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Enigmazole A

;P

HO—P
N

R'! = R? = H (Enigmazole A)

R!'=Me, R2=H
R!'=Me, R?=OH
Isolation’ Structural features

¢ 18 membered ring, 6 membered ether ring
e 8 or 9 stereocenters
e phosphorylated macrolide

genus of Cinahyrella enigmata

Biological activity' Total synthesis

. . . 1. Skepper, C. K.; Quach, T.; Molinski, T. F. J. Am. Chem. Soc.
strong cytotoxicity against the NCI 60 2010, 132, 10286

(human tumor cell lines) 2. Ai, Y.: Kozytska, M. V.; Zou, Y.; Khartulyari, A. S.: Smith, A. B.
J. Am. Chem. Soc. 2015, 137, 15426
3. Ahlers, A.; Haro, T.; Gabor, B.; Furstner, A. Angew. Chem. Int. Ed.
2016, 55, 1406. (Main paper)

1. Oku, N.; Takada, K.; Fuller, R. W.; Wilson, J. A.; Peach, M. L.; Pannell, L. K.; McMahon, J. B.; Gustafson, K. R.
J. Am. Chem. Soc. 2010, 132, 10278



Brief summary of Molinski’s synthesis (1)

OTBS

: CO,Me
+ y/ OBn
~ TBSO
o

CH,Cl,, -78 °C; MeO
CH(OMe);, CSA, MeOH,
.78 °C to rt MeO ;
>
81%
Hetero Diels-Alder
reaction
MeO OBn
MeO

1:2:3
=1:0.24:0.06



Brief summary of Molinski’s synthesis (2)

MeO MeO
MeO MeO

1) LiOH, MeOH/H,0, 80 °C
quant.
2) CSA, MeOH, quant.

>
3) DCC, DMAP, DMAP-HCI,

CHCI;, reflux; AcOH, MeO
MeOH, 35% (3 steps)

Keck MeO

macrolactonization

Skepper, C. K.; Quach, T.; Molinski, T. F. J. Am. Chem. Soc. 2010, 132, 10286



Brief summary of Smith’s synthesis (1)

OH OH o)

1) HMDS, THF;
A, TMSOTH, H,0,
CH,Cl,, -78 °C
95% (dr >20:1)

-

2) Cp,TiMe,,
toluene, THF
MW 100 °C, 87%

Me,AICI, CH,Cl,,
-78 °C;
'
PhsP=CH,,
84% (dr >20:1)

Petasis-Ferrier
union/rearrangement

PMBOH

OMe

OTBDPS'

/Z
8
---6---
\
Q0
=
mn o
w
>

OTBDPS

OPMBOH

N
\ /}
TIPSO o
OTBDPS
OMe
OPMBOH
- - N /

N
o

Ai, Y.; Kozytska, M. V.; Zou, Y.; Khartulyari, A. S.; Smith, A. B. J. Am. Chem. Soc. 2015, 137, 15426



Brief summary of Smith’s synthesis (2)

TIPSO TIPSO

CO,H

OTBDPS

OMe OMe
OPMBOH —5 OPMBOH
- ~ N ~ - N
\ \ / \ /
0 0
cl O
OTIPS 0
Cl - OMe
cl cl :
o ‘, N Y/ ——3% enigmazole A
i-Pr,NEt, DMAP, : N
toluene, reflux o)

89%
Yamaguchi
macrolactonization



Approach by Fiirstner

Molinski & Smith's strategy

(0] (o)
,"”".)]\ Small ring ,"”".)l\
A OH construction . ‘\ OH )
' o - ! o Large ring
. _// . / construction
¢ / =4 ‘ macrolactonization
‘\ l' \OH ‘\ l' \OH ( )

Furstner's strategy

—-. Large ring
- Y construction —_—
T — YO (RCAM) o — 'YO
« OH P |, OH
‘\ \s O
4 ~° 4 7

- -
---------

Ai, Y.; Kozytska, M. V.; Zou, Y.; Khartulyari, A. S.; Smith, A. B. J. Am. Chem. Soc. 2015, 137, 15426

Small ring
construction
(transannulation)
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Ring-closing alkyne metathesis (RCAM)

M—R —_—

| (catalyst) / \
’ ‘\ > ’ 4 [N
. ' RCAM ' Y
E-selective Z-selective trans-
reduction reduction annulation
MeO
OH

OH

Tulearin C! Turriane

OAc
Polycavernoside 3

2

1. Lehr, K.; Mariz, R.; Leseurre, L.; Gabor, B.; Furstner, A. Angew. Chem. Int. Ed. 2011, 50, 11373
2. Furstner, A.; Stelzer, F.; Rumbo, A.; Kraus, H. Chem. Eur. J. 2002, 8, 1856
3. Brewitz, L.; Llaveria, J.; Yada, A.; Furstner, A. Chem. Eur. J. 2013, 19, 4532



General mechanism of Alkyne metathesis

M_ I
RI——= +  RI—= (€at) g RI—g2!
............................................. é;----
| |
7/ M=—-R {
/ / / ‘w\ R1
M= M— M= M—("

M = Mo, W, etc. R?

