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The Key Players

-Kohei Tamao was born in Kagawa, Japan in 1942

-He received his Ph.D. in 1971 from Kyoto University
under the direction of Professor Makoto Kumada

-In 1970 he became an assistant professor at Kyoto
University, where he has been ever since.

-His early work entailed Nickel-catalyzed cross couplings

-His later work has been focused on the functionalization
of the carbon-silicon bond

-In 1993, Tamao became Full Professorat the Institute
for Chemical Research, Kyoto University. He is now the
Director of the Institute.

-lan Fleming was born in Shaffordshire, England in 1935

-He studied with Dr. John Harley-Mason at Pembroke
College and earned his Ph.D. in 1962.

-In 1963, he began work with Professor R.B. Woodward
on the synthesis of vitamin B,

-In 1964 he returned to Cambridge University and
eventually became a Fellow of the Royal Society

-His interests have spanned synthesic, structural,
and mechanistic chemistry

-Since 1972, he has developed organosilicon chemistry

What is a Tamao-Fleming Process?

-There are two major classes of chemical transformations:

The first involves sp® Carbon

SiL, Oxidant, Additives OH _/Si
R R Solvent R R Alkyl
1 R2 3 ! Rz : -

* The product alcohol can be primary, secondary, or even tertiary
* The oxidants, additives, and solvent can vary considerably

* The ligands on silicon may also vary

* parts of this talk related to sp® processes will be indicated with the symbol shown above

The second involves sp? Carbon

SiL,
Ry 2

R3
R,

* Ry, Ry, and Rz are usually Carbon or Hydrogen

Oxidant, Additives R W)k
- 1
Solvent Rq

Alkenyl

Ry

* parts of this talk related to sp® processes will be indicated with the symbol shown above




Tamao Processes

-In a Tamao Oxidation, at least one Ligand on silicon must be a heteroatom or hydrogen

Common Silicon Moieties used in Starting Materials

r;lEtz
SiL, Oxidant, Additives‘ OH Ph—SIi—Ph

] > 1

OEt

R Solvent R
|
EtO—SIi—OEt

F
1

F—Si—F

| H

F 2-
|¢F

F—Si—F
4
Fl

|
Me—SIi—Me

-The Tamao Oxidations can be carried out under a variety of pH's when H,0, is the oxidant

30% HzOz, ACzo, KHF2

OH

SiL, .

Acidic Conditions: |
R DMF, r.t.

B SiL 30% H,0,, KHF,
Neutral Conditions: 7" >
R DMF, r.t. to 60°C

30% H,0, , KHCO,

Y o

Basic: 1
R MeOH / THF, 60°C

-mCPBA is also a commonly employed oxidant.

-Tamao's conditions can vary considerably

Fleming Processes

-At the beginning of a Fleming process, all of the Ligands on Silicon are carbon

TL, 1984, 25, 321-324

Si Si
| =/

Alkenyl

Silicon Moiety Used by Fleming:

siL,  Oxidant, Additives ?H

1 -
R Solvent R

Me—SIi—Me

-Fleming developed some 2-pot sequences to convert the Phenyldimethylsilyl group to an alcohol:

HBF,* Et,0 mCPBA, Et;N, Et,0 OH
> > |
Me-Si—Me ©F BFs* 2AcOH or mCPBA, KF, DMF R
1
R
-He also developed one-pot variants:
Hg(OAc), Bry / AcOOH OH
AcOOH / AcOH OH _ 1
. R . or R
Me-Si-Me Me-Si-Me  ygBr/AcOOH
R R

TL, 1987, 28, 4229-4232
JCS, Per.T.1,1995,4, 317-337



How was the Tamao Oxidation Discovered?

-Tamao was originally doing work with the halogenation of pentafluorosilicates and published the data below in
January of 1978:

Cl,, Br,, I, or NBS

Kz R/\/s":5 > R/\/Br Kz R/\/s":5 NBS R/\/Br

(R=n-Hexyl) (yields near 70%) (R=Ph) (57%)

-In March, 1978 Tamao published results where he had used mCPBA as the oxidant instead of halogens. He found
that the carbon-silicon bond could be converted to a carbon-oxygen bond.

