Select Cascade
Biomimetic Syntheses

COM

HO

LA

g 07% ¢
...... - H

Justin Montgomery
1/127/4
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Oryanic Synthesis

If you can draw it — we can make it...

Organic chemist are capable of making HaN
pretty much anything for which a —J

‘OH

reasonable structure can be drawn
Palytoxin — Kishi (1980’s) ne
— took a huge team of chemists many years to
perform hundreds of reactions and put 6 Me OH Mend'
together only a few miligrams of synthetic > AN

) HaN" Y
material OH

Efficiency )

* When large amounts of a complicated HOP~"0
material have been needed quickly — OH
chemists haven’t been able to meet the palytoxin
demand!

What can we learn from nature to increase our efficiency?

Enzymatic transformations — are there all powerful enzymes that cradle a substrate
from all sides and enable transformations that are not possible in a laboratory?

enzymes _
————»  palytoxin



Miriimal Enzymatic Participation

“...nature is the quintessential process development chemist. We think that the molecular frameworks of
most natural products arise by intrinsically favorable chemical pathways—favorable enough that the
skeleton could have arisen by a nonenzymic reaction in the primitive organism. If a molecule produced in
this purely chemical manner was beneficial to the organism, enzymes would eventually have evolved to
facilitate the production of this useful material.” C.H. Heathcock
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- COMe [disrotatory 67
\ electrocyclization]
107

Ph 1) H,, Pd/BaSO,,
quinoline
2) toluene, 100 °C

7 N\ 112 is a racemic mixture in nature
S e seter (nonenzymatic transformation)
| COMe l e Ao Four new rings and eight
o X stereogenic centers from an open
8 108 ] chain precursor.

[conrotatory 8n
electrocyclization]

(30%)

112: endiandric acid A
methyl ester

K.C. Nicolaou, N.A. Petasis, R.E. Zipkin J. Am. Chem. Soc. 1982, 104, 5560.



Biuvmimetic Synthesis °

Definitions

« “A specific reaction or a sequence of reactions
that mimic a proposed biological pathway.
The process being imitated usually has a solid
biochemical background.”

« “...asequence of reactions carried out to
support a biogenetic hypothesis. In this case,
a reaction is effected on a putative substrate
of the transformation under study. Should the
reaction succeed, the biosynthetic route would
be generally accepted.”

All Powerful Enzymes vs. Minimal Enzymatic Participation

«biomimetic syntheses are more likely to succeed if envolment of enzymes in the biosynthesis is low
-allows us to ascertain which steps proceed due to reactivity that is intrinsic to a substrate’s structure
-steps that require external reagents suggest enzyme involvement

M.C. de la Torre, M.A. Sierra Angew. Chem. Int. Ed. 2004, 43, 160.



Daphniphyllum Alkaloids: Background

s|solated from Daphniphyllum
macropodum (deciduous tree)
and other sources

*1966 — X-ray of 1 the
“archetypal” example

*Derived from squalene

«>35 members of the family

. 2
daphniphylline secodaphyniphylline
CO,Me CO,Me
daphnilactone B 3 .
N- HN
(the best one) f~
3 | 4
methyl homodaphniphyllate methyl homo-
Classical and biomimetic secodaphniphyllate

approaches to members of the
family have been reported

C.H. Heathcock, S.K. Davidson, S.G. Mills, M.A. Sanner J. Org. Chem. 1992, 57, 2531.
C.H. Heathcock, M.H. Hansen, R.B. Ruggeri, J.C. Kath J. Org. Chem. 1992, 57, 2544.



Daphniphyllum Alkaloids: Classical Synthesis Retro '

COoMe
H
Me
Me |
N—
methyl homodaphniphyllate

Key step (intra-Michael rxn) requires functionality not found in target molecule

C.H. Heathcock, S.K. Davidson, S.G. Mills, M.A. Sanner J. Org. Chem. 1992, 57, 2531.