Katz, T. J.; McGinnis, J. J. Am. Chem. Soc. 1975, 97, 1592-1594.



Catalysts used in alkyne metathesis

WO,-SiO,,
— 350 °C \
1968 2 — \ y —
23% \
Mo(CO)g, resortinol
. decaline, 160 °C _
1974 2 Ph——Tol ; Tol=———Tol
40%
tBu 3
1985- I‘I
TW—
tBuO* \ OtBu
OtBu Bu

Sensitive to O,, H,0 (,N,)

Y

Difficulty in treatment

5

1. Pennella, F.; Banks R. L.; Bailey, G. C. Chem. Commun., 1968, 1548.

2. Mortreux, A.; Blanchard, M. J. Chem. Soc., Chem. Commun. 1974, 787

3. Listemann, M. L.; Schrock, R. R. Organometallics 1985, 4, 74

4. W. Zhang, S. Kraft, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 329

5. Weinstock, I. A.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc. 1991, 113, 135.




ArsSiO group as a ligand

Ph
]
Mo

Ph,Sio™" \\OSiPh3

OSiPh,

Ph Ph

Ph,sio.,, Il ..osiPh, Ph3Si0,,,|‘|“‘OSiPh3
Mo Mo

Air stable

Ph

Ph;SiO**Mo: '0SiPh,
Ph;SiO, 0SiPh,

‘ot
K

High yielding

Heppekausen, J.; Stade, R.; Kondoh, A.; Seidei, G.; Goddard, R.; Furstner, A. Chem. Eur. J. 2012, 18, 10281




Comparison of yield (Homodimerization)

cat. a (10 mol%) or

cat. b (2 mol%) or —
X--</--\> — cat.c (5mol%) __</__\> \ X
— toluene, 80 °C —

entry Substrate product

OMe
OMe

. \ / 68% 97% 97%

MeO
N S
2 IS/ — [\> — @ 0%  88% 87%
s

a. The catalyst was activated by CH,Cl, b. 5 A MS was added. c. MnCl, (5 mol%) was added.

b. Ph c. Ph
a.
tBu
tBu =~ Mo—p Ph3SiO''Mo' '0SiPh;
| T . Ph,SiO.  |OSiPh;
Ar ‘s +
Ar K (Et,0)

1. Furstner, A.; Mathes, C.; Lehmann, C. W. Chem. Eur. J. 2001, 7, 5299
2. Heppekausen, J.; Stade, R.; Kondoh, A.; Seidei, G.; Goddard, R.; Furstner, A. Chem. Eur. J. 2012,

18, 10281



Application to RCAM

o cat. a (10 mol%) or O (o]
/U\H_/U\ cat. b (5 mol%) or JL(\.)__/”\
t. ¢ (5 mol%
(0] - (o) cat. c (5 mo o)>o - o)
k ) toluene, 80 °C k )

entry n a? b? che
1 1 91% 73% 78%
2 3 81% 92% 90%
b. Ph C. Ph
a.
/tBu
Bu_  Mo—y Ph;SiO*+*Mo* *OSiPh,
N‘ \ ‘/tBu Ar_ B
| N Ph;SiO 0SiPh;
Ar | Ar ‘s‘ +
Ar K'(Et,0)

1. Furstner, A.; Mathes, C.; Lehmann, C. W. Chem. Eur. J. 2001, 7, 5299
2. Heppekausen, J.; Stade, R.; Kondoh, A.; Seidei, G.; Goddard, R.; Furstner, A. Chem. Eur. J. 2012, 18, 10281



Application to propargyl alcohol derivatives

CgH,OMe

Ph;SiO**Mo' 'OSiPh;

OR Ph,SiO! OSiPh, OR
s‘K_I_
S (10 mol%) S
-
5 A MS,

0) toluene, 80 °C o)
v\
0] 0]

86% (R = Ac)
79% (R = MOM)

Possible decomposition pathway T

- X%“EE)R ﬂQOR
— }, X3M_—g¢

Heppekausen, J.; Stade, R.; Kondoh, A.; Seidei, G.; Goddard, R.; Firstner, A. Chem. Eur. J. 2012, 18, 10281
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Model experiment

