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Bryostatins

Benjamin Huffman

Bryostatin 1: Ry = Ac, Ry, = O,C(CH)4(CH,),Me
Bryostatin 2: R4y = H, Ry, = O,C(CH)4(CH,),Me
Bryostatin 4: Ry = COCH,CHMe,, R, = O,C(CH5).Me
Bryostatin 5: Ry = COCH,CHMe,, R, = OAc
Bryostatin 6: Ry = CO(CH,),Me, R, = OAc

Bryostatin 7: R4 = Ac, R, = OAc

Bryostatin 8: Ry = CO(CH5),Me, R, = O,C(CH,),Me
Bryostatin 9: R4 = Ac, R, = O,C(CH5).Me

Bryostatin 10: R4 = Piv, R,=H

Bryostatin 11: R{=Ac, R,=H

Bryostatin 12: R4 = CO(CH,),Me, Ry = O,C(CH)4(CH5).Me

Bryostatin 13: Ry = CO(CH;).Me, Ry =H
Bryostatin 14: R4 = Piv, R, = OH
Bryostatin 15: R4 = Ac, R, = O,C(CH),CH(OH)Et

Bryostatin 3: Ry = Ac, Ry, = O,C(CH)4(CHj).Me

Bryostatin 16: R4 = Piv, X =H, Y = CO,Me
Bryostatin 17: R4 = Piv, X=CO5;Me, Y =H
Bryostatin 18,19, 20 not yet characterized

Structural Features

- 20 membered macrolactone core

- 3 densely functionalized pyran rings

- ~ 11 stereocenters

- Cg geminal methyls

- C46- C47 trans olefin

- Differ in substitution at C; and Cyq

- bryostatin 3 possess Co, oxygen; butenolide

- bryostatin 16 and 17 contain a dihydropyran C ring

History

-1968:
-1976:
-1982:
-1990:
-1998:
-2000:
-2008:
-2011:
-2011:
-2011:

Jack Rudloe sends samples of Bugula neritina to NCI
bryostatin 1 identified as active component in extracts
George Pettit reports crystal structure of bryostatin 1
Masamune reports the total synthesis of bryostatin 7
Evans reports the total synthesis of bryostatin 2
Yamamura reports the total synthesis of bryostatin 3
Trost reports the total synthesis of bryostatin 16
Wender reports the total synthesis of bryostatin 9
Keck reports the total synthesis of bryostatin 1
Krische reports the total synthesis of bryostatin 7
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Bugula neritina Biology
- Colonial Animal Anticancer: Biochemistry

- Individuals in a colony: Zooids

- Grow up to 15 cm in length

- Hermaphroditic

- Each zooid produces a single
embryo

- Plot twist: bryostatins are

- 43 separate phase | and phase Il

- Melanoma, myeloma, acute myeloid
leukaemia, colorectal, renal, prostate, head
and neck, cervix, ovarian, breast, peritoneal,
stomach, oesophagus, anus, and lung cancer

- bryostatins target Protein Kinase C
- Protein Kinase C (PKC)
- Serine/threonine specific
kinases
- 8 PKC isoforms

actually produced from an Algt' H:_V: tes HIV-1 from lat - c??fgu'att?:tpmliferat'tli'?n,

uncultured symbiotic - ~eactivates HivV-1 from latency ifferentiation, motility,

bacterium, Endobugula 7. : . .

sertula I Cognition: - bryostatins bind to the C4 domain
- "Appropriate doses" improves rats' of PKCs

- believed that bryostatins
protect developing larvae
from predators

- 189 bryostatin 1 isolated from
10,000 gallons of wet animal
~ 14 tons or 12,700 Kg

performance in spatial water maze
- Rescues induced depressive behavior
No Phase Il advancement:
- Dose-limiting toxicity: severe myalgias
- Lack of efficacy

- Triggers conformational change

- PKC becomes more lipophilic and
translocates to membranes

- Membrane bound PKC
phosphorylates target proteins

(PKC dependent) adhesion, and aptosis

Biosynthesis

1996: Kerr

- incubates B. neritina with radio labeled precursors
- Acetate, glycerol and S-adenosylmethionine (SAM)
2007: Haygood

- E. sertula consistently associated with B. neritina

- E. sertula vertically passed to next generation

- E. sertula eliminated with antibiotics

- B. neritina larvae devoid of bryostatin

3= Tumor promotion

bryostatin 1

P Tumor supression

- Entire PKS gene, bryA, identified and cloned |-|()Me=_'v'e
- Efforts to transfer biosynthetic machinery into 5
other organisms are ongoing Me0,C~ N
bryA
H BryA, BryB, BryC, BryD
SYO -
—_—

K/Mo CO,Me

phorbol bryostatin 1

Isolation: JNP, 1991, 1265; Biosynthesis: TL, 1996, 8305; Chem. Biol. 2004, 1543; Biology: Curr. Med. Chem., 2012, 2652
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Bryostatin 1,3 and 7

