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Nitrogenous terpenes isolated from marine organisms
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Strategies fo generate stereogenic
tert-alkyl isonitriles (Z)
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General biosynthetic pathway
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Tertiary alcohol displacement to form isoniftrile

Me OH Me  NC CN Me

N TMSCN (1.5 eq.} > N

AgCIO, (1.5 eq.}

?

MeNO, or CH,Cl, +
5 rt, 2 h : :
QAc Qhc Qhc

22% 68%

Kitang, ¥.; Chiba, K.; Tada. M. Symhesis 2001, 3, 437,

Ph,PCI (1.0 eq.}, (EtD),P{OICN (1.0 eq.)
n-BuLi (1.0 eq.} DMEBEQ (2.0 eq.}
HO  Me THF, 0°C, 1 h PhPQ. Me CH,Cly, rt, 12 h CN Me
Ph Ph Ph
86% 47%, 78%ee

80%ee (S)
DMEBQ: 2 6-dimethoxy-1,4-kenzoquinone
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Attempt for more complex compoiind

TMSCN (1.3 eq.)"
MsOH (2.0 M),
CH,Cl, (0.6 M)

rt, 1 h

Et;N (10 eq.);
pyridine (2.0 eq.),
TsCl (1.2 eq.)

y X alkene moiety was reacted

TMSCN (15 eq.)
TiCl, (20 eq.),
CH,Cl, (0.2 M)

rt, 3.5 h N
XK low stereoselectivity

1. Ph,PCI (1.0 eq.)3
n-BulLi (1.0 eq.)
THF,0°C,1h

2. (EtO),P(O)CN (1.0 eq.)

DMBQ (2.0 eq.)
CH,Cl,, rt,12 h

X not successful
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Strategy for stereoinversion

R2
| |

1 3
R1\ ‘}\RS R "'}/R

NC

target

Sy S\2

10 << 20 < 30

10 > 20 >> 30

Solvolysis

O chemoselectivity

K stereoselectivity

K chemoselectivity
QO stercoselectivily




Kobayashi's work: Lewis acid catalysed solvolysis

OH O

(0] 0SiMe, MX,, (0.2 eq.}
)l\ * \)\ >
Ph” “H ZNPh  H,0:THF =19 P")w/U\P"

rt, 12 h

Kobayashi. 5. Nagayama, S.; Busujima. T. J. Am. Chemn. Soc. 1988, 120, 8287,

; roox
_MX,, 4 _SiMe, OH O

(0 0) - MX,,.
)L/—\\}\ M s'x> Ph Ph
Ph” H Ph - Wl

solvolysis K degradation
MX,, + H,0 >
(TMSCN)

XK inactivation



pK_ and WERC (1)

- pK;, (Kp, : hydrolysis constant, M5 875 8),

x M#* + yH,0 My(OH),*=Y* + y H*

v1 = kq[M*'*-[H, 0]
V2 = ko[My(OH), ¥=Y*]-[H*]Y

Equilibrium state: v4 = v,

oo K _IMOH), 0L [H'Y
ks [MZ**-[H,O]Y

[H,OY} is the constant at equilibrium state

[My(OH), "= [H')Y
(M=

ny= K[HZO]Y =

pPKh = -log(Kyy) (index of hydrolysis rate)

- WERC (water exchange rate constant, 7 #-F 3 {1 5F 1)

[MSg]™ + L =<—— [MLS;]™ + S (S: solvent, L: ligand)

WERC (index of ligand exchange rate)



pX, and WERC (2)

. OH O
(0) OSiMe; MX,, (0.2 eq.)
+ r
)l\ / . —_a. Ph Ph
Ph H Ph H,O:THF =1:9
rt, 12 h
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Optimization of Lewis acids and alcohol derivatives

