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Introduction

o “'OH

RZ&O CO,Me
Bryostatin 7: R' = Me, R? = Me, PKC K; = 0.84 nM
Bryostatin 1: R = Ac, PKC K; = 1.35 nM |M§S,am:"‘; 01 191902' ; 1t5tepsL(L"éSg 679t5tepsT(STS‘
Keck 2011, 31 steps (LLS), 58 steps (TS) iscne; 201120 siaps/(LLS), S0 Slepsi{19)
Wender 2017, 19 steps (LLS), 29 steps (TS)

marine bryozoan bugula neritina
Bryostatin 8: R' = "Pr, R? = "Pr, PKC K; = 1.72 nM

FEIEE Bryostatin 2: R = H, PKC K; = 5.86 nM Song 2018, 29 steps (LLS), 51 steps (TS)
‘ Evans 1999, 42 steps (LLS), 72 steps (T5)]

Bryostatin 9: R' = Me, R? = "Pr, PKC K; = 1.31 nM
1 3 IR v Wender 2011, 25 steps (LLS), 43 steps (TS)
GBI DR TE
FIRMKE

TELE BIHIV 8 1) 351

A 7T RS B RIR T
16 52 11 o 3 e

| HEBECHEh

Sl en G e e

unique butenolide unit

Bryostatin 3: PKC K; = 2.75 nM

Bryostatin 16: PKC K; = 118 nM
'Yamamura 2000, 43 steps (LLS), 88 steps (TS
Trost 2008, 28 steps (LLS), 42 steps (TS) el 2ps (LLo), 88 sleps {




Retrosynthetic Analysis
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Tetrahedron Lett. 1993, 34, 4981-4984.
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Context

1. Synthesis of the C10-C16 Fragment
2. More Details of Name Reactions
3. Mechanisms of Main Conversions.



Synthesis of the C10-C16 Fragment

Synthesis of C10-C16
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Synthesis of the C10-C16 Fragment
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Felkin-Anh’s Rule and Cram’s Chelating Rule

Ru Rm
R Z O Z OH
FaC‘I'S Favored — SH Nu Rs7_(Nu
addition R/ R R/ R
Donald J Cra'm . . Figure 1 Cram’s model for nucleophilic addition.
The Nobel Prize in Chemistry 1987
_——
Born: 22 April 1919, Chester, VT, USA M
[
O
Died: 17 June 2001, Palm Desert, CA, USA ! M X OH
X R X ) O Nu SaNu
. . N I Favored = R ‘)_< — RL\--}—(‘-
Affiliation at the time of the award: University of California, addition P 'R R Rs R
Los Angeles, CA, USA Nu S
RsR

Prize motivation: "for their development and use of molecules
with structure-specific interactions of high selectivity."
FAT e P A 25 M R S A AR 207 R T R R

Prize share: 1/3

Figure 2 Cram’s chelating model for nucleophilic addition.
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ﬁﬁﬁ }ﬁ Figure 3 Felkin-Anh’s model for nucleophilic agdigon. E{-
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J. Am. Chem. Soc. 1952, 74 (23), 5828-5835.
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Felkin-Anh’s Rule and Cram’s Chelating Rule

Felkin-Anh B HE]
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Tetrahedron Lett. 1968, 9 (18), 2199-2204
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Felkin-Anh’s Rule and Cram’s Chelating Rule

Cram Z&SHI:
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J. Am. Chem. Soc. 1952, 74 (23), 5828-5835.
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Felkin Anh’s Rule and Cram’s Chelating Rule
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Synthesis of the C5-C9 Fragment

Synthesis of C5-C9

1.BnCl, NaH, DMF,52%

W :\\
?\ 2. CrO4+py,,52% _ G 4. D-(-)-DET, Ti(iPrO)y,
OH OH  3.PhsPCH,CO,Me, NaH,  OBn OH TBHP, CH,Cl,, 85%
DMSO, 24h, rt
then DABAL-H 70% 10 Sharpless AE