Benjamin Huffman

04/10/2017
Me_'-Me HOM%_‘Me Me;_-Me
MeO,C~ N MeO,C™ ™ i MeO,C™ N
bryostatin 7 0 bryostatin 2 bryostatin 3 (o}

Masamune, 1990 Me
- 41 Steps (LLS)
- 79 total steps

Julia Yamaguchi
Olefination

Esterification

OTBDPS

OAc

OTBS

! TBSO

Evans, 1998 Me
- 42 Steps (LLS)
- 72 total steps

R = O,C(CH)4(CHyz),Me

CO,Me
Julia Yamaguchi
Olefination Esterification
AV 4

+ Yamamura, 2000

i - 43 Steps (LLS) N
! - 88 total steps Me'

! R = 0,C(CH)4(CHy):Me

o
Julia Yamaguchi
Olefination Esterification
AV 4

OTES

Masamune: JACS, 1990, 7407; Evans, JACS, 1999 ,7540; Yamamura: ACIE, 2000, 2290
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e Me
HO =

Oxidation of C4g—Cyq Hydration of C19-Cyq

alkene alkene
OH
OMe
o
bryostatin 10, 11,13, 18
Me Me PMBO_ . OH
HO =
o 5 Bu N
“OTBS
MeO //
Palladium-catalyzed Yamaguchi M
alkyne-alkyne coupling gye

S M
Esterification O MeO =

A N O
/> ’)

Au-catalyzed 6-endo-
dig cyclization

Trost, 2008
- 28 Steps (LLS)
- 42 total steps

TESO O
o o diyne
bryostatin 16

Ru-catalyzed tandem
alkene/alkyne

Me, Me coupling/Michael addition
%, y pa
< <
| ) Ay
TBSO (o)

Nature, 2008, 485
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BuLi, Me,Zn,
78° 1
Me, Me Et,0, -78°C Indium powder, Tms S OH 1) DMP, NaHCOs;, |tms OH
g /—\ InF3, THF, 65°C DCM, 0°C to 25°C
K% EtO  Br 0PN Notes ° N Z oTBS 0 N Z oTBS
—_— $ —_— R —_— .
TBSO O . \iso gsrc Mé Me ",".e . ME Me  2) (S)-2-methyl-CBS- me Me
' v 97% Yield Me=$I—\ 68% Yield oxazaborolidine, o vi o
Me Br catecholborane, 68% Yield (2 steps) (90% ee)
DCM, -78°C
0sQy, 2,6-lutidine, e
Me, Me 1) (-)-(Ipc)B(allyl), Me, Me NalO,, dioxane:water Me, Me T|(OPr)2CI3, Me, Me
: Et20, 90°C, (94% ee) TBSO\W (3:1) TBSO\MO Toluene, 78°C — 1pgg 2 OMe
—_— H Y Y
I : : i
TBSO O 2) PMB-Br, l\olaH, OPMB OPMB OTMS OTMS OPMBOH O o
DMF, 0°C 60% Yield (2 steps) 87% Yield . > 69% Yield
e
1) Me4NBH(OAC)s, R ACOH:Z':;%% (1), 1) 1
AcOH:MeCN(1:1), CpRu(MeCN)3PFsg,
-35°C, (15:1 dr) 2) DMP, DCM, 25°C DCM, 0°C
S - T
2) Hexane(sB,l:;eﬂux 3) I, DMF, 25°C 2) NBS, DMF, 0°C
2
Bu),Sn—O0-Sn—-NCS I
( ”)Szcz d g [ 83% Yield (3 steps) N
(Bun)z n(Eu: 4) DMP, DCM, 25°C
3) TBDPSCI, imidazole,
DMF, 50°C
Me Me e Me
Ne 3 OPMB o N2 3 OPMB
OTBDPS Bre N : Pd(MeCN),Cl,, dppf, d
CO, MeOH, Et;N,
CSA, MeOH, 0°C DMF. 80°C
—_— —_—
OMe OMe

(o}

OH 93% Yield

TBDPSO O

OH 83% Yield
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Bryostatin 16

Benjamin Huffman

Indium powder, Tms OH
— InF5, THF, 65°C D
OWOTBS —_— o AN Notes
Me Me e Me Me
97% Yield Me=§i—\ 68% Yield
Me Br
R F
-, _SiMe
MY : bosd 7 siMe,
o _— Y
In/ 9
F~ D R) </
L,
OH

JACS, 2003, 13042
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Bryostatin 16: Northern Fragment