H H
Lewis acid
. +
TMSCN (15 eq.} ' -
rt H NC H - 'NC
Me Me
eq (inversicn) ax (retension)
propeortion : ) o .
entry (mol%) Lewis acid R NC (%} d.r. {eq : ax)
1 10 ZnBr, TFA 0 n‘a
2 5 Mqg(OTH), TFA 0 n/a
3 5 Bi{QTf); TFA 14 49 : 51
4 5 Y{OTT), TFA 70 84 :16
5 3 Sc({OTH); TFA 86 88:12
6 3 Sc{OT), H 0 nia
7 3 Sc{OT), Ac 735 76 : 24
8 3 Ac(OTH], CHO 61 66 : 34
9 3 Ac(OTH], CiO)C,Fs 69 85:15
10 3 Ac(OTH], CiO)C,F, 79 87 :13

Pronin, S. V.; Reiher. C. A.. Shenvi, R. A. NMature 2013, 507, 195,



Proposed mechanism (1)

DTFA
R1“ R3
R2 +_BC(TMSCN},(OTh,.,
- TMSCN J\
SC(TMSCN), (0T, 2> o CF,
R1“ R3
R2
TMSCN Sn2
B O,Ec{TMSGH},,[DTf};,_n_
Sc(OTH, )\
07 CF,
R
SH—R®
R2
|T|
L TMS _

lanization

ac(T MSCN}n[DTf}:,,__n‘
ﬁ
e

0
O)\CF3

R+ contact ion
NP Rs
R2 ’ R pair
TMSCN
- CF,C0,TMS R?
_> R1l,, R3
-5¢C NC

Pronin. S. V., Reiher. C. A, Shenvi, R, A. Nafiire 2013, 507, 185,
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Proposed mechanism

OTFA
R1“ R3 - -
R2 +__Sc(TMSCN),(OTf), _Sc(TMSCN),,(OTf),
- TMSCN 9 ionization @
SC(TMSCN)n(OTf)3 - (o) CF3 - o) CF3

R"'[—RS3 R1\’+ R3 contact ion

R2 R2 pair
TMSCN TMSCN —J

- CF3CO,TMS
TMSCN —) /
Sc(OTf); R! | -
> 2
R? solvent- 1 R 3
separated R "'}/ R
TMSCN ion pair NG

- CF;CO,TMS

RZ

R1%/ R3

NC



Subsitrate scope (solvolysis of TMSCN)

1. (CF3CO)20 (2 eq.), 2
oH pyridine (4 eq.) 1 R 3
R L R
R '}\R3 > ‘/
R2 2. Sc(0THf)3 (3 mol%),
TMSCN (0.03 M) NC
n-Pr, NC n-Pr, NC
ve. Ne N MEt M
/‘W Me _ Me _ R
Et Me = =
i-Pr i-Pr
78%, 90%(inversion) 71% (d.r.=88:12) R= 3—C02Et :68% (d.r.=89:11)

(e.r. = 84:16) R= 8—CN  :67% (d.r.=86:14)

* 8¢(OTHf); (6mol%)

i-Pr
74% (d.r.=88:12) 71% (d.r.=90:10) 59% (d.r.=91:9)

Pronin, S. V.; Reiher, C. A., Shenvi, R. A. Nature 2013, 501, 195.



advantage of this isocyanaftion (1)
{gram scale)

H 2oOH H VN L Me
; 1. (CF;C0)20, 3. HCIYELDH; 2
pyridine KOH
y .
Me 2. Sc(0OTH],, Me e

TMSCN |
Me Me Me Me Me Me

111¢g 1.10 g (84%)

d.r.=83:17

' gram scale synthesis



advantage of this isocyanation (Z2)
(reaction order)

1. (CF3C0Q),0 (2 eq.),
pyridine (4 eq.]