N
S
~

9

?i/\ 5. Red_AIa PhMe’ 96% Bno\>‘\/\ T Pd/C, H2’ EtOH, 980/1
‘0 o = ; 0 o

OBn OH 6. TBSCI, Imd, 98% T8S6 OTBSB' Swern oxid, 92%

7 1

QO

N
S N
S
S

S

OHGC” SH_SH__, E/
84%

4 12

OTBS
TBS

Qe



Synthesis of the C5-C9 Fragment

Synthesis of C5-C9

1.BnCl, NaH, DMF,52%

W :\\
?\ ® |2. CrO4py»,52% | M 4. D-(-)-DET, Ti(iPrO)4,

OH OH @[3.Phs;PCH,CO,Me, NaH|  OBn OH TBHP, CH,Cl,, 85%
DMSO, 24h, rt
9  ©[then DIBAL-H 70% I 10 ® [ Sharpless AE |

M @ [ 5. Red-Al_PhMe, 96% IBnO\>i/\ ®[7.Pd/C.H,. EtOH. 98% |
"0 6. TBSCI, Imd, 98% |8_Swern oxid, 92% |

z )
OBn OH TBSO OTBS
7 11

0 I'I/

S
OHC™ Y SH_SH__, (/

84%

OTBS
TBS

Onnne



Collins Oxidation

Os.. -0 .0 Q0 o= =@ 0 §
Cr™ /HS04/HZ0 < - Cr <—Nj > < NH o Cr O- Cr OHN /> <\ NH O-Cr-Cl
O \} /) 8

=A% b AR R AT E 5 2h SRR TR IE £
Jones reagent (1946) Sarett reagent (1953) PDC PCC was first prepared in 1899
Collins reagent (1968) Coates and Corrigan (1969) Corey and Suggs (1975)

(Sarett reagent in CH,Cl,) Corey and Schmidt (1979)

Mechanism
R1
00
Step#t:  1° oH H* PyrZQ PYr  iransfer Pyr~;\((:,3|j,Pyr OBn O
- r_ + ——— N 4 —
o RT "R?  HOH o7 %o oBn 0 0 = H
\ ) ) ‘

Step #2: o R /1/ -H((?Hz 5-membered
—_— ring transition state

I -HCrO3 Carbonyl
(0] compound

o BRALEYD. RN RS B R IBE P DUSCORE Hh BRSO i R AR B ) 7 B R

Oxidation of Alcohols to Aldehydes and Ketones. Tojo., Fernandez. Springer Berlin, 2006, 1-97.



Wittig Olefination Reaction

Formation of ylid

pKa ~ 18-20 (R = alkyl, H)

base ylid or ylide phosphorane

i acidic

' " “‘proton

; _Bull o s PPh;
Georg Wittig i A S
The Nobel Prize in Chemistry 1979 ! pph3 PPh3 strong electron-

E W|thdraW|ng group

Born: 16 June 1897, Berlin, Germany

phosphonium salt (alternative representations)
Died: 26 August 1987, Heidelberg, West Germany (now . .
base = LDA, PhLi, BuLi, NaH, NHMDS

Germany)

Affiliation at the time of the award: University of Heidelberg, E Mechanism

Heidelberg, Federal Republic of Germany i ®

i strong P=0 bond

Prize motivation: "for their development of the use of boron- i PPh; Ph3P (—0 "

and phosphorus-containing compounds, respectively, into i Ph ;

important reagents in organic synthesis.” ' H o - Ph " +  PhzP—0
Photo from the Nobel ) E
Foundation archive. Prize share: 1/2 E oxaphosphetane phosphine oxide

E Ph intermediate alkene 65% yield by-product
R2 2 % o 2 % 2
1) unstabilized ylids H O@ H R 0 )J\) 5 R 3 R 0®
0 0 % Keast Ksiower H g R3 Ksiow R o) Krast
® ® — ® —-_— — =
Ph
R)J\/gph;; R)\/ 3 R\@/PPha H R3’§T( R? )3 H - P( R1)3 H. R2 H P( R s H P(R1)3
S} R = H, OR, alkyl R = alkyl R '§, \re H
i trans g(R1 )3 cis
betaine betaine
g i = k k

@ The stereochemistry of the Wittig reaction k fast fast

The general ruleis:
® with stabilized ylids the Wittig reaction is E selective

R3

RS 8 RS,’ (R‘>3P o H RA_H|-R )3P- RS R, o
L T . 2 Kost I I K 6
® with unstabilized ylids the Wittig reaction is Z selective (R )3 ( (E)-Alkene P(R1 R? 3

