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Proposal of Protonated Cyclopropane
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Intermediate as Carbenium 1,2 Migration?
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Clues from Protonation of Cyclopropane
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Clues from Protonation of Cyclopropane
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Understanding PCP* Structure

H 1

corner face edge

a. PCP* = Cyclopropane + H* b. PCP* = Alkene + CH*
_H+ H+
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Corner Edge

p . Corner PCP* has a C-C-C 3c-2e bond.
Edge PCP* has a C-H-C 3c-2e bond.
(CH2)M i 4L F3(C) e (4) LA C— CHE(D)

Electron sufficient alkenes prefer corner structure.

Face PCP" is disfavored. Symmetric alkenes prefer corner structure.



Understanding PCP* Structure

Mo:le # Frequency Infrared

-147.76 88.6669
91.52 3.1919

Electron sufficient alkenes prefer corner structure.
Symmetric alkenes prefer corner structure.

Avoid tertiary carbocation. +2.89 keal by M06-2X(D3)/def2TZVP,




PCP* Elimination Problem
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corner face edge
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Edge PCP* or corner PCP* as TS of cyclopropane protonation?
Could one of the PCP* become an ambimodal transition state?

A plausible tendency:
Symmetric alkenes prefer corner structure.
“Protonation” of “Cyclopropane” prefer edge structure.



Learning from Nature...
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\Crysanthemic Acid )

H>£/‘\ CPP synthase -
PPO Z then alkaline phosphatase

D>$/k CPP synthase > b H
PPO” \F then alkaline phosphatase “H

Deprotonation probably via an edge protonated cyclopropane!
However, in an enzyme, the orientation of base is fixed.
Thus Corner PCP* as TS could not be excluded.

Godin, P. J.; Thain, E. M. Proc. Chem. Soc. 1961, 9, 452.
Poulter, C. D. Acc. Chem. Res. 1990, 23, 70.
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Learning from Science...
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Learning from Science...

see s/ 2a+7d
L (12.7)
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Raut R. K. et al., Science 2024, 386, 225-230.
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Learning from Science...

Raut R. K. et al., Science 2024, 386, 225-230.
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Comparison with Sn Elimination
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“Concerted” formation of carbenium ion and leaving of SnBug
“SnCP*” not formed, orbital instead of charge control?

Taylor, R. E. et al. Tetrahedron 2003, 59, 5623.



Cationic Cyclopropanation by Antibody Catalysis
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Cyclopropanation by Oxidative Umpolung
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Biomimetic Cationic Cyclopropanation
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Mechanistic Insight
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Concerted Formation of PCP* is Essential

A. Variations of electrophile and substrate

TSap.oR-X -
X =
Oéqxo
: e Br R=Me
X
H e Br

e SePh

14.6 —14.8

14 .4 N

14.0

concerted
PCP"* formation —_— 0.4
0.0 -2-3
A-OR-X e 8.1
B-OR-X

(SRY X
\ = =
H B
N -
OR
7,R=H
17, R = Me

B. Profile of 7 reacting with NIS and 15 with NBS

TSap.i -
AB-iPr-| —t _ TSacaprd _t TScp.ipr
NS 9] 1
' NS = %
' E
3 “ 7
17.6 29 18.1
non-concerted —
PCP* formation 13.3 5.7 C<iPr-l 11.8
B-iPr-l _— D-iPrl
A-iPr-l
0.0 x’NS
1 oM X
7/ _\
H -
© = H
NS H

7 = 4-(a-Me, B-OH), 8-B-iPr ,
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Grant, P. S.; ... Maulide, N. J. Am. Chem. Soc. 2023, 145, 5855. 19



Early TS is Beneficial?

A. Transition states for cationic cyclopropanation of hypothetical substrates
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Chem. Soc. 2023, 145, 5855. 20
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Intramolecular Hydride Shift
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Hydrido-Bridged Cycloalkyl Cations
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Grant, P. S. et al., Science 2024, 384, 815.



cis- or trans-Fused?

d(C-H)=124.0 pm d(C-H)=125.0 pm
2C-H-C =133° ¢2C-H-C =147°
Mulliken Charge on H: +0.158 Mulliken Charge on H: +0.145

AE < 0.2 kcal by M06-2X(D3)/def2TZVP

24



6+6 or 5+77?

d(C-H)=124.0 pm d(C-H)=125.0 pm
2C-H-C =133° +2C-H-C = 144°
Mulliken Charge on H: +0.158 Mulliken Charge on H: +0.033

The latter is more stable for 1.5 kcal by M06-2X(D3)/def2TZVP

The result is in agreement with Grant, P. S. et al. Science 2024, 384, 815.
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A Stable Hydrido-Bridged Cycloalkyl Cation
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(@) D, P/C, CHaOH, EtOAc, HOAG: (b) PCC, CHaCly, NaOAc; (c) TiCly (DME) s, Zn-Cu, DME,

A, (d) HCL HO.
McMurry, J. E. et. al. J. Am. Chem. Soc. 1989, 111, 8867.