2. 5c(0TH)5 (2 molth),
TMSCN (0.03 M)
0°C,2h

y

44% (d.r.=33:7)

1. (CF3C0),0 (2 eq.),
pyridine (4 eq.]
2. 5c(0TH); (3 molth),
TMSCN (0.03 M)
°C, 48
0 h >

34% (d.r.=88:12)

Fronin, S. V., Reiher, C. A, Shenvi, R. A. Maturs 2013, 507, 195,



advantage of this isocyanation (3)
(stereo- and chemoselectivity)
1. (CF3CQ),0 (20 eq.}

pyrydine {10 eq.}
2. Sc(OTf); (3 mol%)

TMSCN {0.02 M)
3. Et;N, MeOH
B69% (d.r=91:8)
' high sterep- and chemoselectivity
{CF,C0),0,
- Et;N
d 3
pyridine MeOH
Sc(OT)
TMSCN
—_—

OTFA OTFA

Pronin. S. V., Reiher. C. A, Shenvi. R, A. Nafiire 2013, 507, 185,



Application to total synthesis of marine diterpene (1)

1. OTBS
N - + -
I Yb(OTf), AN
CO,Me OMe ' 2.Yb(OTR);, |
(0] neat, 22 °C; toluene
> >
=
MEOzc
(0
o-DCB
210 °C
(56%)
CuBr-DMS, TMSCI H
Me
BrMg._ -~ Lil, 2,6-lutidine
Me

150 °C (50%)
-

then, MeMgBr
(66%)

Pronin, S. V.; Shenvi, R. A. J. Am. Chem. Soc. 2012, 134, 19604. 22



Application to total synthesis of marine diterpene (2)

Me

1. TMSCH,Li,
E'E‘El:;

3. 20 mol%% Ac{OTT),,
TMSCN

d.r. = 8812
(49%, 3 steps)

2. (CF4C0D),0,
pyridine

amphilectene

Pronin, S. ¥V.; Shenvi, R. A. J. Am. Chem. Soc. 2012, 134, 19604,



Summary

OH R2
= A R* 2. sc(oTh),
TMSCN NC

<stereoinversion of tertiary alcohols to tertiary-alkyl isonitriles>

stereo- and chemoselectivity total synthesis of amphilectene
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Representative isonitrile reactivily

‘Hydrolysis
P + R (0)
C H;0 /
/ \
+N// —>3 N—C/
/ / \
R H H
‘Metal cocrdination
+ 4C M{X) _
N, ——  R{N=c}m
/7 n
R
-Ugi reaction
0)
- JL y RR j\
lor R® °R3
+ 7, .N
N7 — > R \CXN R,
1 R*-NH 1 |
R 2
o R4

R2-CO,H

[4+1] cycloaddition

+ 4C N~ N <N
N7 + 1 | — > R!-N=C I
R N\fN =N
9 2
R
-Polymerization
/R /R /R
_ N
+ ,/C metal cat. CI;I cl;l CI;I
/N/ — '2,; ~er Nt
R orH r!ll r!ll
R "R
N-Farmyl amide formation
O
i SUPR
2
+ ///C + "-:UzH — 'il R
R R o““~H

achnermann, M. J.; Shenwvi, R. A, Wal Frod. Hep, 2013, 32, 543



Stereoserectivity

N
TMSCN [
4

AgCIO; ' % hydrolysis
yC

H-:—"FD- == -Ag 1"I'III é

OR
| Y=ClOgorOH major

27



Stereoserectivity

0 0 0
i
Phﬂ%ﬁﬂ (Et0),PCN
PhoPOR -  Ph" o o® -
—~ 11
S
R CN
Phﬁ,{ﬁ‘l) o Ph. © o

REN + Ph""g OP(OEt),

12

28



Complete list of Lewis acids screened

TMSOTY, Ti(Oi-Pr)s, ZnBr,, Mg(OTf),, AgCIO4, Bi(OTf)s, Yb(OTH)s,

Er(OTf)3, Sm(OTT)3, La(OTr);, Y(OTT)3, Sc(OTT),.
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Limitation of this isocyanation

1. {EF3CD]20 (2 Eq.}, 2
oH pyridine (4 eq.} 1 R 3
‘}\ > R l.,YR
R"T—R?
R? 2. Sc{OTf); (3 mol%},
TMSCN {0.03 M) NC

- Highly branched tertiary alcohols ¥ poor diastereoselectivity

wNC
n-Pr x |
A-Pr
58%, {d.r.=70:30) 78%, (d.r.=63:37)

Pronin, S. V.. Reiher. C. A.. Shenvi, R. A. NMature 2013, 507, 195,
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Synthesis of highly strained terpenes by non-stop
tail-to-head polycyclization

Sergey V. Pronin and Ryan A. Shenvi*

nons rup
po J' yeyclization

funebrenes cumacrene

complete charge propagation acid-labile sesquiterpenes

21

Pronin, S. V.; Shenvi, R. A. Nature Chem. 2012, 4, 915.