Daphniphyllum Alkaloids: Classical Synthesis (1) ®

1. Et3N, CICO,Et

2.
Oo. .0
-TsOH O/> 0/>
\/Q Me></\NH2 ’ ‘ 0 tgl reflux 1 o LDA, RBr H o
HOZC — esr—- Bno
5 89% ></\ 83% N 73% N
O o]
1. Lawesson
76% | 2.H30"
3. (CH,OH),, H*
OBn
1. Me3O*BF4 H o/> { Et,0"BF, o/> LDA,)O]\/\ 0
2. NaBH4 Me/’ ’ 2. Et3N ) Me Z Me H />
80% = BnQ, N °
0 80%, 83:17
S
0
QEBn 1. LTMP
2. PhSeCl LDA,
HOAc, HC H 0/> 3. mCPBA CH3CHO
— > Me, |, o T > Me/l, — Me |,
87% 60% (taken
on crude)

C.H. Heathcock, S.K. Davidson, S.G. Mills, M.A. Sanner J. Org. Chem. 1992, 57, 25631.



Daphniphyllum Alkaloids: Classical Synthesis (2) ?

1. Me,CulLi
2. (Et0),POCI
82%
OH OBn OBn
Me Me Me
Me _ Me 1. LDA Me
Li, EtNH, 2. (EtO),POCI
~ -
| 0, |
N- 64%  (Et0),PO; N- 73% (£10),PO; w
O,P(OEt), Y
Jones
82%
CO.H COzMe CO,M
e
" Me 1800 psi Hy Me 2
© Pd(OH),/C, Me ve M

120 °C, MeOH H e 1.1% overall yield

> + 15 very loosely

N- (811::/‘; N- Me o defined "steps”

methyl homodaphniphyllate

C.H. Heathcock, S.K. Davidson, S.G. Mills, M.A. Sanner J. Org. Chem. 1992, 57, 2531.
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Daphniphyllum Alkaloids: Biosynthesis

L
NWAANS .,v\,l\,vh

HN 10 N-
7
secodaphniphylline 7 daphniphylline
skeleton skeleton

proto-daphniphylline
18 )|

C.H. Heathcock PNAS USA 1996, 93, 14323.
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Methyl Homosecodaphniphyllate: Retrosynthetic Analysis

Biomimetic approach (D-C-B) intra-[4+2], intra-ene like cyclization

C.H. Heathcock, M.H. Hansen, R.B. Ruggeri, J.C. Kath J. Org. Chem. 1992, 57, 2544.



Methyl Homosecodaphniphyllate: Biomimetic Synthesis 12

1. LDA OBn 08n
2.
Q‘COQMG
; G
A R I — o
N OBn » LiO
Y Y 87% (desired) OMe Lo
O 12% (2:1 minor diastereomers)

R K R
N C\ 1. KOH, EtOH, H0 H
Dibal-H N 2. HCI, H,0
o . > >
MeO,C' 83% 100% O
R 1:1 R
A

| Three step sequence required for converting A to diol |

C.H. Heathcock, M.H. Hansen, R.B. Ruggeri, J.C. Kath J. Org. Chem. 1992, 57, 2544.




Tecwracyclization of Diol 18 h

OBn
OBn

1. Swern Possible mechanism:
2. NHj

3. HOAc, NH40Ac, 70 °C

>
82% .
HN-
23
OBn
H
NH,
1800 OHC
55% OHC 44%
(from 18) (from 18)
26
HNE
NHOAc,
HOAe, 25 °C 23-4*
90%
(from 18)

Tetracyclization proceeds in 82% yield!

C.H. Heathcock, M.H. Hansen, R.B. Ruggeri, J.C. Kath J. Org. Chem. 1992, 57, 2544,
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Methyl Homosecodaphnipnyllate: Completion

OH
COzMe
1. Jones
——
6% - 86% ;
HN- HN-

methyl homosecodaphniphyllate

COMe

9 steps (48%) from 5,7,9 o )
LL 18 steps, 18% from geraniol ” »

C.H. Heathcock, M.H. Hansen, R.B. Ruggeri, J.C. Kath J. Org. Chem. 1992, 57, 2544.



Some people have all the I1uck... 1

OBn

HN.

Lecture bottle of MeNH,, was

mislabeled as NH,!! . "NHg"

ii. HOAc, A

a
N\

Not one of more than three
dozen Daphniphyllum alkaloids
has an isoprenyl group ..
biosynthetic souce of nitrogen
is probably an alkyl amine

C.H. Heathcock PNAS USA 1996, 93, 14323.