SiF; OH
. mCPBA mCPBA
K2 H/\/SIFS R/\/OH K2 —
DMF, r.t DMF, r.t.
(82%)
(R=n-Hexyl) (54%)

-In 1983, Tamao demonstrated that alkyl trifluorosilanes are more reactive than their alkylpentafluorosilicate
counterparts in the presence of mCPBA, giving extremely exothermic reactions, but also higher yields in several

cases.

f~SiFa :;:BA R~ OH
,rt
(R=n-Hexyl) (95%, GC)
JACS, 1978, 100, 290-292
JACS, 1978, 100, 2268-2269
J.Orgmet.Chem, 1983, 254, 13-22
. . . Si
Evidence for Retention of Stereochemistry ﬂfw

-Tamao synthesized the following norbornyl silanes and silicates and subjected them to mCPBA:

mCPBA
Si — OH

H

100% exo isomer 100% exo isomer

mCPBA
H S H

Si OH

95% endo isomer 95% endo isomer

- When the starting materials above were treated with NBS or Br, , inversion of stereochmistry was
observed!

Tet, 1983, 39, 983-990



The Mechanism

-Tamao monitored the reaction below using 'H NMR spectroscopy immediately after addition of mCPBA

Ha
. mCPBA o. OH H,
R/\/SlFs —_— R/\r SiL, + R/Y
DMF, r.t u u | II l | : — II. |
e b
(R=n-Hexyl) a 385 380 375 370 365 360 355
(1 )] 3 (ppm)
-He then carried out the hydrolysis of the reaction and followed this process by 'H NMR
OH e
. mCPBA Hydrolysis /\r
SiF. > > R
e\ SiFs > > Ll
DMF, r.t Hp T ] T 1 ] I I
(R=n-Hexyl) @) 38 380 375 370 365 3.60 355
3 (ppm)

-Based on this result and the ones from the norbornyl system on the previous slide, he proposed the general
mechanism below:

|? R
L SFI" o’O\II/AIr Lnsé_o_oH
nSi— S
-0 Y T

Ar Ar

(L =F,R and/or solvent)

Tet, 1983, 39, 983-990

Hypervalent Silicon

Alkyl Alkenyl

-In many Tamao-Fleming oxidations, fluoride ion is present. This can often lead to the formation of
hypervalent silicon, which is silicon with a coordination number greater than 4.

-t is believed that the mCPBA binds to silicon atoms with a coordination number of 5 when extra fluoride is
present. Then carbon shift occurs.

Ar,
7:0
\
F o\ /H R\ 7/
I O _F 1 _F Alkyl Shift 1 _F
R=SIF —T R=SI<F _mCPBA R-SI“F —— ——» F-Si“0
F i FL F'l FL O>—Ar
charge on Si: -2 -1 -1 -1

-Tamao also saw a marked solvent effect in the following reaction. DN is the solvent donicity number, a
correlation to how well a solvent can contribute lone pairs.

solvent  yield(%) DN SiF mCPBA OH
1F3 —_—
Benzene 23 0.1 R/\/ solvent, r.t. R/\/
(R=n-Hexyl)
PhNO, 48 44
Dioxane 28 14.8 -Reported yields are GC yields
Et,0 12 19.2 . .
-When really donating solvents such as DMF were used, a high
THF 35 20.0 degree of peak broadening was seen in the '°F NMR.
DMF 95 26.6
HMPA 100 38.8

Tet, 1983, 39, 983-990




Hypervalent Silicon

-Tamao's observation of °F NMR broadening led him to propose that the following process was occuring:

R R =) R R ' © Rep]2
1 Sol Fl F 1,F -Sol Fol F P F
Siep —> Si-F =———> F-Si—F| =—= _ Si-F| =—= F-Si-F
F ‘F F éol F éol F l|= Fl|=

(1 (2 ©) 4 (5)

-Tamao claimed that the donor solvent (Sol) was promoting the formation of the reactive species (4) via
intermolecular fluoride exchange.

-Tamao also synthized phthalocyanine complexes of silicon and exposed them to mCPBA.

N 1 N
\ si” 7 mCPBA - . -
N/{ \ N ——— » No Oxidation! Only starting material is recovered.
I /
N -This result demonstrates that a hexacoorinate silicon species
is not prone to oxidation and/or that silicon may not adopt a
R, R = alkyl or aryl coordination number of 7.
Tet, 1983, 39, 983-990
J.Orgmet.chem, 1988, 341, 165-179
. - Si
Elecronegative Groups on Silicon —/
Alkyl

-Tamao eventually overcame the need to have just fluorine on the silicon substituent. He showed
that as long as at least one electronegative group or hydrogen was on the silicon, his oxidations
would work. He also discovered that in addition to mCPBA, H,0, was another competent oxidant.