(Z2)-Alkene
trans oxaphosphetane minor major

cis oxaphosphetane

G. Wittig., U. Schollkopf. Chem. Ber.1954, 87, 1318.



Wittig Olefination Reaction

Ph3PJ—0 slow formation
oxaphosphetane

d of Z-alkene ﬁ
formation is now & B,  eeamEEs > MeO, R

reversible MeOZC“\ R
® Z-alkene
diastereocisomeric
M902c\/PPh3 + RCHO oxaphosphetanes
© now equilibrate

stabilized ylid

/

PhyP—-0
A
Meozt/ “R

more stable anti E-alkene
oxaphosphetane
®
OBn O 3. PhsPCH,CO,Me, NaH, OBn

K%L DMSO, 24h, t K<\/coow|e
R H - \\\\\
W

[PhsPCHl]I
o o NaHNDS 0
\O o \O
HM“ THF/HMPA M
.78 °C

M
10 e 70%

Jonathan Clayden. Organic Chemistry, chapter 31



DIBAL-H

DIBAL (Di-isobutyl aluminum hydride)

Also known as: DIBAL-H, DIBAH

Reduction Of Esters To Aldehydes

Reduction Of Ketones And Aldehydes To Alcohols

Reduction Of Nitriles To Imines
(And Subsequent Hydrolysis To Aldehydes)

Reduction of ester

<)
Al Al Al .
OH |, o [ HT N [Tigie P2
2 o) >
H > - Kvl ~—
H H H H

OBn

K<\/000Me
w

OBn OH

1) DIBAL-H
> X

W

2) H,0

Reduction of nitriles

This product is stable
at low temperatures
until water (or acid) is
added to quench

H

X

L
¢

&

/f—‘
A N™ A\
. —_— /\/// H
N’
/\//
Delivery of hydride

Coordination of the nitrogen to the nitrile carbon

lone pair to the aluminum

Formation of an imine



Sharpless Asymmetric Epoxidation

K. Barry Sharpless
The Nobel Prize in Chemistry 2001

Born: 28 April 1941, Philadelphia, PA, USA .
QBn OH 4 D-()-DET, TiGPro),,  PB" o OH
Affiliation at the time of the award: The Scripps Research \ >
Institute, La Jolla, CA, USA \\\\\ TB H P, C H2C |2’ 8 5% \\\‘\
Prize motivation: "for his work on chirally catalysed oxidation
fEaannar Sharpless AD

Prize share: 1/2

FavAL IS D-(-)-diethyl tartrate (unnatural)

1 SUER TR PImE, [N IE I 7E SR A "5 RE_R'

2, (EICEREIEREN , M R E To o

PEH R A AR FRIA AL - . , | R

3. FAIRH MR SE At TR augic sooner R ——0-oH Enantiopure

— IR NBEEA, AN AT e A R B 1S 2 R3~(R / (>1 equivalent) epoxy alcohol

WE = e e R, BEIEFITFPHIERE R-3=H, akyl, aryl — or

P WP S L9 434 TP L, D o S0P, R

E@ﬁ@ﬁﬁﬁﬁiﬁ@%’fhﬁ%ﬁiﬁy L-(@E@Q@Ef’% L_\ activated molecular sieves ;(O OH

WAE IR P T 7. (CE—Blsh) 5 CHCly, low temperature  ———— | g3
L-(+)-diethyI"tart;ate (natural) Enantiopure

epoxy alcohol

Katsuki, T., Sharpless, K. B. The first practical method for asymmetric epoxidation. J. Am. Chem. Soc. 1980, 102, 5974-5976



Sharpless Asymmetric Epoxidation

HO

S

o

HOPr

IPro, LOPr
-
ipro” NoiPr

OH

U HO'Pr
>LO/OH

iPro,  OfPr
-
AN §
O o HOPr

Sharpless Asymmetric Il
Epoxidation Catalytic Cycle

< Z
OH
HOPr HOPr
S S Ce
NoX ° (0] 0\/ (|) Ko
g, o =R
o” 1o 0
\_\_‘-—/
Eto/zc:(COzE‘ Eo—&.s. COE