Dirydro-Proto-Daphniphynine:

Pentacyclization!! 1°

1. Swermn
2. MeNH,
3. AcOH, 80 °C
T
65%
OH
1. Swern
2. MeNH, AcOH, 80 °C
AcOH, 25 °C
T

Me”
NH ¥N R
. HN.
Me Me o FE§~M6

dihydro-proto-daphniphyliine

*5 new rings
*7 new o-bonds
Fully diastereoselective
Fully regioselective in
saturation of 1 of 4 similar
C=C (consequence of
mechanism)

Larger amines give lower yields
(steric congestion)

glycine — 38%
alanine — 32%, 1-2% ee
valine — 13%, 20-25% ee

+(+)-phenylethylamine — 0%

C.H. Heathcock, S. Piettre, R.B. Ruggeri, J.A. Ragan, J.C. Kath J. Org. Chem. 1992, 57, 2554.



Daphniphyllum Alkaloids: conclusions

17

Classical Synthesis

Many problems along the way required changes from initial synthetic plan

Steps wasted removing functionality needed for transformations but not in
the target molecule

Selectivity in the final step only 1:1
Nice synthesis, but low overall yield

Biomimetic Syntheses

Biosynthetic hypothesis led to a successful and efficient synthesis

Serendipity led to an improved synthesis and a modification of the proposed
biosynthesis

Demonstrated an amazing pentacyclization from acyclic starting material
that proceeds in good overall yield

Supports “minimal enzyme participation” theory although enantioselectivity
in the natural process must come from enzymes

Likely similar to what happens in nature
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Poiyethers: Background

monensin

brévetoxin-B

Polyether Marine Toxins
*neurotoxins responsible for harmful
effects associated with “red tide”

lasalocid acid

trans — fused “ladder-like” polyethers
biosynthesis is not of simple
polyketide origin (citric acid cycle and
CO, are involved)

Polyether Antibiotics
from terrestrial microorganisms

«derived from acetate, propionate, and
butyrate, but little is known about the
chain-building steps

D.E. Cane, W.D. Celmer, J.W. Westley J. Am. Chem. Soc. 1983, 105, 3594.
M.S. Lee, G. Qin, K. Nakanishi, M.G. Zagorski J. Am Chem. Soc. 1989, 111, 6234.
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Poiyether Antiobiotics: Epoxide Biosynthetic Proposal

" enzymatic polyepoxidation “

Yellow oxygens come from atmosphere,
not polyketide precursors.

cascade of intramolecular
epoxide-ring-opening reactions

CO,H

28 monensin

D.E. Cane, W.D. Celmer, J.W. Westley J. Am. Chem. Soc. 1983, 105, 35%4.
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Polyether Antiobiotics: Epoxide Biosynthetic Proposal (2)

OH
Me, { Mo
HOOC e " " o CHsOH
R=CHy Monensin A (2}
ReH Meonensin B "

R=CH, A204A"

“CHOH
R=Me, R'*H, R"=OH Diansmycin (4}"

OMe Ne

&
&Y
HO CHOH

RaH, R'»Ms, R**H Lenoremycin (5)™

Carrlomycin * D.E. Cane, W.D. Celmer, J.W. Westley J. Am. Chem. Soc. 1983, 105, 3594.
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Epuxide Method: Biomimetic Synthesis

1.NaOHMeOH,
| H,0 Y B iy o
. o~ Y Yo"t AL L
2.AcOH,25°C o T OH OH
(94%) | 1
epimeric for
34 monensin

I.J,,'._ /

MCPBA
-78 °C

9.5:1 (favoring 36) KOH, HCI

acetone, H*

«Stereoselective epoxidation through rigidity of macrocycles
«Cascade epoxide opening proposal is validated

W.C. Still, A.G. Romero J. Am. Chem. Soc. 1986, 108, 2105.
S.L. Schreiber, T. Sammakia, B. Hulin, G. Schulte J. Am Chem. Soc. 1986, 108, 2106.



Epoxide Method: Problems 22

«3 groups have prepared 3 — none have obtained 4
(epoxidation of re face for trisub. and si face for disub. required)
*Feeding studies with labeled 3 have have not produced labeled 1
(could be solubility issue)

F.E. McDonald, C.C. Schultz Tetrahedron 1997, 53, 16435.
D.S. Holmes, J.A. Sherringhan, U.C. Dyer, S.T. Russel, J.A. Robinson Helv. Chim. Acta 1990, 73, 239.



