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The Bryostatins

Originally isolated (1968) by Pettit from marine
bryozoan Bugula neritina — an invertebrate filter
feeder

Structure not elucidated until 1982 (Pettit)

Potent antineoplastic activity against murine
P388 lymphocytic leukemia and other tumors

Bryostatin 1 in clinical trials as chemotherapy
agent

C ring proposed to play critical role in receptor
recognition
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The Bryostatins
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Bryostatin 2 — A Ring

1) i. PMPCH(OMe),

o O
1) BUBOTY, iPr,NEt PPTS
Cl\)LN)]\O RCHO. 9:1 dr ii. DIBAL-H, 94%
\ / 2) Zn, THF/ACOH CPh,OH  OH 2) Swern _ CPh,OPMBOH 0 Q
> :
Bn o 3) LiBH,, MeOH 3) TiCl,(OiPr), 5 ~OMe
67%, 3 steps then
thcﬁ&H TMSO  OTMS
MOMG

83%, 94:6 dr

0 PhoCx OPMB
1) Me,NHB(OAC); MesAl
92% CPh,OPMBO™ 1 HCleH,NPh HO
2) PPTS l = . —
- 9 ‘OTBS 75% NHPh
3) TBSOTY, 2,6-lut :
64%, 2 steps OTBS O

1) 03, Mezs, 72% PhOZS/,,
2) Ac,0, pyr. 9
> @)

3) PhSTMS, Znl,
TBAI

4) mCPBA, NaHCO; z
76%, 3 steps OTBS O

Evans, D.; Carter, P.; Carreira, E.; Charette, A.; Prunet, J.; Lautens, M. J. Am. Chem. Soc. 1999, 121, 7540-7552.



O O OH

MeO™15 10

OBn

(-)-DIPCI, NEtg

—»
O

Me
Me

OPMB
87%, 93:7 dr

Bryostatin 2 — B & C Rings

1) Mey,NHB(OAc);  TESOJ3 1) PMBOCHSLi OH OTBS
84%, 94:6 dr 2) BF;0OEt, HO TBSO
2) TFA 0O Et,SiH 3 steps
> O
3) TESCI, imid. B~ 10 64%, 2 steps 66%
(0] n .
77%, 2 steps 91:9 dr oBn
1) TsCl 0 1) BrMg(CH,)3CH=CH, PhO,S O O
2) PhSH 1 2) Swern
PhO,S H o H
3) mCPBA 3) K20s04(OHy), K,CO3
4) Swern quinuclidine, K3Fe(CN)g
76%, 4 steps 4) NalOy4, NaHCO4
78%, 4 steps
1) Sml, (20%)
PhO,S O OH O pPNO,PhCHO
s 76%, >g5:5 dr
. Me 2) TBSOTY
—>
OPMB 3) LiOH
92%, 2 steps
4) CSA (5%)

Evans, D.; Carter, P.; Carreira, E.; Charette, A.; Prunet, J.; Lautens, M. J. Am. Chem. Soc. 1999, 121, 7540-7552



Bryostatin 2 - Macrocyclization

OTBS . .
nBuLi (2 equiv)

TBSO 10 oTf HMPA
BB g 1) i. nBuLi
ii. Ac,O, DMAP
2) Mg, HgCl,
64%, 2 steps
3) TBAF

4) Tf,0, 2,6-lut
71%, 2 steps

1) i. mMCPBA, MeOH

1) TESCI, imid . f,:eCOH,acozH
L iii. DMP, pyr.

2) Boc,0, DMAP 9% >
3) BnOLi 2) HF/pyr., 80%

75%, 2 steps 3) TESCI, DMAP
4) Pd/C (50%)

62%, 2 steps

Yamaguchi:
2,4,6-trichlorobenzoyl
chloride
iPrNEt,, then DMAP
>

Evans, D.; Carter, P.; Carreira, E.; Charette, A.; Prunet, J.; Lautens, M. J. Am. Chem. Soc. 1999, 121, 7540-7552.