Benjamin Huffman
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BuLi, Me,Zn,
Et,0, -78°C . 1
Me, Me 2 Indium powder, Tms . OH 1)  DMP, NaHCOs3;, |tms OH
% /—\ InF3, THF, 65°C DCM, 0°C to 25°C
K% EtO  Br N Notss e N Z oTBS e X = oTBS
—_—— R ) _—
N M S s
TBSO O . \.HSO. 25°C Me  Me o Me Me  2) (S)-2-methyl-CBS- ME Me
’ 4 97% Yield Me—SIT\ 68% Yield oxazaborolidine,
o Yie I\Ille - o Yie catecholborane, 68% Yield (2 steps) (90% ee)

Me, Me 1) (-)-(Ipc)B(allyl), _
g Et,0, 90°C, (94% ee) TBSO A _~ 2 (3:1)
—> H
PMB-Br, NaH,
DMF, 0°C

I
TBSO O 2)

1) Me4NBH(OAC)3,
AcOH:MeCN(1:1),
-35°C, (15:1 dr)
—_—
2) Hexanes, reflux
(Bu)
(Bu)ZSrll—(I)-SIn—lilCS
SCN-Sn-0—Sn(Bu),
(Bu),
3) TBDPSCI, imidazole,
DMF, 50°C

0sQy, 2,6-lutidine,

Me, Me NalO,, dioxane:water

6PMB
60% Yield (2 steps)

1) AcOH:H,0, (4:1),
25°C

2) DMP, DCM, 25°C
—_—
3) In, DMF, 25°C
%\/I
4) DMP, DCM, 25°C

83% Yield (3 steps)

OTBDPS

CSA, MeOH, 0°C
— >

DCM, -78°C
Me, Me Ti(O'Pr),Cly,
* Toluene, 78°C
OPMB OTMS OTMS
87% Yield Z
OMe

OPMB
Pd(MeCN),Cl,, dppf, &

CO, MeOH, Et3N,
DMF, 80°C

ﬁ
OMe

TBDPSO O

OH 93% Yield

Me, Me
TBSO\MO TBSO\A/Y\[]/\[rome
. _— v

OPMBOH O O

> 69% Yield

1) 1
CpRu(MeCN);PFg,
DCM, 0°C
—_—
2) NBS, DMF, 0°C

OMe

TBDPSO O

OH 83% Yield
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Me Me
K

1 ™MST N
CpRu(MeCN)3PFg,
DCM, 0°C

Ene-Yne Coupling

R1
Z

7 o
/\/r\n/ 1 Tms + ~ -

/\)L Me¢ Me

\( z R? %

S—solvent
—|+ Cp It o cp 1t o

1 1
S< S=Ru /\)\ R2 + S-Ru /\% R2
Ru” ™S ~ 1 ~
/ R /

/
X

/
\
\
w \R1 \TMS
\ _|+ / Cyclometalation - -
S.R

Reductive elimination

B-H elimination

Org. Lett., 2000, 1761
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Bryostatin 16: Northern Fragment

Benjamin Huffman

04/10/2017
‘BuLi, Me,Zn,
Et,0, -78°C . 1
Me, Me 2 Indium powder, Tms S OH 1) DMP, NaHCOs;, |tms OH
; /—\ InF3, THF, 65°C DCM, 0°C to 25°C
| EtO Br o~ Z > OTBS ° N Z OTBS : > \\ Z oTBS
—_—— $ T — 3 L .
TBSO O .o geec Mé Me Me . ME Me  2) (S)-2-methyl-CBS- ws e
’ 4 97% Yield Me_SiT\ 68% Yield oxazaborolidine,
o T1e e Br o T1e catecholborane, 68% Yield (2 steps) (90% ee)
DCM, -78°C
OsQy, 2,6-lutidine, i
Me, Me 1) (=)-(Ipc).B(allyl), Me, Me NalOQy4, dioxane:water Me, Me T'(Opr)sz’ Me, Me
. Ez0, 90°C, (94% ee) TBSO A % (3:1) teso A _~ 0 _ Tolene. 78C 1o > OMe
_— : ! _— ,
I = 5 5
TBSO O 2) PMB-Br, NaH, OPMB OPMB OTMS OTMS OPMBOH O O
DMF, 0°C 60% Yield (2 steps) 87% Yield Za > 69% Yield
1) Me4NBH(OAC)s, R ACOH:ZHE,%% (1), 1) 1
AcOH:MeCN(1:1), OTBDPS CpRu(MeCN)3PFs,
-35°C, (15:1dr) 2) DMP, DCM, 25°C DCM, 0°C
T - —_—
2) Hexane(sB,L:)equx 3)  In, DMF, 25°C 2) NBS, DMF, 0°C
2
Bu),Sn—0-Sn-NCS I
( ”:cz J é‘ s 83% Yield (3 steps) ad
(Bun)z n(Ew: 4) DMP, DCM, 25°C
3) TBDPSCI, imidazole,
DMF, 50°C
Me Me Me Me
MeO = MeO 3
OTBDPS Br : Pd(MeCN),Cl,, dppf, & : OPMB
CO, MeOH, EtsN,
CSA, MeOH, 0°C DMF, 80°C OMe
T —_—