30% H,0, 30% H,0, 30% H,0,
Me KHCO, Me KHCO, Me KHCO,
R-Si-H —— R—-Si-F —————— R-Si—OR'
Me MeOH/THF Me MeOH/THF Me MeOH/THF
reflux reflux reflux
30% H,0, . 30% H,0, 30% H,0,
Me KHCO, OR KHCO, Me KHCO,
R-Si-OR' ———— = R-Si-OR' —————— = R-Si—NEt, ————————>»
ORr' MeOH/THF OR' MeOH/THF e MeOH/THF
reflux reflux reflux
30% H,0, MeOH/THF
'Y' excess KHCO, 'YIe excess KHCO, 'Yle 'Yle 1. KHF;, TFAA
R-Si-Cl — "5 R-Si-Cl » R-Si-0-Si-Me ————————»
Me  MeOHTHF & then 30% H,0, Me Me  2-CFsCOOOH

-Most of these reactions require a reductive workup to remove excess oxidizing agent.

J.Orgmet.Chem, 1984, 269, C37-C39



Si

Alkenyl Silanes =/

Alkenyl

-Alkenyl silanes have different reactivity trends than alkyl silanes

-If alkenyl silanes are treated with an oxidant, a variety of different products can be obtained:

neutral or basic R/\n’ H
.

; Si  acidic, neutral, or basic 0
e 0 H/\r > R/Y
acidic 0 ' '
(1) R/\n/ “H @ R R
(o}

(1a),(2a): Si= Si(OR); acidic: 30% H,0, / Ac,0/ KHF,/ DMF @r.t.

(1b),(2b): Si= SiMe(OR), neutral: 30% H,0, / KHF, / DMF @ r.t. to 60°C

(1¢),(2c): Si= SiMe,(OR) basic: 30% H,0, / KHCO; / MeOH / THF @ 60°C

-If just two equivalents of oxidant are used on compounds of type (1b) or (1¢) under acidic conditions, then only
carboxylic acids are observed, indicating that an alkenyl carbon-silicon bond migrates prefentially to an alkyl
carbon-silicon bond.

(0]
Me YJ B
SliIOR' Oxidant S _O. _OR _Acid H Oxidant o OH
R/\/ ~OR' —_— /\/ \Si’ R/ﬁr T \0 _>R/\n/
/N 1
Me OR' (o]

Oxidant = AcOOH OH
Acid= AcOH

TL, 1984, 25, 321-324

Si

Alkenyl Silanes =/

Alkenyl

-However, if compounds of type (1) are subjected to three equivalents of mCPBA in DMF, then the
following dehomologation is observed:

/\/Si 3 equivalents of MCPBA )ol\
R >
) DMF R H
Ar
mCPBA Ly mCPBA (;/\4’7
i i 1 (o}
XS [ —— XS H — > g X Ogp,. ———> 0o
R 1st equiv R \4(\) /\@ R SiFs ond equiv H
e { s
—
Al
r R P (I) .
Ar H SiF3
F.Si ~ F3Si
040 g SPo® 0 mCPBA
> © H | —_— o ] —— H ——
3rd equiv
F3Si_

J.Orgmet.Chem, 1983, 254, 13-22



Si

Alkenyl Silanes =/

Alkenyl

-The Tamao oxidation is mechanistically different from that of epoxydesilation or nitrile oxide oxidation:

Epoxydesilation:

R 0 R H OHRl
R/\r epoxidation R/<|/ H,0D .
SiMe, SiMe, @O SiMes
SiMe; . o
H y—|_on H___ _OH tautomerize
L Pon touomenz
RTI™N m R R R R'
OH,
@
Nitrile Oxide Oxidation:
@0@ Me N
7 »0 Silatropic [3 +2] .
Y [3+2] p Cycloreversion R OSiMe,
R' —_— — — + Me—C=N
R SiMe3 R'

(R and R’ retain their relative stereochemistry)

TL, 1984, 25, 321-324
J.Orgmet.Chem, 1981, 212, C51-C53

Can all the Substituents on Silicon
be Carbon Atoms?