Julia Olefination

[  Witig R QO siile
RITY /—\ P(OCF3), —
PPh, HJ\RZ — i R \g/\o HJLRZ > . -
@)
R2
R Q HWE —
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@)
2 2
1) LDA OH R
R Nso.ph > R1 , Ac,0, NEt3 RL Na(Hg) Rl
2 el g N -
SO,Ph Ph=$S €’ source )
@) Y/ oy
@)
stable
radical
OA T
o c 1( = R2  Na(Hg) o\ H
I | RrRZ — ROV 2 RL,O S R2 )
S< = H — > — xR
P> 0 Rri W OAC U™ Coac R~
minimize sterics
of R groups
/N:N\
N=N _Ph 0 w2
No Neg, 1) KHMDS H_8&\SOZAr o Na N ﬂ/s// R
Y Ph 5 ) §1 — \\S —5 07 \ 7\ §
=S= 2) 0O D 2O > Ny — R2 SO,
SRl B oS R1> oy ™ r R
2 -N O-Ar
R’ H™ "R N
R R Ph

Plesniak, K.; Zarecki, A.; Wicha, J. Topics in Current Chemistry; 2007; pp. 163-250.



Yamaguchi Esterification

"Classical" Yamaguchi Conditions:

@) Cl

Cl Cl ~ | _
0 0 0 0 N o
§ u 1) NEtzeHCl filtration u 1§
OH Cl O . N A — 0

H 3 H 2) Slow add'n to H
cl Cl refluxing sol'n of DMAP
NEt, I .

“Used in more than 200 synthetic applications”

“Modified Yamaguchi Conditions:” Preform mixed anhydride, add
excess DMAP at rt w/o slow dilution

“Yonemitsu’s Conditions:” Add DMAP with acid chloride directly from
beginning w/o heat (less basic conditions)

* In absence of these conditions, a, B-unsaturated acids
were converted into B, y-unsaturated lactones (i.e. double bond
moved out of conjugation).

Parenty, A.; Moreau, X.; Campagne, J. Chem. Rev. 2006, 106, 911-939.



Other Lactone Formations

Mixed Phosphorous Anhydride:

PyBroP 0] @
0 y 0 0 o)
J ® ;@ - d O-P{N
OH Br—P{N(j) Lg*’{”@) Q oK Q@ Po N 3
PFe A 3 L NHN_] N
H —— : Cl N FFe

NEt
’ BOP-CI PyBOP
Carbodiimides:
) ol -
0 HN’Cy E PN 0
\
N c= N DMAP N~ . AO N
H Cy H N=C:N\Et
L 4K - EDC
o)
Azodicarboxylates (alcohol activation):
o)
DEAD o) O
o 0 PPh; o o / Qo- /
—> H o —> Q
A v — ®
Et0” “N=N" “OEt Et0” "N-N~ “OEt H N
| 3
PPh,
® o)
O=PPh
EtO J\,}j 'J\ 3
H

Parenty, A.; Moreau, X.; Campagne, J. Chem. Rev. 2006, 106, 911-939.



Bryostatin 2 — EnqeoGame

OPMB NaHMDS
93%, 86:14 dr
e

o U

OPMB

1) KHMDS
MeO,CCHO

r
2) Et3NSOZNCOZMe

P 54%, 2 steps
/ >l EZ
O Yo
o) “OPMB
1) BH3°SM€2 )
then MeOH, . PPTS
then MeOAc,0O ii. Na,CO3
pyr, DMAP MeOH
89%, 91:9 dr iii. pTSOH
80%

1) CDI, DMAP
(E,E)-2,4-ocadienoic acid
62%

'
2) DDQ, 57%

bryostatin 2

Evans, D.; Carter, P.; Carreira, E.; Charette, A.; Prunet, J.; Lautens, M. J. Am. Chem. Soc. 1999, 121, 7540-7552.



Bryostatin Analogue — Ring Expansion

1) TEMPO, KBr

0
1) TBSOTY \></\/ NGOG
o” \wOH 5 steps HO\></\ NEt;, 94%  TBSO OH » TBSO OMe
ﬁ

: > : O :
OPMB  2)9-BBN, H,0, OPMB 2) T(OIPr)Cly OPMBOH O O
NaOAc, 93% OTMSOTMS
(R)-pantolactone ZNOMe 1) Me4,NBH(OAC)3, 96%
OTBDPS 69% (2 steps) 2) Otera's Catalyst, reflux
~10:1 dr 3) TBDPS, imid., quant.
B A
[CPRu(CH3Cn)]PFg (10%) 1) ACOH/H20, 69%
- Me,C(O), 56%, 9:1 dr | OTBDPS< 2) DMP TBSO OTBDPS
O OPMBO 3) Allyl iodide, In OPMBO