Remote Proton Elimination

A Promoting remote elimination over p elimination

H
kinetic
thermodynamic reversible
irreversible @ —#H >~
- H [T

strained medium ring

[T

Aim: exploit reversibility of p elimination and strain-
release to establish thermodynamic selectivity for
remote proton elimination

B B elimination is non-selective but { elimination is regioconvergent

— o ¢
Ctk““‘“

6 SO,Ph
— B. > m
(:a\ 1 a SO.Ph
21
conditions
S0.Ph TfOH, 0 °C, 15 min TfOH,65°C,1h
2!
1.1 = cyclodecenes B.  75%,drd4.7:1.7:1
SO,Ph B elimination ¢ elimination

C Demonstration of regio- and stereoconvergence

0

syn-1.2

TfOH, 65°C, 1h

'
@H::L\ Yoo N

anti-1.2

H 2.2a 2.2b 2.2¢
from syn-1.2 from anti-1.2 from 1.3 from 1.4
50%, 5.3:1:1 52%, 5.9:1:1 58%, 5.6:1:1 52%, 5.4:1:1
OH
" @\/
OH
1.3 TfOH,65°C, 1 h 1.4

regioconvergence allows
flexibility of substrate preparation

1-step synthesis

Fig. 2. Reaction development. (A) Mechanistic underpinning of thermodynamic C-elimination selectivity. (B) Contrasting p elimination from the intermediate
carbocation (reversible and nonselective) with regioconvergent ¢ elimination; yield and dr of 2.1 are given from 1.1. (C) Experimental demonstration of

regioconvergence. Conditions were as described in Fig. 3.

Grant, P. S.; ... Maulide, N. Science 2024, 384, 815.
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Key Problems: 6+6 or 5+7, Cis or Trans?

A Decalin-selective remote (&) elimination vs. B elimination

0o ¥
(O XN 1] (P
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TfOH H w&_ -a
*_ - g *’ H TiOH
H
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 —— B elimination favored from D-a — L— remote (¢) elimination favored from A-a

Grant, P. S.; ... Maulide, N. Science 2024, 384, 815.




Regioselectivity?

D. Kinetic regioselectivity

n TfO
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— 254 =
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225
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C. Kinetic diastereoselectivity
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~ e %o |*
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Grant, P. S.; ... Maulide, N. Science 2024, 384, 815.
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Substrate Scope and Epimerization

A Synthesis of deuterated decalins

®<H TfOD (4 equiv.) D‘_m\ B HAT-mediated enrichment of major diastereomer
_
R thermodynamic
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60% 86% 56%
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|
N
H H Oy _OMe H B =
H =
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NO, 57%
H H o H o
2.28 2.29 2.16
49%, 3.3:1:1 52%, 5.3:1.5:1 58%, 3.7:1:1
H gram scalel®! H H
s | N\ -
H H
23 2L 24 o 26 .
84%, 4.7:1:1 80%, 3.3:1:1 35%, 4.8:1:1 71%. 5.6:1:1

Grant, P. S.; ... Maulide, N. Science 2024, 384, 815.
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Conclusion

Protonated Cyclopropane and
Cationic Cyclopropanation

“/>—
CPPase ppO ...
/\)\

PPO

B
c. NBS (1.1 eq) H, /3
ﬁ\\“ - %‘ Y
OH CH,Cl,, -78°C, 1h SHER-P S
. OH 2Clz \\‘ HH %y
germacradien-4-ol
7,42% (-)-3, 33%
(2 steps)
first total synthesis

7 stereocentres
3 steps from achiral polyene

Hydrido-Bridged Cycloalkyl Cation and
Remote Elimination

@® d
Cl H" 680 H
SbF5-FSO3H
—‘. — .
-130 °C I. |
5-6.85 i
3 H
4 5
+
HOAc
——
—
K=1 OAc”

C Demonstration of regio- and stereoconvergence

2-step synthesis

2-step synthesis

OH TfOH, 65 °C, 1h ~OH
CC —Tep— CX
syn-1.2

anti-1.2
H
RJF:L\ j ]
H 22a 2.2 2.2c 23y
from syn-1.2 from anti-1.2 from 1.3
50%, 5.3:1:1

from 1.4
52%, 5.9:1:1 58%, 5.6:1:1 52%, 5.4:1:1
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PCP* Elimination for 6 fused 3?

Proposed Biosynthesis of Laevinane A

33



Construction of 6 fused 3?

H H
. =
> e
IEI I:I LG

H H
(E@ iS more stable than @@
H H

Similarly,

H
H
> D
H LG
H

Moreover: Utilizing biomacromolecule to limit the structure of SM for a better
cyclopropanation configuration? Molecular evolution to obtain those desired

biomacromolecules? .



Remote Elimination for 6 fused 5?

cis structure is more stable by 6.4 kcal/mol
Concern:

7 H ¥
+
fao, ( . act =107
| |8 =P
C
H CH, H

H

1,n=m=1and/or 8
8 2 n=0m=2

H * H +
@ act ~10.2 Q <@ act =122 @\
———— )m —_—
keal keal
CH, H

CH,
H 7
4 5 6,n=m=1 and/or
n=0,m=2
probably via
1) TMSOTH, lutidine H OTMS
Q toluene, -50°C, 3h : 2 f “OTMS
(o) o
2) 26°C, 40h i H}:‘
H concerted?

Murata S. et. al. 3. Am. Chem. Soc. 1979, 101, 2738-2739.
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