\Y



Red-Al

H_ H

~ OH
MeO _~ AL ~_OMe 1R OH :mi"eN::) 2R7 7Ry
o’@ @) alcohol (1°) alcohol (2°)
®
Red-Al, Sodium bis(2 :iaethox ethoxy)aluminumhydride \ i 7 JOL /
- - 2
) Y/ y y 1R)LO,R RJ\an LRR,
A GU-2-HEAE AR BN carb. ester amide ketone
M 5. Red-Al, PhMe, 96% BnO. > o o o
= ’ ~
‘X o, s 1ROOH /U\ )J\ )J\ - -
o) 6. TBSCI, Imd, 98% = N R” “OH Red-Al R” 0" R
OBn OH TBSO OoTBS alcohol (1°) 1<:arb. acid 1 anhydride ’
7 11
o 2
R
?R 1 R)J\CI R—=N ):N—R 3
id chlorid L R
OH  Red.al® H’A'F\)TOR Hy0* OH OH e e " imine
: —— o - :
nC7H|5 6‘\3 H 1R/\OH PR 2
y. 90% alcohol (1°) R NH, R H
amine (1°) R>_N_R :

amine (2°)

1R OH+ HO R,

2x alcohol (1°)



Red-Al

H, H
MO~ A Al o~ OMe

Mp

Red-Al, Sodium bis(2-methoxyethoxy)aluminumhydride
TE -2-HEE O RN

OH Red-Al
R——/ R ~"0H
" H - OCH,CH,OCH, K
YAl R'O
R—=—/ ﬁ’l S
Rif

acidic workup , \Xw \)\/

R %*o éR'

H

R\FJ\/OH
trans

H



H, Pd/C Debenzylation

Example 1: Reduction of alkenes

CH, :3
syn addition
Pd/C ~=H
s s CHs CH
Bno. N 7. Pd/C, H,, EtOH, 98% HO 3 3
TBSOE OTBS TBSO OTBS Example 2: Reduction of alkynes
1 11" N H, H _H
= \ > \)S(\
Pd/C H  “H
by-product: Pd(0) RO . .
catalytic Example 3: Reduction of nitro groups:
reductive oxidative .
:oélaer-‘e elimination addition 1 equiv N02 Hz NH,
uiv
H OR Pd/C
(Pd (Pd
Example 4: Reduction of nitriles
N: .
=z CH,NH,
ROH deprotonation coordination Ha
———
Hm” Pd/c
(HPd—OR excess
Example 5: Reduction of imines
R
N
I
CH, CH3

F’d/C



Swern Oxidation

N
N
Q

HO 8. Swern oxi. 92% _
TBSO OTBS
11
Swern (1976 & 1978):

OH TFAA or (COCI), 0

IR DMSO (xs) / Et;N o JJ\RZ
R'” "R?

1° or 2° alcohol low temperature / solvent ﬁ?dtoﬂedor
R'2 = H, alkyl, aryl enyde

alkenyl, alkynyl, etc.

|R3—N:C:N—R3 / DMSO (xs) / solvent / acid (cat.)

N
~
N
~
Q

Ox
TBSO OTBS
12
1) 0 Albright & Goldman (1965):
)J\ )J\ OH
HsC” Y07 “CH;, o J\RZ

DMSO (xs) / solvent 1° or 2° alcohol

R'2 =H, alkyl, aryl
alkenyl, alkynyl, etc.

pyridine-SO3 / DMSO (xs) / EtzN / solvent |

Pfitzner & Moffatt (1963)

Parrikh & Doering (1967)

Mechanism
Activation of DMSO with oxalyl chloride:
O S)
C Cl O) @
Cl (C-I\ Cl| . Cl CH3 9
HsC o (EI — ClI—s ® + + CO
\ He-97 o HyC ® G
®S—0 3 \SI 3 CH3 8
H3C CHj chIorosu:{onlum
sa
Activation of the alcohol: CH H o
/CH3 R2 CI\ / y H-C @ C2 H3C \®/CH2
clI—s S s CHs - HCI : \S/QH\/\’.NEts 3
N HQ_< —_— | _— |
CH, R (“ 0 O._R'
chlorosulfonium O\r \r
salt 5 R2
® R R2 .
H;C ¥ _CH, alkoxysulfonium
Sy© e} ylide
_S___H
Formation of the product: o |> —> HiC \I(-i: + R1J\R2
2

RZ R!