HMHead-to-Tail VS. Tail-to-Head
_ -

(3S)-2,3-epoxysqualene protosterol intermediate
+ extensively studied and used in synthesis//

—,

H




Head-to-Tail VS. Tail-to-Head

H a >~ H
PPDW < N\,

Tail® ------- » Head

Farnesyl diphosphate(FPP} — intermediate of sesquiterpene (C,5)

X X > =
Z A —_— 2 A
OFP TT—

trans, trans-FPP

=+

=

D
PPO ||

cis, trans-FPP

o
! )Q))



Non-stop tail to head polycyclization

a
_ route a. elimination
= PPO /) c
—_— H — 3 route b. Wagner-Meerwein
N — hydride shift
PPO ||
o route c. ring closure

cis, trans-FPP
+ under-explored

in vivo in vitro

H
X y

n

- 'IYI93P206

Cyclae active site:

anion immobilization ﬂ

MeAICI,/
Me,AICI

‘¢ ~ ~Z >

regand exchange



Non-stop tail to head polycyclization

MeAICl,/
o Me,AICI
N ~ ~
‘proposed mechanism
_ H
~
~ _— Z — LAl \; T

H H
L;AIO L;AIO



Non-stop tail to head polycyclization




Non-stop tail to head polycyclization

MeAICI,/ ]
MoLAIC) | 1. LiAIH,
route b © ' \
2. ArSeCN, 7
o) 28%: aldehydes Bu,P; H,0, / H
NS s 2 18%: alcohals 78% (2 steps) ‘,
funebrene
PFQ n n
Tail® ------- = Head
H
o) .
N N N, -Sile; o
4
route ¢
E/Z = 1:1 Dy I
EtAICI MsCl, Et;N;
then LiAlH,
(67%) cumacrene

40%

Pronin, S. V., Shenvi, R. A. Nature Chem. 2012, 4, 915,
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Synthesis of (—)-Neothiobinupharidine
Daniel J. Jansen and Ryan A. Shenvi*

Department of Chemistry, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037, United States

8 steps
—e—l

» catalytic
asymmetric

* no protecting
groups

(=)-neothiobinupharidine

Jansen, D. J.; Shenvi, R, A. J. Am. Chemn. Soc. 2013, 135, 1208,



Synthesis of (-)-neothiobinupharidine

Me
Me 1. Ph,SiH,, CuGl, NaQt-Bu  Me
(R)-(p-tolyl),BINAP; H 2. NaOH, NH,0H-HCI N
MelLi; - (42%, 2 steps) WINF
Fd,idba); / 3. TsCl, Pyridine NH
BHY:)
XN (
(@) DCDzrﬂE 0O o)
1. LA, HMPA
TM5:>=
I
2. Grubbs Il;
H (0) TFA
Me MEH S\ /;
_ 64" H
. ‘m CPBA, (84%) - - L o Me
| \ é | \ : Na{AcQ),BH, (72%) N
(0]

Jansen, D. J.; Bhenvi, R A J. A Chern. Soc. 2013, 135, 1208,



Synthesis of (-)-neothiobinupharidine

MeH S S N M i
HA\H ~.-9«_"Na e
Na - 'S S
(CF3;C0),0 H,0
i - =
o “
|\ I\
o) | 0
me OH @DH
NaBH -
4 N H?\ H
62% H
(3 steps) |\ S
O

(-)-neothiobinupharidine

40

Jansen, D. J.; Shenvi, R. A. J. Am. Chem. Soc. 2013, 135, 1209.