OMe

(o)

OoH 93% Yield

OMe

TBDPSO O

OH  83% Yield
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Bryostatin 16: Southern Fragment

Benjamin Huffman

Me*'/ o )
Me 3) TBAF, AcOH, THF,
25°C
76% Yield (3 steps)
Synthesis of Southern Fragment
o} o o}
. oA LiBH,, THF,
o «OH  HBrin AcOH; Ac,0 o «OAC H, Pd/C, EtsN, EtOAC o «OAc 0°C to 25°C
H —_— H —_— H —_—
HOu-. OH AcOrm.. OAc AcOn.
OH Br Me
D_ga|acton0_ 87% Yield 82% Yield
1,4-lactone
1) TsOH, PhH,
MeO OMe 1) Cu(OTf)y,
" PMBOC(NH)CClj,
e Me _ )
Me Me . BF4e OEt,, THF, PhMe, -10°C
; MeOH, TsOH, 25°C ) . o -78°C 2) PPTS, MeOH, 60°C
—» O H —_— MeO
2) TsCl, Pyr, -10°C Me OMe ZL Me 3) TBSOTY, 2,6-lutidine,
to 25°C Me Li : s (o) Me DCM, -78°C
3)  KyCOj3, MeOH, 55% Yield o 92% Yield
25°C

OMe

1) Me3SnOH, DCE,

1) DMP, NaHCOs3, Me Me
DCM, 0°C to 25°C MeO % 80°C
T i
2) K,CO3, MeOH 0°C 2) TESOTf, 2,6-
o o Lutidine, DCM, -
10°C to 0°C

OMe 539 Yield (2 steps)

I
P
Me)J\n/ 1 NOMe
OMe
N

H
HO .

Northern Fragment
- .6% Yield, 24 steps

HO

Me
96% Yield

PMBO

- j/OH
“OTBS

Me

66% Yield (3 steps)

Southern Fragment
- 22% Yield, 10 steps
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PMBO .« OH 2,4,6-trichlorobenzoyl DDQ, pH 7 Buffer,
+ j’ chloride, Et3N, PhMe DCM, 50°C
‘o _— _—
Me OTBS
MeO //
0
1) AuCI(PPh3), AgSbFeg,
Pd(OAc),, NaHCO3;, DCM:MeCN
TDMPP, PhMe (10:1), 0°C to 25°C

_— _—

-.0004% Yield
- 0.4 mg isolated

TBAF, THF, 0°C,
52% Yield

bryostatin 16
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Pd(OAc),,
TDMPP, PhMe
—_—
Z
H
LoPdX,
Reductive R //
Elimination R
L,PdX,
\.
N =z
H
—
L,Pd” R R Z
|!| - Insertion into acetylenic hydrogen is fast
w, F
Intramolecular f_’d
. n
carbometalation //
R

JACS, 1989, 8745
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PMBO .« OH 2,4,6-trichlorobenzoyl DDQ, pH 7 Buffer,
+ j’ chloride, Et3N, PhMe DCM, 50°C
‘o _— _—
Me OTBS
MeO //
0
1) AuCI(PPh3), AgSbFeg,
Pd(OAc),, NaHCO3;, DCM:MeCN
TDMPP, PhMe (10:1), 0°C to 25°C

_— _—

25% Yield oz~ Me

-.0004% Yield
- 0.4 mg isolated

TBAF, THF, 0°C,
52% Yield

bryostatin 16
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Me Me
MeO =
Prins-driven Me,Si :
Macrocyclization
AN
,) “‘\\ OH
Yamaguchi \( (o}
Esterification Me™ NoTBs I
TBDPSO OH
CO,Me
Southern Fragment Northern Fragment
Wender, 2011
- 25 Steps (LLS)
- 43 total steps 19 steps 16 steps
\Vd U
(0] (0]
HO/Y\OH
Me Me EtO 7, Me
Me™ Me

JACS, 2011, 9228



Shenvi Lab Group Meeting
04/10/2017

Bryostatin 9: Northern Fragment

Benjamin Huffman

Northern Fragment Synthesis
1) Ti(OPr),, (R)-BINOL,
o allyl-SnBus, PhMe, -78°C fo)

é

H JJ\/\OBn H

2)  TBDPSCI, imidazole,
DMF, 40°C

3) 0, DCM, -78°C; PPhj -
78°C to 25°C

Me4NBH(OAc)s,
HOAc:MeCN (1:1),
-15°C OH ?H OTBDPS
—_— -
EtO OBn
Me Me

85% Yield, > 20:1 dr

1) CeClze 2LiCl,

TMSCH,MgCl,
THF, 25°C

—_—

2) NaHMDS, THF,
0°C

Me;Si

59% Yield (2 steps)

OTBDPS

T™MS

AW

OH

OTBDPS

76% Yield (3 steps)