-Up to this point, Tamao had shown that it is necessary for at least one of the substituents on silicon to be
a heteroatom or hydrogen. Then Fleming demonstrated something new:

2-Pot Solution

@
(>

F
BF3* 2AcOH N | Oxidize OH
— > Me. —_— Me—SIi— e
—gj— i
Me SII Me Me”. Y R R
R F
(Isolate)
F—?—OAc
F
1-Pot Solution
;; OAc
Hg(OAc)z Si‘ CH,COOOH OH
- B —_
Me - Si—Me TR Me- s: AcOH '
! O R R

R
OA\Me

-It is important to note that these solutions allow all-carbon-substituted silicon to be used or carried through a
synthesis until just the right time, but do not skirt around the need for a heteroatom to be on the silicon just
prior to oxidation!

JCS, Chem.Com., 1984, 29-31
TL, 1987, 28, 4229-4232
JCS Per.T.1,1995,4, 317-337



More Silanes that can be Converted

to Hydroxyl Groups

e o e e
R-Si—Ph R—Sli—Ph R—Sli—/\ R—Sli
1 —
Me Ph Me MQJ
Fleming, 1984 Corey, 1994 Tamao, 1984 Fleming, 1993
Me Me Me
e R-8i ° R-8i ® R SI'—/S\Ph
R—SII—@ N\ =\ | i
Me Me Me Me
Stork, 1989 Roush, 1995 Landals, 1995 Van Boom, 1995
l\llle
—Gj Me R' R' SiMe.
R SII_\ I [ 1 3
Me N R—SII R—SII—SII—R' R—SII—S|Me3
/_O Me S—Ph R' R' SiMe;
MeO
Chan, 1989 Landals, 1995 Krohn, 1994 Chatgilialoglu
Ito, 1995 and Giese, 1992
JOC, 1999, 64, 8709-8714
. . Si
A Special All-Carbon Silane —/
Alkyl

-Recently a special functional group was developed that could serve as a phase tag to aid in purification.

Separate Ag. Layer

Add Aqueous Base
Add Fresh Ether

R = Remainder
of the organic
molecule

Separate Org.

Shake some more Layer

Y o

\ Other
Impurities

Impurities

TL, 1999, 40, 3403-3406



A Special All-Carbon Silane /7

Alkyl

-Once the silane has been purified using the phase-tagging procedure, a one-pot Tamao-Fleming oxidation
can be performed

30% H,0,

KF (2eq)

KHCO; (2e

3 (2eq) R—OH
MeOH/THF 50°C
R = Remainder
of the organic
molecule
-The mechanism below has been hypothesized for this reaction:
©
() S o e H,0,
Z M K~ |MeO-Si—-R R—OH
4
N “SiMe,R F e
K—F'
| A
—Z
N
JOC, 1999, 64, 8709-8714
. . Si
Hydrosilation of Alkenes —/

Alkyl

-One of the first methods devised for synthesizing alkyl silanes involved using H,PtClg (Speier's Catalyst):

cat. H,PtClg ,
R — g~ SR
HSiR;

-In the case of intermolecular hydrosilation of terminal olefins, the silicon usually ends up on the terminal carbon,
but if the hydrosilation is intramolecular, there can be regioisomers.

-Chalk and Harrod did many mechanistic studies and elucidated the following reaction pathways:

H_ _R R __H
PR e
4 L.M” H SiR,
H R' \SiR3
[H] HSiR3 /H R'/\ |
LM(I) — LM(@© — LM LM
SiR, SiR; H
\ R;Si_ _H R._ _H
I —_— \[ +L,M(0)
LnM\H R' SiR3

-These reactions often begin with a low-temperature induction period, but can suddenly become exothermic
as they enter the catalytic cycle above.

-These reactions can often be run neat and open to the atmosphere if Speier's or Wilkinson's Catalyst is used.