1) C6H40Me
Mo
Ph;Si0" \\OSiPh3
OSiPh; _
O (12 mol%)
| | \/\/U\ 5 A MS, toluene, AcO z o)
(0) 80 °C, 95%
7~ >
AcO OPMB 2) DDQ, CH,Cl,,
pH 7 buffer, 97%
_ _ OH
OAc
Ph;PAuUNTf,
(5 mol%),
CH,CI,
Meyer-Schuster
rearrangement

OH 95%

— —_ 19

Persich, P.; Llaveria, J.; Lhermet, R.; de Haro, T.; Stade, R.; Kondoh, A.; Furstner, A. Chem. Eur. J. 2013, 19, 13047




Retrosynthesis by Fiirstner (1)

[3,3]-sigmatropic A
rearrangement OD, (Z{

—>

OH




Retrosynthesis by Fiirstner (2)

(o) (0)
Y alkyne \ esterlflcatlon OMe
\ metathes:s
O,,'

Keck allylation

MeO




Synthesis of fragment A(1)

1) MeMgBr, Cul, o)

toluene, -78 °C to rt (o] <X MeQ,
- I,, THF, -40 °C to rt N\
OH 74% OMe | OEt
y y y
3 2) Mel, NaH, Pd(OAc), (5 mol%), N= o
imidazole, THF, Ligand (10 mol%), O NS
-40 °C to rt CsCOs, 1,4-dioxane, 110 °C Yk/
64% 74% OF

C-H activation’

MeO O
1) DIBAL, CH,Cl,, N
-90 °C, 80% N=
O Ligand = P

2) o~ SnBus O

Ti(OiPr)4, (S)-Binol,

4 A MS, CH,Cl,,

-20 °C, 98% (dr >95:5)
Keck allylation

1.Verrier, C.; Hoarau, C.; Marsais, F.; Org. Biomol. Chem. 2009, 7, 647



Synthesis of fragment A (2)

MeO MeQ, MeO
1) (Boc),0, DMAP, N\ 1) K,CO3, MeOH,
N\ MeCN, 92% 79% (dr >95:5) \
2) IBr, toluene, 2) TBSCI, imidazole,
.90 °C, 54-73% N= DMAP, THF, 98%
> O >
1) TBDPSOTH,
MeO 2,6-lutidine, CH,Cl,, MeO
0 °C, 88%
0 MgBr \ 2) TMSOTf, \
</W 2,4,6-trimethylpyridine,
O N= CH,Cl,, 97% N=
- 850, & ° > 1850, J°
Cul, THF, . .
-78 °C to -40 °C o
92% o X

</0 OH OTBDPS



Synthesis of fragment B

LDA, Bu;SnH, /%o “
THF/pentane, 0 °C
Cl Cl Bu,;S Cl X
/\n/\ . Uj n/\"/\ o Cl
49%

Ti(OiPr)y4, (S)-Binol,
4 A MS, CH,Cl,, -20 °C
84% (>95% ee)

O
I

1) Ac,0, Et;N, DMAP,
CH,Cl,, 93% \\

v SnBu;
2) Nal, acetone, 70 °C, 2

88% OAc
3) (Bu3Sn),, [Pdy(dba);], B

THF, 55 °C, 73%




Synthesis of fragment C

1) Nal, acetone,
reflux

2) TBSCI, imidazole,
CH,Cl,, 0 °C,
85% (2 steps)

Br/\l/\OH > I/\l/\OTBS

1) LDA, BH3-NH3,

O THF, 0 °C to rt, 89%
Ph 2) TPAP (5 mol%),
N
|

0 NMO, 4 A MS, CH,Cl,,

OH Ph\)\ 88%
el N OTBS
LDA, LiCl, THF, : | :
78 °C to rt OH :

98% (dr 96:4)

1) CBry, PPh, Zn,

CH,Cl,, 74% 1) TBAF, THF, 96%
2) nBuLi; Mel, 2) TPAP, NMO-H,0,
MeCN, 92%

-78 °C to rt, 97%
-




Fragments Connection (1)

MeO Ph ¢Ph
N\ TSN\B _NTs
N N= L
x SnBu; * T8S0,, A ° >
= & CH,CI,, -78 °C
OAc O 95% (dr >10:1)
Keck allylation
OTBDPS
B A
OMe ] ) 1) TrocCl, DMAP,
| | ORZ R'= H, R“=TBS pyridine, CH2C|2,
= 0 °C to rt, quant.
o N 2) CSA
. 1 ’
AcO (:)R \ \) / R1 = Troc, R2 = H - CHzclleGOH (3-1),
. o 0°Ctort, 61%
OTBDPS

1. Corey, E. J.; Yu, C. M,; Kim, S. S. J. Am. Chem. Soc. 1989, 111, 5495



Fragments Connection (2)

| | OMe

O
OH
L PN on
AcO" OTroc \ N\ / :
z s .