OBn

(x)-CSA, PhH, reflux
ﬁ

BnBr, NaHMDS, 5:1
THF:DMF, 0°C

Lithium
Naphthalenide, THF,
-30°C to -10°C

—_—
2) TEMPO, Phi(OAc),,
MeCN/H,0; NaH,POy,,

NaClO,, 2-methyl-2-

butene, 0°C

3) Ac,O, DMAP, DCM,
0°C; NaHCO;

1)

: EtoJ>{lLMe
. Me (o)

(+)-IpcoBCl, 1, EtsN,
Et20, OOC; H202,

MeOH, pH 7 buffer
—_—

OTBDPS

H OBn

1) LDA, THF, -78°C

OTBDPS

O O OH

EtO 7 OBn

(4
Me Me

64% Yield, 9:1 dr

OBn

—_—
OBn 2) PPTS, MeOH, 40°C OBn
H 3) NaBH., EOH, -15°C 51% Yield (3 steps) .
; aBHy, ,-15°C, 3.5:14. E
OTB_DPS 3.5:1dr OTBDPS
90% Yield
R=H TESCI, imidazole, R=H
R =Bn DCM, 25°C R =TES
90% Yield 97% Yield

- Northern Fragment

Me;Si

50% Yield (3 steps)
OH

TBDPSO

- 2% Yield (16 steps)
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Southern Fragment Synthesis

Bryostatin 9: Southern Fragment

Benjamin Huffman
I I N
OH 1) p-TsOHeH,0, 4A-
MeMgCl, THF, -78°C to MS, PhMe, 25°C
25°C; Mg, reflux; 1, -78°C 2) MMPP, NaHCO TBSO
, Na )
1) NaH, TBSCI, THF, TBSO O 2) (COCI, DMSO,DCM, 1gso ¢ oH DCM:MeOH (2:1) oMo
HO 7~ “OH 25°C EtsN, -78°C i 0°C, 4:1 dr Me™7 O .o
% — . —_— «
Me Me . H ", Me m
2) SO3°Pyr, Et3N, Me 'Me 3) (R)-BlNOL, 4A-MS, Mé 'Me 3) TPAP, NMO, 4A-
DMSO, DCM, 25°C 1 Ti(OPr)y, BOMe), allyl- . MS, D(%'.\q:)MeCN ©
59% Yield (2 steps) SnBug, DCM, 25°C 027 Yield (3 steps), 92% ee ' 52% Yield (3 steps)
1) K,CO3, THF/MeOH, (o) H
25°C
1) 3HF e Et3N, THF,
1) O3, DCM, -78°C; 0 TBSO ) 25°C
PPhs, 25°C ~ J\¢0 2) DMP, DCM, 25°C
—_— —0 ~ Me*", X — o
2) 1,CHCHj3, CrCly, | 2)NaBHjy, CeCl3#7H,0, Me | 3) Br OEt . |
DMF, THF, 0°C, Me MeOH, -49°C Me \—/ /(L“ Me
93:7 (E:2) : : t-BuLi, Me,Zn, Et,0
. 3) Butyric anhydride, , MeaZn, BV,
74% Yield (2 steps) DMAP, DCM, 25°C C3H; (o) CO,Me _78°C; Hy0* C3H; [o} CO;Me
73% Yield (3 steps) 64% Yield (3 steps)
o H - Southern Fragment
DHQD,PYR,
K2003, K3F9(CN)5, 1) p-TSOH, i
H,0:t-Bu (1:1), 4°C - OH MeCN:H,0, 25°C - OH
I 2) TBSCI, imidazole, ‘\E
Me* OH DCM 2500 Me* OoTBS
CO,Me c3H7/§o CO,Me
64% Yield, 4.8:1 dr 64% Yield (2 steps)
(RR)(S,S)
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Me;Si

1, 2,4,6-Trichlorobenzoyl
chloride, Et3N, PhMe; 2,

OH DMAP, 25°C PPTS, MeOH, 25°C
_— —_—
TMS/\H/\F{
o+
G
¥
2
82 % Yield
-.005% Overall Yield
- 1.1 mg isolated
e Me

(o) OAc
1) O3, DCM, -78°C; thiourea,

DCM:MeOH (1:1), 25°C

1) HFePyr, THF, 25°C

e ———

2) PPTS, 20% H,0 in
THF, 25°C

> QTBDPS
2) NaHMDS, THF, -78°C to :
4°C, 79:21 (E:2)

. o (o]
Me' j/
OO o o o™

Me” “OTBS /g
O\LI\)]\ /& C;H,” N0  co,Me
- OMe C3H7 o C02Me

o 52% Yield (2 steps)
OO 59% Yield (2 steps) bryostatin 9
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Notable Wender Bryologs

Benjamin Huffman

bryostatin 1 K; = 1.35 nM

- Wender develops pharmacophoric model
- C4, Cqg, Cog Oxygens spatially overlap with phorbol
- "Recognition domain" hypothesized

