable conformation \/ Sn1 cyclization
or Sy2 cyclization




Kinetic investigations(1)

10 mol% cat.
GOAcC y

CDCl,, 30°C

(a) In{1] (M)

T T {b] time [51
9 F -7.5 -7 -6.5 -6 -5.5 -5 -45 500 1000 1500
10 - -3.4
-11 ¥ = -6.59E-05x - 3.40
R?=0.98
T 12 - y=1.14x-7.08 -3.45
o R?=0.98
£ 13 1 TN
E
-14 -3.5 -
s y = -2.68E-04x - 3.39
] R?=089 D3203K
-16 - 355 1 y=-1.116-03x-3.43 0313 K
17 4 R*s 0.97 .
Y 15t order on capsule I 15t order consumption of SMa3z23«
'13 '315

=k ,ps[GOAC][ I ]

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP



Kinetic investigations(2)

17
{d] I::[IEEUS I'J.EI;]E!] U.UE;EIS I].I'J;JE!E 0.{){;315 U.UE.‘IH 0.0335 Eyring equation
-5 4
%1 *
11 4 Eyring-plot |nE AH _ _|_ £ _|_|n
£ T R T
= .13 4
el \ AH*= —(—13568) X 8.31/4.2 =~27.0 (kcal-mol_l)
1 ) y=-13568¢4293 = (29.3 — 23.76) x 8.31/4.2 =~ 11.0(cal*mol 1)
><|n—_23 76
-19
AS7*> (0 = Disordered state = Rate determining step '
DD
A OAc kH/kD =1.22

Cleavage of LG
Il
Rate determining step

| Secondary isotope effect

1,1-D,-GOAc
Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP
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Kinetic investigations(3)

X

o AS*= 2.24 (JimoleK) )

C
| Lower AS™
NOAc .
Sn2-type cyclization

X Restricted conformation

on AS*= 3.62 (J/moleK) at cleavage of LG
| J

NOH

X, o Higher AS™
Ao A87=9.02 (JimoleK) ¢ \U/

|

Sny1-type cyclization

J
Neryl chloroacetate

Konard. Tiefenbacher. et. al, J. Am. Chem. Soc, 2017, ASAP
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Kinetic investigations(4)

Proposed mechanism for cyclization of GOAc

N A _IHS ko [S@IH™]=(k_;+k3)[SHT @I]
< ? > < " . _[S@IH'] _[S@IH]
NS v \( Yoo | UH O HHS]  [s]
< ? > Resting Stata: IH _| H I _________________________ -:
ok <§:/\cw,> v =lI[SH*@I] |
i L | =S
' S@IH I — g_-l:lc_ __________ J
A
<> s
VONA <YE o= - Steady-state
57 %{ step (2°KIE = 1.22)
v | 47
v

Konard. Tiefenbacher. et. al. . Am. Chem. Soc. 2017. ASAP



3. Summary
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Summary

= Self assembly capsule can catalyze THT cyclization

= Selectivity of the reaction is changed by

~

(DSubstrate
(Geranyl eee Sy1 Neryl eoe S\2 + Sy1)

~

@Leaving group
(Nucleophillicity, Affinity, Size)