Poiyethers: Oxidative Cyclization Biosynthetic Proposal 23

hydroxy-bound metal oxo (6)
1 syn-oxidative cyclization

R R reductive R
'\<_\_=/—\=-J [2+2] Y —(lyy \=/ elimination RO_<_\=/
Ny A - e - h 5
R o~|\l/|=76 R Oln\f—o R O HO-M
L Ln Ln

0] | I

Townsend and Basak syn-oxidative cyclization requires Z,Z,Z-triene

C.A. Townsend, A. Basak Tetrahedron 1991, 47, 2591.
U. Koert Angew. Chem. Int. Ed. Engl. 1995, 34, 1995.
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Poiyethers: Stepwise Oxiaative Cyclizations

Me Me Me Me : .
OB _ — pcC RN — Cr promoted oxidative
& 17 g : § OH . . .
Me H OH Ef CHCl, Me 1 ° & H cyclization to cis THF
] 26 (24%) Me R
CrOs(py)2 Me——~ Et~=
CH.Cl, HO H OH
1. Ac0, EtzN
Me Me
: ,( ) 17( \__/ cal. DMAP : 13(c> : \_, ¢
21
MO H 0O 2. NaBH4. CBC|3 Me H
EtOH, -78°C Et
27 (60%) 28 (90%, two steps) Q{/
(ClzCHCOz)RBOa
(CI,CHCO0),0, CH,Cl,
Me Me l
Ao)1a[c>1zzD§mF“ Me =
¢ : ~1 1*OH
Me HOE HOH H Me—)-—3@,,—(.H
oH EtO
29 (50%) \C ~
r
|
py

Different
transformations are

required to obtain
desired stereochemistry
bond reductive (or are they.. .?)

H
rotatlon [2+2] H elimination R H
O\ ’O O*Re‘o )<—>S_
ll \\ Me /] \\O Me H O H” Me
H 0 OH

F.E. McDonald, C.C. Schultz Tetrahedron 1997, 53, 16435.




Poiyethers: Cascade Oxiaative Cyclizations 25

BPS
C1a2s

HO
37
BPS

/0
[\ wo

C12Has 38
c BPS BPS
12'125
o 39 o HO
BFS
Re,0;, TFAA, THF CiaHas a0 MO
RT (48%)

Stereoselecitvity Rules

*First THF — always frans (from E or Z alkene)
*Subsequent can be cis or trans

*When 1st is from E alkene — threo diol — 2™ gives cis
*When 18t is from Z alkene — erythro diol — 2" gives trans

Subhash C. Sinha, A. Sinha, Santosh C. Sinha E. Keinan J. Am. Chem. Soc. 1997, 119, 12014.
E. Keinan, Subhash C. Sinha Pure Appl. Chem. 2002, 74, 93.



Cascade Oxidative Cyclizations: Justification for Stereochem.

26

trans -

ﬂ trﬂeo

endo transition ste

Favors uncoordinated
(upper) pathway
for erythro system

CFCO,Re0; H—QJ | threo
" oy | exotransition state
Favors coordinated
(lower) pathway
H for threo system
Me
Z O =
M H OH Ef CH,Cls Me HTE O
M (60%) 42

disfavored

favored

Applying Sinha analysis to
the McDonald system
suggests a cascade

approach would work!

Me
OAC (CCHCORE0;
Me (CLCHCO),0, CHoCly
(60%)

E. Keinan, Subhash C. Sinha Pure Appl. Chem. 2002, 74, 93.
F.E. McDonald, C.C. Schultz Tetrahedron 1997, 53, 16435.



Poiyether Biomimetic Symnesis: Conclusions

Cascade epoxide opening proposal

Some synthetic support

Difficulty of finding a stereoselective global epoxidation is the shortcoming in
the lab since some natural products require different configurations at
different double bonds within the same polyene (enzymes could do it)

No proof yet from feeding experiments (one negative result)

Cascade oxidative cyclization proposal

Stepwise oxidative cyclizations have been achieved

Cascade oxidative cyclizations are also possible but stereoselectivity is an
issue