A ring construction
Acetalization Prins

Ho\/\l}f ™S s

O+ O+

R1 = Me (K; =232 nM)
R1=C/H5 (Ki=3.4nM) o
R1 = C13H27 (K, =1.5 nM)
R =Ph (K;=7 nM)
- Simplified A and B rings
do not lose affinity for
PKC

R1=H (K;=8 nM)

R4 = t-Bu (K; = 6.5 nM)
R1=Ph (K;=2.3 nM)

R4 =Ph (p-Br) (K;=1.9 nM)
- Intact A ring not necessary Me
- Cg region could be used to o

modify pharmacokinetics Me
/dynamics

C7H15 (o} COzMe

-Ki=5.4nM

- 5 - membered B ring
retains single digit nM
affinity

- Selectively translocates
4 of 8 PKC isozymes

c3H7/g 0 co,Me

- No significant bindining

- Recognition domain not
sufficient by itself

- Macrocycle necessary

- "Picolog"

-K;=0.35nM

- 100 fold Greater potency than
bryostatin 1 in 24 of 35
cancer cell lines

PNAS, 1998, 6624; Org. Lett., 2006, 5299; JACS, 2008, 6658; Curr. Med. Chem., 2012, 2652
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MeO,C~ N
M
MeO Me
Prins-drliver'l T™S :
Macrocyclization .
)
4
Yamaguchi St-Bu
Esterification Y
“w TBDPSO O
bryostatin 1
Keck, 2011
- 31 Steps (LLS) 12 steps 20 steps
- 58 total steps
N\ % AV 4

TBDPSO O

OTBS
B”3S"/I\/

Me Me

JACS, 2011, 744
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Bryostatin 1: Northern Fragment

Benjamin Huffman

o OTBDPS

S'Bu

Il Asymmetric Alyllation

I Mukaiyama Aldol
Dihydroxylation
Oxidative cleavage

TBDPS(?) o
53% Yield (9 steps)

Me,AICI, PhMe, -78°C
—_—

4 steps
. Bu;Sn |
_

Il Alkylation Me™ Me
Il Stannylation (LiSnBus) 49% Yield (3 steps)

OTBS TBDPSO

EtO

Me Me

OAc H

O3, DCM, -78°C;

DMS, 25°C CSA, MeOH, 25°C

—»

1)

S'Bu SBu

v 2) SOgz®Pyr, i-PryEt, .
TBDPSO O DMSO, DCM, -5°C TBDPSO O
91% Yield 87% Yield (2 steps)
MeOM e Me - Northern Fragment
H OAc - 10% Overall Yield
1) SO3 Pyr, i-PryEt, T™MS Y

DMSO, DCM, -5°C

—_—

NaBH4, CeClzq 7H50, St-Bu

MeOH, -42°C

TBDPSE) o
76% Yield (2 steps)

Ac,0O, DMAP,
Et;N, DCM, 25°C
—_—
DDQ, 2:1 DCM/ pH
7.0 buffer, 25°C

OTBS

TBDPSé (0]
(o} 88% Yield (2 steps)

86% Yield, Single Isomer

T™MS OAc
PhMe, reflux

— .

TMS/\n/\SnBu3

TBDPSO O
85% Yield
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EDCI,
DMAP, DCM, 9-BBN, THF, 25°C;
0°C H202, NaOH 0°C
—_ o., OPMB
Me” ““OBOM
87% Yield
OTBS
TiCly, Zn, PbCly,
1) SOzePyr, i-PryEt, CH3CHBr,, TMEDA, " '\DA('\:/',\?.P,\,’le'\gﬁ((:zqf;
DMSO, DCM, -5°C DCM, 25°C Toc
> Men —_ 3 Men OPMB
2)  THF,-5°C Me 2) TPAP, NMO, 4A-
H,C=PPh, Me” ““OBOM MS, DCM, 25°C
80% Yield
OTBS
HFe Pyr

1)NaBH,, CeClz* 7H,0, 1) ) .

MeOH. -42°C THF.MSOOCH (5:1),
> Mer, OPMB —_—

2)  Ac,0, DMAP, M 2) TPAP, NMO, 4A-

Pyr, DCM, 0°C MS, DCM, 25°C

82% Yield (2 steps)

84% Yield (2 steps)

91% Yield (2 steps)

- Southern Fragment
- 21% Yield
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Bryostatin 1

Benjamin Huffman

Takai-Utimoto
titanium ethylidine

TiCly, Zn, PbCly,
CH43CHBr,, TMEDA,
DCM, 25°C
OPMB o

Rainier metathesis

“"OBOM
80% Yield
ZnBr
—TiX € | Me geminal dizinc
" . carbenoid

ZnBr, Transmetalation ZnBr

PbCl,

zinc carbenoid ZnBr Br
Me
Br
RCM
_—

JACS, 2007, 12604
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Bryostatin 1: Southern Fragment