TMS—= \ J 66%, 2 steps 3
$ 4) DMP, 85%
HO  OPMB : i TN B,
Bu28r|1—(|)—Sln §CN
NCS—Sn O-SnBu,

|
Buz  gcN
Otera's Cat.
1) NBS, 93%
2) BF3eOEt,
1,3-propanedithiol
98%

3) PPTS, CH,0OH
CH(OCH3)s, 71%

OH 1) TESCI, DMAP OAc

then Ac,0, 92%
2) PPTS, MeOH, 85%

1) TBAF, 82%
2) Me3SnOH
uwave, 82%

MeOZC N

>

3) DMSO (COCl),, Et;N  Br
T COCH3 4 ph,PCH,Br, nBuLi = COXCHs 3)Pd(PPhy),

OTBDPS 63% 2 steps OTBDPS CO, 94%

4) TESOTH,
2,6-lut, 68%

>

Trost, B.; Yang, H.; Thiel, O.; Frontier, A.; Brindle, C. J. Am. Chem. Soc. 2007, 129, 2206-2207.



Bryostatin Analogue ng Expansion
\}}‘@? 6-steps b/\/}$ B/F:;c;lze

nBuli, 92%

Pd(OAC), OTBS
P(Ph(OMe)2)3 H
z then Pd(OZCCF3)2 @) @)

55% | c N

(@]
> Me” 'O
/ )</OTBS |
MeO,C CO,CH;3

1) F3CC03H, NazHPO4
MeOH

2) DMP

3) NaBH4, CeC|3

4) Ac,0, pyr, DMAP

O\

D-Galactonic Acid,
1,4-Lactone

45%, 4 steps

1) CrCIZ, CH|3 26%,

47% brsm
- 1) NEtzeHF, 66%
2) Pd(PPh3), -
2) DMP, 94%
3
68%
1) AcOH/H,0
2) TESCI, NEty
60%, 2 steps
H
MeO,C™ X
1) H-G cat (17%)
NEt;, DMAP 80%
A/B
o o 2) PPTS, MeOH, 36% O
0]
51% CO,CH3

Trost, B.; Yang, H.; Thiel, O.; Frontier, A.; Brindle, C. J. Am. Chem. Soc. 2007, 129, 2206-2207.



Pyran Formation

O
RZJH/\ [CpRU(CHg,CN)g]PFe
—»
H
_ (Ru-cat Ene
TMS—== \/ reaction?)
HO R!
=——R?
—
MeO,C—= Pd-cat
>—OH
Rl

Trost, B.; Yang, H.; Wuitschik, G. Org. Lett. 2005, 7, 4761-4764.

TMS

—_—

Michael
Addition

—>
6-endo-dig

R2
@)
— O
T™MS
Rl
tetrahydropyran
R2
— O
MeO,C
Rl
dihydropyran

Trost, B.; Frontier, A. J. Am. Chem. Soc. 2000, 122, 11727-11728.



olefin reactivity

Type | - Rapid homodimerization, homaodimers consumable

Metathesis

Type Il - Slow homodimerization, homodimers sparingly consumable

Type Il - No homodimerization

Type IV - Olefins inert to CM, but do not deactivate catalyst (Spectator)

Reaction between two olefins of Type | = Stafistical CM

_E%’—o:q Y N—S—="— . Tcya i—Pr’Q\ pr
“Ru=y, “Ru= N ph
| >cIPh | >cIPh w-Mos A
o o s SO N
terminal olefins,® 1° allylic alcohols,  terminal olefins,®
esters, 5™ allyl boronate esters, 5" allyl silanes, #1819
Typel allyl halides,*®' styrenes (no large 1¢ allylic alcohols, ethers, terminal olefins, 1221214
(fast ortho substit,),5-91 esters, 1921 allyl silanes'"®
homodimerization) allyl phosphonates,® allyl silanes,?>  allyl boronate esters, '
allyl phosphine oxides,™" allyl allyl halides'”
sulfides, " protected allyl amines®
styrenes (large ortho substit.),5¢-1
acrylates, % acrylamides,®° styrene, '
Typell acrylic acid,% acrolein, %24 2° allylic alcohals, styrene, 12110
vinyl ketones, % vinyl dioxolanes,® allyl stannanes'®
(slow hh

homodimerization)

Reaction between two olefins of same type (non-Type |} = Non-selective CM

Reaction between olefins of two different types = Selective CM

unprotected 3° allylic alcohols,

vinyl epm(it:les.‘5b 2° allylic alcohols,

perflucrinated alkane olefins®23

vinyl boronates®

Type lll

{no homodimerization)

1,1-disubstituted olefins,59
non-bulky trisub. olefins,5%9
vinyl phosphonates,®
phenyl vinyl sulfone,?