A model for stereoselection has been proposed, but it will not allow for all
permutations of stereochemistry that might be in natural products (enzymes
could, again, probably overcome this shortcoming)

No proof yet from feeding experiments (no studies were found)

To date, it is not clear which proposal is actually happening in nature



Cascade Cyclizations of Isoprenoids 2

68 GPP 69 FPP

geranyl farnesyl PP
pyrophosphate

+ gyclase
—_—

achiral polyprencids

polycyclic chiral terpenoids

70 GGPP
geranylgeranyl PP

Cyclization involves:

1. generation of carbocation
2. control of conformation

(Stork-Eschenmoser hypothesis)
3. stabilization of intermediates
4. quenching of final carbocation

Biomimetic Cyclization

How much are enzymes really
involved in the cyclization
process?

M.C. de la Torre, M.A. Sierra Angew. Chem. Int. Ed. 2004, 43, 160.



Cyclizations of Isoprenoids: Remote Stereocontrol 29

<
)
0"

< | . Y
H,o\.fﬁ“’%%\_.wa

@ Reagents and conditions: (PET) biphenyl, 1,4-dicyanotetramethylbenzene, #v (300 nm), MeCN/H:0 10:1, —25 °C, 10% (5 and 6), 12% (8 and 9);
o)

(a) NaOMe, MeOH, 25 °C, 91% (10), 95% (ent-10).
(0]

| w

X" " N ™D ~
o=

4
1,18/19 stereocontrol

C. Heinemann, M. Demuth J. Am. Chem. Soc. 1999, 121, 4894,

+8 stereogenic centers are formed in one step

«2 of 256 possible isomers are formed selectively from
control of distant stereogenic centers

-Supports “mimimal-enzymatic-assistance” theory




CyCIizations of Isoprenoids: Artificial Cyclases %0

&%\ (R)-LBA 2 (2 equiv)
OH —> [ ]
Dk CH,Cly, -78 °C, 3 days 9@
54% yield OH , oy
5 7 S cosll
L i
’\o + + + - LBA 1 (R=H)
O LBA 2 (R=Me)
| LBA 3 (R=i-Pr)
\/ LBA 4 (R=COPh)
6 7 8 9 Lewis acid-assisted chiral
56(42% ee) - 9 I 26(20% ee) - 9 Bransted acids = LBA's

“an n-7* interaction between an oxygen lone pair
(HOMO) of LBA and =n* (LUMO) of the terminal C=C
bond of the substrates stabilizes the transition state

of the cyclization (or the initial protonation step). The
transition-state assembly proposed on the basis of
the above assumption and the steric repulsion clearly
would lead to the predominant approach of (R)-LBA
to the si face of the terminal isoprenyl group.”

favored disfavored

Mimics enzyme’s ability to act as a chiral proton source

K. Ishihara, S. Nakamura, H. Yamamoto J. Am. Chem. Soc. 1999, 121, 4906.



Cyclizations of Isoprenoids: Stabilization of Intermediates 31

SnCl,
(50%) /

Fluorine stabilizes cation intermediate
leading to complete regioselectivity

E.E. van Tamelen, J. Willet, M. Schwartz, R. Nadeau J. Am. Chem. Soc. 1966, 88, 5937.
P.V. Fish, W.S. Johnson J. Org. Chem. 1994, 59, 2324.




Conclusions 32

Cascade cyclizations of isoprenoids

« Possiblity of remote stereocontrol by enzymes has been mimicked

- Possiblity of enzymes acting as a chiral proton source has been mimicked
«  Ability of enzymes to stabilize reactive intermediates has been mimicked

Overall
-« Cascade reaction sequences build up molecular complexity efficiently
- Biomimetic synthesis for three systems suggests differing levels of enzyme
participation
— Daphniphyllum alkaloids — cascade sequence of reactions that can happen in the
laboratory (although without enantioselectivity) — enzyme probably functions as
organization element or chiral amine source
— Polyether proposals — enzymes are probably responsible for enantioselective
epoxidations or enantioselective cyclization reactions
— Isoprenoids — enzymes function as remote stereocontrol elements, chiral proton
sources, and stabilize reactive intermediates
« These cascade reaction sequences work due to the inherent reactivity of substrates —

using enzymes leads to specific regio- and stereochemical outcomes which probably
can be (or already have been) mimicked in the lab