Benjamin Huffman

EDCI,
DMAP, DCM,
0°C

9-BBN, THF, 25°C;
H,0,, NaOH 0°C

87% Yield

TiCly, Zn, PbCl,,
1) SO3ePyr, i-PryEt, CH3CHBry, TMEDA,
DMSO, DCM, -5°C DCM, 25°C
—_— 3 Memy, I ., | T

2) THF, -5°C

H,C =PPh,

Me

MeOH, -42°C

Ac,0, DMAP,
Pyr, DCM, 0°C

82% Yield (2 steps)

OTBS

1) MMPP, NaHCOs,
DCM:MeOH (2:1)
0°C
—_—
2) TPAP, NMO, 4A-
MS, DCM, 25°C

OPMB

““OBOM

1) HFe Pyr,
THF:MeOH (5:1),
0°C >
2) TPAP, NMO, 4A-
MS, DCM, 25°C

84% Yield (2 steps)

91% Yield (2 steps)

- Southern Fragment
- 21% Yield
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€ Me

M
MeO
H OAc

e Me

T™MS

M
MeO

OAc OAc

St-Bu
ppse 0 TMSOTY, Et,0, -78°C
OMe H —_—

° oPMB 61% Yield

1) LiOH, H,0,,
THF:H,0 (4:1), 0°C
-_———

OTBDPS HFePyr, THF:MeOH
i (5:1), 0°C to 25°C

opmB 2) TESCI, DMAP,
DCM, -15°C

77% Yield (2 steps)

90% Yield

1)  Ky0s04¢2H,0,
DHQD,PYR,

" g0 oot Y s s -
COOH : H,0:t-Bu (1:1), 4°C i

OPMB 2) 2.4,6-ClsPhCOCI, \

EtsN, THF; DMAP,  me™
. PhMe
“OBOM  71% Yield (2 steps) AcO

2) NalOy4, THF:H,O
(3:1),25°C
71% Yield (2 steps)

11
(R)-BINOL=> P~_-CO:Me
“OBOM  g50 Yield, 4:1 (Z/E)

‘o,

OBOM

CO,Me
Me Me
S P
H C
Me0,C” X :
1) KyCO3, MeOH, 25°C -.002% Yield OH
; . -2.0mg : (0]
O 2) Octadienoic anhydride, LiBFy, .CH3CI:I.H20
DMAP, DCM, 25°C (25:1), 80°C
—_—
71% Yield (2 steps) 72% Yield
e, M
"OBOM Me e
coaMle bryostatin 1
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Notable Keck Bryologs
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Sttached cells, % of total

60

h
9

=
l:ll

(3]
=

[
=

=

Treatrert for 72 howrs

E=PMA D1, 1,10, 100 ni)

W Eryo 1 (0.1, 1, 10, 100, 1000 nhd)

E43 (1, 10, 100, 1000 Ak}

B0 M PHMA + Bryo 1 (1, 10, 100, 1000 nb)
B0 [M PHMA+ 13 (1, 10, 100, 1000 nd)

- PMA, a tumor promoter, increases
attachment of U-937 leukemia cells in this
assay

- Simple modification of A and B ring
leads to tumor-promoting PMA activity

Wo CO,Me

13,K;=0.70 nM
Merle 23

R’g 0 co,Me

R, = Ph (K; = 0.70 nM)
R1 = C7H15 (K, =1.05 nM)

JACS, 2008, 6660
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Bryostatin 7: Retrosynthesis

Benjamin Huffman

Me
MeO =

bryostatin 7

Krische, 2011
- 20 Steps (LLS)
- 36 total steps

Me

OAc

Prins-driven ~
Macrocyclization Me-.
Me
)
. 4
Yamaguchi
Esterification
Y\SnBu;,
TMS
Hydrogenative
coupling
o
TBSOW%
Me Me o
AV 4
o
e A
Me
Me

OTBDPS
(0]

4

TBDPSO_
- ijXMe
"ng Me
// Me
AV 4
CN
Me

4 Hydrogenative
couplings

OAc OAc

¢ LY

JACS, 2011, 13876
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Synthesis of Southern Fragment