Ketone or Aldehyde




Summary

NOORWN =

Synthesis of the C5-C9 Fragment
Collins Oxidation

Wittig Olefination

DIBAL-H/Red-Al

Sharpless Asymmetric Epoxidation
H, Pd/C Debenzylation

Swern Oxidation



Retrosynthetic Analysis

[Pd] = L o
carbonylative A
esterification \ﬂ/ Br
© [Au]

o — 6-Endo-Dig Yamaguchi
epoxidation and . Cyclization Macrolactonization
installation of side chain

=~ OH “0TBS
/\Wo Y Alkyne/Alkyne
Coupling O
Bryostatin 3 1
[Ru]
Alkene/Alkyne

Coupling

MeQ %

Br

Michael
Addition




Synthetic Route: Synthesis of Fragment 3

first

OH 4 \) 8
Sharpless AD
\\\/\/Me p >

N Me _ MeO” “OMe_ Og
> N 0
84%, 86% ee CSA N
6 (ref. 20) ; OH DCM, 0 °C, 7h

85%
Q [PhsPCH, I
DBALH . Q@ O

methylpropiolate, LDA
then ZnBr,
NaHNDS O
O
Et,0, -78 °C, 4h HM‘

PdCl,dppf (10 mol%)
> 5 4
. THF/HMPA M THF, 60 °C, 15h
0 78 °C 76%
69% 10 Me 0%, I 11 Me °

K,0s0,(OH)4 (25 mol%),
Q (DHQ),PHAL (60 mol%), Q
O KsFe(CN)g, K,COs3, OH o
Z 0 NaHCO3;, MeSO,NH, = HOr, 0
| | Me H,O/'BuOH (1:1) | | Me
0 °C, 30min
co,Me 12 90%, 3:1 dr Co,Me 3
second
Sharpless AD

4 stereocenters
via Sharpless AD



Synthetic Route: Synthesis of Fragment 4

"BuLi (2 equiv) Br OEt
15

TMEDA (1 equiv \=/ [
I (1 equiv) 0 TES Et07 TES
Et,0,55°C, 16h Z BuLi, Me,Zn Z
then DMF (1 equiv), -78°C 1 & Et,0, -78 °C, 6h HO™ 3

then TESCI (2.5 equiv),
13 -78 °C to rt 14 - 16

67 %
ag. NaHSO,, 5d j

TMS 2%
\/Bpin 18

Cu(ll) Isobutyrate (7 mol%)
LiO'Bu (7 mol%)

T

Bu BU OMe
THF, -30 °C, 20h, 86%, 98% ee




Synthetic Route: Synthesis of Intermediate 2

C

TMS
[CpRu(MeCN)3]PFg
(10 mol %)

acetone, rt, 22h >

T™MS

Alkene/Alkyne
Coupling
B. M. Trost, Org. Lett. (2005). — -

— NBS -
DMF, 0 °C, 2h
88% ‘\\\‘
TES 489 TES 22
(87% based on recovered
starting material)
MeQ %
z OA
Br ) ¢ Br
PPTS AgNO;
MeOH THF/H,O
0 Cstgo/rt, 6h T co,Me 0°C t%;i,/45m|n
° OTBS °

TES 23



Synthetic Route: Synthesis of Intermediate 1

OAc

CO2Me  py(0Ac), (5 mol%)

w ,OTBS TDMPP (7.5 mol%) _
benzene, rt, air free
. HO 25h
MeO C—:\.—<—\—( Alkyne/Alkyne
? s Coupling

B. M. Trost, J. Am. Chem. Soc. (1997).

AgSbFg (20 mol%

AuCI(IPr) (10 mol%)

L

CH,Cl,, rt, 24h

6-Endo-Dig
Cyclization

>

-MeOH

Y

ZrCI4
(250 mol%)

>

MeOH, 0 °C to rt
1.5h



Synthetic Route: Synthesis of Intermediate 1

OAc

TBSOTf
COzMe 2,6-lutidine Me;SnOH
CH,Cl,, -78 °C, 15min DCE, 80 °C, 48h
OH 60% 80%
27,48% O
three operations in one pot
no solvent removal or exchange
Yamaguchi

Macrolactonization

2,4,6-Cl3PhCOCI
EtzN, THF, rt, 4h

Y

then:
slow addition into DMAP
in toluene
14h, 40 °C
96%




Synthetic Route: Synthesis of Bryostatin 3

HO-0OH
| Oy NH;
O0:Re=0 7Y
0 NH,
methylrhenium trioxide
UHP
1-methylimidazole

-
-

MeOH, rt, 24h

CICH,CO,H

-

MeOH, rt, 24h

>12:1



Synthetic Route: Synthesis of Bryostatin 3

Pd,(dba)z*CHCI3 (20 mol%)
Xantphos (60 mol%)