OTBDPS

Cl O

cl S * oM
If \/\I/U\ e
cl cl : o
> o : - NQ’
Et;N; DMAP, toluene, 0 °C AcO' OTroc A\
quant. ;\/;\/\/(\EO

OTBDPS




Ring-Closing Alkyne metathesis (RCAM)

o)
| \/\l/u\ e
= 0
Ol \ N\;}—
: o)

OTBDPS

AcO"’

1) C6H40Me

Ph;SiO***Mo! *OSiPh;
Ph;SiO, 0SiPh;

NS

K
(31 mol%)
4 AMS, 5 AMS,
toluene, 79% AcO,,
> 4
2) Zn, AcOH,

ultrasonication, 93%

TBDPSO
OH



Attempt at [3,3]-sigmatropic rearrangement

MeO MeO

LAuX
L = Ph3P, XPhos, NHC
X = SbFg, NTf;, OTs

TBDPSO

Author's hypothesis

The initial complex is diastereomeric.
— There is Match / mismatch problem
between substrate and catalyst.
— Chiral ligands are needed.

TBDPSO
OH



Effect on stereochemical pairing (1)

MeO
YO/ O>§ ) I

(10-17 mol%) -

N AgSbF g (20-34 mol%),
CH,Cl,

tBu
OH Ar = OMe

tBu

OH TBDPSO

® § B

stereochemistry o .
of catalyst A (%) B (%)

MeO
O (R) 91 0
50-70 20-30

(S)




Mechanism of producing A and B




Effect on stereochemical pairing (2)

L*Au ]
S OA
7 c
(R)-cat. (17 mol%)
y —
AgSbFg (34 mol%), 9
CH,CI,
OH _
- AcOH | aromatization
(S)-cat. (10 mol%),
AgSbFg (20 mol%), MeO
CH,CI,
A
decomp. 10-20% +

OH TBDPSO

C
ca. 50%



Completion of total synthesis

1) K,CO;, MeOH,
95%
OMe 2) NaBH,, MeOH,
-40 °C, 61%
(+ 5-epi 33%)
y

1) (FMO),PNiPr,,
tetrazole, MeCN;

aq. H,0,, 0 °C, quant. OMe
2) TBAF, AcOH, THF,
40 °C, 82%

enigmazole A



Summary

OAc (@)
Trans- OMe
annulation
— N /

enigmazole A
23 steps for the longest linear route,
3.3% overall yield
Molinski: 24 steps, 0.41%
Smith: 22 steps, 4.4%
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’ >
Bn0~\/”§§/J¥T‘OTBS
. . H
s ! CO;Me MeO
’l : TBSé é |V|eO

~ y
BnO OTBS MeO
MeO 1
OTBS
~~ >
v/
BnO I /“ MeO
pes : CO,Me MeO 2
. ! TBSO :
OTBS
1 s

SN
.\J/P MeO
BnO MeO 3
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Stereoselectivity at Keck allylation

AcO
\/\n/\SnBu3

Ph

Ph

&
~
H

+ TsN

N /NTs

B
Br
Ph

Ts
ACO\/\H/\B/N
S
| | TsN /
Ph
Ph
FﬂS[s,,N
| Ph
:0-’B\N
Ts
Ph
H
TsN
slﬂlllph
.O/B\N
Ts

1



X-ray crystal Structure of Mo catalyst

Ph n;t::_
I‘I

Ph3Sio“‘M€‘OSiPh3
OSiPh,

Figure 5. Structure of the two independent molecules of the donor-free alkylidyne complex 32 in the sohd
state. Selected bond lengths |.f'l| and angles [*]: Mol-C1 1.745(1), Mo2-CT1 1L.747(1), C2-C1-Mal 175.8(1),
Ci2-CT1-Mo2 1753(1), Si1-O1-Mel  141301), Si2-02-Mol 147.01), Si3-03-Mol  159.501), Si5-05-Mo2
1459.9(1), Sie-06-Mo2 162.9(1), Si7-0O7-Mo2 142.5(1)

Heppekausen, J.; Stade, R.; Kondoh, A.; Seidei, G.; Goddard, R.; Furstner, A. Chem. Eur. J. 2012, 18, 10281
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