Bryostatin 7: Southern Fragment

6 steps
(0]
- ° N
Me _—
Me TBSO | 1) Rh(cod),OTf, (R)-Tol-
Me Il Horner-Wadsworth- Me Me o BINAP, PhsCCO,H, H,
Emmons ' y
i 1 atm), DCE, 65°C
I - -Bromination 37% Yield (6 steps) L (1 atm), . L
- Kornblum Oxidation (
2) Ac,0, Et;N, DMAP,
CN 6 steps DCM, 25°C
P TBDPSO 3) HF-Pyr, THF, 25°C
| —_— j|- _J4) DMP, NaHCO;,
Me Il Sharpless dihydroxylation me” 'O Me DCM, 25°C Soouthfern Fragment
M Propargyl zinc addition ﬁ 48% Yield (6 steps) 10% Yield (10 steps)
: . b
Sonogashira coupling 86%ee . mm
Synthesis of Northern Fragment
Glyoxal Enyne Coupling
[Ir(cod)Cl]» I;hz
L,Rh! (S)-Cl,MeO-BIPHEP Pllr‘o
_— | H | Ph2
0|-| Cs,CO03, 4-Cl-3-NO,-BzOH, OH OH BIPHEP Yo
Dioxane, 90°C 72% Yield 5 Mol
Hydrometalatlon OAc °
vinyl rhodium ad
1
L,RhX =—= L,RhD o RO
-DX éhll_n I p : C-Allylation Via Transfer Hydrogenation . Hydrogen Auto-Transfer
: OH OH ™ - D oH
WOAC — E R1/§ DJ\RZ 1J\/sz
R2 (o) RZ [o) R / R : D R R
T , Reductive \ D, HOA : Base, L,M Base,
. R L . R (o3 H
(D)HO™ Elimination ? | Oxid.a.tive ! Base-H BaLse';VlH
et D L,(D),Rh" D Addition N O :

|
m, &

R

Nucleophlle Electrophile

Pair

D

o LM,
D o
S G o
2
D R R1 R2
ML,

Benjamin Huffman
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O3, DCM, 78°C; PPhy, 1, (S)-SEGPHOS 1) Ac,0, Et;N, DMAP,

TBSCI, imidazole, 25°C I OTBS (5 mol%) THF, 25°C
- —_— ——
(o] (o] , °
i-PrOH, PhMe, 60°C 2)  Os DCM, -78°C;
(Y\/\” oTBS —.—Me oTBS PPhs, 25°C OTBS
O OH OH O 60% Yield Me 90% Yield, > 20:1 dr Step 1: 94% Yield
Step 2: 96% Yield
M oMe‘ Me
2, BIPHEP . 2
(5 mol%) 1) TBAF, ScOH, THF, otes 1) PPTS, MeOH, 25°C
 E———  ——

i-PrOH, Cs,CO3, 2) DMP, NaHCOs,, 2) TBSOTf, 2,6-

THF, 90°C DCM. 25°C |Utld|ne, DCM, -

OTBS ’ 78°C to 0°C
OAc
%\/ 72% Yield 72% Yield (2 steps)
72% Yield
- 11 steps
- 10% Yield
03, DCM, 78°C;
PPhy, 25°C | Il T 1 e eeieeeeceeeeecieeeeceaeee
—_—
: N7 Phy (Z1_Ph,
OMe : N P S\ P;"IrF\
H (o] P~ r‘o P (o]
‘8 = Ph, = Ph,
Northern Fragment N
Yo (o)
93% Yield (S)-SEGPHOS BIPHEP

1
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Bryostatin 7

Benjamin Huffman

1) Ti(O-i-Pr)4, (R)-

Me Me
BINOL, (CF3),CHOH, b
(o) 4A-MS, PhCF3, -20°C

TMS
\ {
Me ., o OT?DPS SnBu; z coM
o e
Me O  Me — OTBDPS  ’
R o
“tg Me

TMSOTY, Et,0, -78°C O  Me
Me 2) ) 2\, j, X
Me "o Me

Step 1: 77% Yield,

CO,Me HCI, MeOH, 25°C

_—
‘-“‘j,OXMe
Me "o Me

Me Me

> 20:1dr
Step 2: 56% Yield Step 2: 22% Yield
Me Me Me Me
5| o K

1) Me3SnOH, DCE, 80°C
1) 0s0y4, NalOy,

2) TESCI, DMAP, DCM, (o]

-20°Cto-15°C

Me OTBDPS
_— > (o]

3) 2,4,6-Cl3BzCl, Et;N, j,

DMAP, THF:PhMe Me” “OTES
(1:7)

THF:H,0 (4:1), 25°C
(o]

ﬁ

2) N,N-dimethyl triazolium
iodide, DBU, MnO»,
THF:MeOH (4:1), 25°C

o
Mej:OTES

OMe
| o
51% Yield Step 1: 85% Yield - 64% Yi
Stop 2 60% Yield Step 1: 64% Yield
Step 3: 66% Yield

Step 2: 75% Yield
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Bryostatin 7

Benjamin Huffman

OAc

OTES

OTBDPS

0 u“‘j} o
“"OTES

Me
OMe

Step 1: 64% Yield
Step 2: 75% Yield

1) [(R)-BINOL]JPOCH,CO,Me,
NaHMDS, THF, -78°C to 0°C
-_——
HF-Pyr, THF:H,O (100:1),

-.00004 % Yield
-1.7mg

35°C

Bryostatin 7

Step 1: 93% Yield,
6:1dr
Step 2: 60% Yield