-Metals that have been used to catalyze hydrosilation include Pt, Rh, Pd, Co, Ir, and many others.
JACS, 1965, 87, 16-21

10



Stereocontrolled Hydrosilation of Alkenes _/

Alkyl
-There are a few examples of catalytic enantioselective hydrosilations. Here is one example by Hayashi:
HSiCl; .
[Pd] (cat) SiCl, . OO
S)-MeOMORP (cat A SiCl OMe
I (8 €a) o g™ N\ SiCls
90 : 10 PhyP.
R= n-Hexyl ( OO
(Carried on to Alcohol with 95% ee)
(S)-MeO-MOP
Acc.Chem.Res. 2000, 33, 354-362
-There are several other catalyst systems that allow for catalytic enantioselective hydrosilation
(X = S,0,NH,NMe)
CO e
0\ .:IN\Y/OIS“HS
— g — e
P—N H N" “oc
0/ ot Ph,P . | aHg
OO 2 SiMe,tBu
_Co.,
oCc” » _‘cO
co
Uses PhSiH;
Uses [PdCI(Allyl)], and HSiCl; Uses Pd and R;SiH Substrates Scope:
Substrate Scope: Styrenes Substrate Scope: Styrenes Norbonene and Styrenes
JACS, 2002, 124, 4558-4559 TL, 2001, 42, 6983-6986 Orgmet. 1999, 18, 5661-5667
. Si
Alkyne Transformations =/
Alkenyl

-Alkyne hydrosilation may be carried out with many of the same catalysts used for the hydrosilation
of olefins.

HSICl,
HthCIs (Cat)
_—

-Terminal acetylenes will hydrosilate in a syn-fashion under catalytic conditions (just like olefins do)
and give terminal vinylsilanes when Pt or Rh are used.

-One way to alter the regiochemistry of silation is to employ a tether as is seen in the example below:

_SiMe,H
o "silylformylation" O—SiMe, H [H] 0—SiMe,
R): - /N _n
— R (0] R OH

syn-hydrogenation

/a—iM\ez)\ Tamao Oxidation j)i/(t/\
- —>
R OH R

OH

Abstracts of Papers, 222nd ACS Meeting, Chicago, 2001, ORGN-089



Alkyne Transformations =/

Alkenyl

-The tethering strategy is not limited to silylformylation alone, however:

H,PtClg° 6H,0 Me
Me—\ L» — o Denmark, S. E. and W. T. Pan
OSi(iPr),H CH,Cl, Si” Org. Lett., 2001, 3, 61-64
(iPr),
Ry
. j— (o) OH
0SiMe,H Me,Si—0 <
A\ T H,PtClg : Tamao : Marshall, J. A. and M. M. Yanik
R > z R > R
3 THFE 3 3 Org. Lett.,, 2000, 2, 2173-2175
R, Ry R, R, R,

-Although these examples give exo ring closures and syn hydrosilation, there is at least one example that
affords endo ring closure with anti hydrosilation:

OH R 1. (HMe,Si),NH, 50°C si R
// 2. 1mol% [Cp*Ru(MeCN);]PFg (o) | Trost, B. M. and Z. T. Ball
R - JACS, 2003, 125, 30-31
n

-This method by Trost is very general and shows good functional group tolerance.

Alkyne Transformations =/

Alkenyl

-Although most catalytic hydrosilations of alkynes occur in the syn sense, certain Lewis Acids
will afford anti hydrosilation products that are competent starting materials forTamao-Fleming
oxidations:

HSIR, ] HSIiR; Yield (%)
0.2eq EtAICI, R SiR3

R———H —> — Ph3SiH 40
Toluene, 0°C H H Ph,MeSiH 45

R = n-decyl Under Argon PhMe,SiH 60

-lt is also possible to carry out trans carbosilations of alkynes:

R'-SiR, R'-SiR, Yield (%)
_ 50mol% HfCl, SiR,
=—H "ty — Allyl-SiMe,Ph 75
o Allyl-SiMePh 51
CH,Cl, , 0°C R . y 2

Bull.Chem.Soc.Jpn., 2000, 73, 1071-1087

12



Electrophilic Silicon —/

Alkyl

-In a recent review by Fleming an example was shown where electrophilic silicon was brought in
and converted to a hydroxyl group by means of a Tamao-Fleming process:

-The intermediate (4) was carried on in the synthesis of phorbol analogs

Chem.Rev., 1997, 97, 2063-2192

Nucleophilic Silicon —/

Alkyl
-There are many types of silyl anions that can be utilized in synthesis.