4° allylic carbons (all alkyl
substituents),

3° allylic alcohols (protected)

& 4

2° allyl amines,
:;\o:.rylcn-litriIe12

vinyl siloxanes’

Type IV
(spectators to CM)

vinyl nitro olefins,
trisubstituted allyl alcohols
(protected)

1,1-disubstituted olefins,®
disub. o.p-unsaturated
carbonyls,

4° allylic carbon-containing
olefins®

perflucrinated alkane olefins,®
3° allyl amines (protected)™

1,1-disubstituted olefins'*®

Chatterjee, A.; Choi, T.; Sanders, D.; Grubbs, R. J. Am. Chem. Soc. 2003, 125, 11360-11370.

Debra J. Wallace Angewandte Chemie International Edition. 2005, 44, 1912-1915.
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Bryostatin Analogue — Prins Strategy

O

BnO Me LDA O o o oy RUBIBINAPCL O OH OH OBn
0 0 o) 9 5 3 1 ’ 2» 9 = 1
Jl\/\/u\ MeO ’ 2% e i
MeO Cl
o O EtOU3 9
1) Si02, PhH 0 EtOJ\/u\Me A 1) Ru-(R)-BINAPCI,
A, 95% ©c o0 ©O EtOH, Hy, 91%
O OTBDPS 1) LDA (2 eq.)
imid. 85% 3SiH, : A
i 70%, 2 steps OtBDPS
SiMe, SiMe,
EtOJ3 9 1) i. CeCls o 13 9
R SreBHMgC 1) TPAP (10%) A
O OTESO ii. Si0,, 69% > TES’O O
v
1 2) NaClO,, NaH,PO 1
~LOBN 2) Liinaph, 93% - OH )2-meth§|-2-bu2tené " Co,H
OTBDPS OTBDPS 89%, 2 steps OTBDPS

Wender, P. A.; DeChristopher, B. A.; Schrier, A. J. . Am. Chem. Soc. 2008, 130, 6658-6659.



Bryostatin Analogue — Prins Stragegy

1)K,CO;4
OTBS MeO,CCHO
OH OH Ssteps TBSO O  OH 3 steps OMe H paCatdiaditg

—_— z S 2) Leuche
42% 3 N 52% C 3) RCO,H, CDI
o) DMAP

67%, 3 steps

Os_H
X
3 steps 3 steps OH H
— RS 0 OH
78% 33% c
o™ | OTBS
C,H; 5/&0 CO,Me

1) Yamaguchi, A

—>

2) PPTS, 71%
71%, 2 steps

1) TMSOTf, 93%
—
2) HF/pyr, 77%

Wender, P. A.; DeChristopher, B. A.; Schrier, A. J. . Am. Chem. Soc. 2008, 130, 6658-6659.



Prins Reaction

/L

\®

oH Yo o o

_>
R1 R2 R1
H H
H\n,Rl
o)
@ HJ

A
B: Nuc:
OH Nuc
R1 R?
H

Parenty, A.; Moreau, X.; Campagne, J. Chem. Rev. 2006, 106, 911-939.



Bryostatin Analogue — Double Annulation

1) TMSOTTf, 84%

2) TBAF, 90%

3) DMSO, SO4/py, 93%
OTBDPS 4) NaClO,, KH,PO4
2-Me-2-butene, 99%

1)LDA 76%
o)

0
QT’U\OMe

T™MS
EtO H
O O O 1) TMSOTf, 96%
TBS 2) TsOH, 92%
’
T™MS 3) TMSCI, NEt;, 99%
HO 4) TMSCH,MgCl
CeCls, 81%
OTBDPS
SPMB
1) HF/pyr
2) Yamaguchi
—>

87%, 2 steps

Keck, G. E.; Kraft, M. B.; Truong, A. P.; Li, W.; Sanchez, C. C.; Kedei, N.; Lewin, N. E.; Blumberg, P.

H
—»

2) CDI, DMAP
EtNiPr,, 75%

1) NaBH4, CeC|3

2) (PhCO),0, DMAP
91%, 2 steps, 6:1 dr

o

3) DDQ
4) LiBF4, quant.

M. J. Am. Chem. Soc. 2008, 130, 6660-6661.