2,4-octadienoic anhydride CO (1 atm) .
DMAP, CH,Cly, rt, 1h DIPEA
DMF/MeOH (2:1)
22% over 3 steps 90 °C, 5h
50%
side chain carbonylative
installation esterification

1. HF (aq.)/MeCN
2. TFA/H,0/CH,CI,

60% over 2 steps

/WO

o
bryostatin 3 (0.9mg)




Summary

N —

> W

A concise total synthesis of bryostatin 3

It used 22 steps in the longest linear sequence and 31
total steps

A highly convergent synthetic plan

A highly atom-economical and chemoselective
transformations

Allowing for structure-activity-relationship (SAR)
studies.



Sharpless AD

R1

=R -
R1/\/R2 (I)/(?‘ 2 2H,0 HO/\fRz

:OS\ -
3 O e 2HO OH
5
4
2 .

Ligand 0 0s0O,(OH + L d
10 6
L
2
2 Fe(CN)g™ 2 Fe(CN)g™
8 7
AD-mix-
"HO gg (DHQD),-PHAL HO,  OH
. Rsd "R
K, 0s0, (OH), Ru A
K2C03, K3F8{CN)6
\ " Rs Rr.}_'
- L4
(DHQ),-PHAL ’ 07 <OH

AD-mix-c.

A premix of the four reagent compeonents is commercially available. The composition
containing (DHQD),-PHAL is termed AD-mix-f3; the composition containing
(DHQ),-PHAL is termed AD-mix-c.
{DHQD),-PHAL = 1,4-bis(9-0-dihydroguinidine)phthalazine; (DHQ),-PHAL
=1,4-bis{€-O-dihydroguinine)phthalazine.
R, = largest substituent; Ry, = medium-sized substituent; Rg = smallest substituent



Wittig and Stork Wittig

Mechanism of the Wittig Reaction

Step 1: attack of ylide Step 2: attack of Step 3: Reverse
carbon on carbonyl! oxygen on phosphorus [2+2] cycloaddition

05 PPhj :0: PPhy O——PPh, O=FPPh,

J2 L — L — PR —

3 3 :CHZ ; 4CH2 ; 4CH2 1

A\ ¢ y \ z>=4CH2
" 3

"betaine' oxaphosphetane"
[Note: in many cases, step 1 and step 2

happen essentially simultaneously |

* Ylides bearing electron-withdrawing groups tend to give E alkenes:

"atahilized" viie
stabilized" ylide
Y

0 / 0
o # S
H  PhsP, OCH,CH
’ §)j\ocuzcn;, — 2vs
only E
1)NaN(TMS), H H

(PhsP*CH,l) I R-G=C-1
2)RCHO



Sonogashira coupling

T™MS

L---Pd---L F
Fsc\©\/ 3C\©(l
NH NH,

2

~L ol
“CUN L
\ T}
N N s Nt
Cul Cu————TMS
H—=—TMS  Et;NHI
Et;N
the artical case
R2>_<R‘ catPdL, THF RA R’
— + XZn ————-R - —
R® X R~ =R

R = COOMe, COOEt, COPh, COCgH44-c, CH=CMeCOOEt,
CH=CHCH=CMeCOOEt, Ph, n-Hex.
R', R% R®=C, H, or Br. X = halogens or OTf.



Propargylation of Aldehydes

The proposed catalytic cycle is based on a Cu-alkoxide mediated
B/Cu exchange with the propargyl borolane 1 to generate an allenyl
Cu intermediate 3 (Scheme 1). After propargylation of an aldehyde,

Scheme 1. Proposed Mechanism for a Cu Catalyzed
Propargylation of Aldehydes with a Propargyl Borolane
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a Cu-alkoxide species would be regenerated, and a catalytic cycle
would be established. The two key operations in this catalytic cycle
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chloride 225 that is the product of inversion of configuration,'4
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Alkyne/Alkyne Coupling

- H-C=C-R H———R
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be excluded. This mechanism accounts for the overall event
of a cis addition in a Markovnikov fashion for the homo-
coupling and in a Michael fashion for the cross-coupling.



How itworks  Oxidation of primary alcohols to aldehydes
The alcohol coordinates to the chromium(VI) atom, displacing chlorine, which
then acts as a base, resulting in oxidation of the alcohol and reduction of Cr(VI)

—to Cr(lV) 0
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