-The most typical method used to generate arylsilyl anions involves treatment of the silyl choride with
Lithium metal. The processes below are all involved in the generation of the free anion:

PhR,SICI + 2L° ———— PhR,SiLi + Licl
PhR,SiLi + PhR,SiCl ——— PhR;Si—SiR,Ph  + Licl
PhR,Si—SiR,Ph + 2Li° —————» 2 PhR,SILi

-Alkylsilyl anions may be prepared by adding alkylmetals to the appropriate disilane. Adding Lithium metal
alone will not work because the Si-Si 6* orbital is too high to accept electrons from Lithium.

Me;Si—SiMe; + MeLi ——  MesSiLi + SiMe,

-Silyl Cuprates and Grignards are prepared from the silyl lithiums as shown below:
R3SiLi + CuCN —>» R;SiCu(CN)Li

RsSiLi + MgBr, —» R3SiMgBr  + LiBr

-Another popular class of silyl anions are derived from aminosilanes:

i°, THF, 0°C

(Et,N)PhRSICI = (Et,N)PhRSILI  + LiCl

Adv.Orgmet.Chem., 1995, 38, 1-58

13



Alkyl

Nucleophilic Silicon

-Silyl Anions can be thought of as masked hydroxyl groups as demonstrated below

= P
Si Cu(CN)L|2

1. BF; 2AcOH
2. H,0,, NaHCO;, KF o)

L
Y o

° o)
H 81". |
g\j
o
\

C

Qe

Rz
One
X

1. nBuLi
Ith

On.
N X
wm

|PhZCu

Om
o

NI'%."

-Note that in the first case, the silyl cuprate adds syn to the original leaving group position, but in the second

case, it adds anti.
Chem.Rev., 1997, 97, 2063-2192

Alkyl

Nucleophilic Silicon

-Silyl Anions can also be added to o,-unsaturated epoxides

N OH OH
o ‘_,SiPhy(NEt,) ‘__,OH
(Et,N)Ph,SiLi ©’ H,0,, KF, KHCO, ©’
—» —>
OH OH
o R B
(Et;N)Ph,SiCu(CN)Li H,0,, KF, KHCO;
- ——
SiPh,(NEty) OH
-Silyl Cuprates can add into o,f-unsaturated carbonyl compounds
SiMe,Ph
(o) (o}
(PhMe,Si)Cu(CN)(Me)Li
> OMe

Chem.Rev., 1997, 97, 2063-2192
Adv.Orgmet.Chem., 1995, 38, 1-58



Fleming's "Aldol" Chemistry _/

Alkyl

-Fleming developed the following chemistry with six-membered rings:

(PhMe;Si),Culi 1. "'BF4
Ph “ugiMe ,Ph 2. mCPBA, Et3N Ph ““oH
H, Pd/C 1. BF; 2AcOH
— >
Ph SiMe,Ph Ph SiMe,Ph 2 MCPBA, KF,DMF  p, OH

-He also developed similar chemistry with acyclic systems:

R R (1) :

o SiMez%h SiMezlah
1. (PhMe,Si),CulLi Ph H 92: 8
~A (PhifezSh.Cult _ * Ph  Me 98 : 2
R R 2 Mel R ; R' R R' Ph  Ph  only(1)
H Ph OMe 97 : 3
Me Me Me OEt 99 : 1
™) (@) n-Hex Me >95: 5
JCS.Chem.Com., 1984, 29-31
JCS.Chem.Com., 1984, 28-29
. . . Si
Tamao-Fleming Oxidations Used to =/

Alkenyl

Prepare Carbonyl Compounds

-The epoxydesilation methodology mentioned earlier allows for the preparation of acyclic ketones from
vinyl silanes, but cannot be used to generate cyclic ketones due to stereoelectronic reasons:

Acyclic Mechanism:

o _ H OH_
R/ﬁ/R' epoxidation R/ﬂ/n H,0®D R
—_— —_— —_—
R .
SiMe, SiMe, @Ot SiMe;
{’ :on
iMe.
A~ 3 ; o)
H H___ _OH tautomerize
OH R> <R' N ,
R - R R
@® OH,
The Cyclic Case:
: o OH
MSlMea epoxidation kl?\s"\nes H;0D
—_—
— Siges —> N.R.
OH
@ BH, 2

HOMO and LUMO cannot overlap

TL, 1984, 25, 321-324



Si

Tamao-Fleming Oxidations Used to =/

Alkenyl
Prepare Carbonyl Compounds
-The Tamao-Fleming oxidation, however, gives access to cyclic ketone from cyclic vinyl silanes
because it goes through a different reaction pathway:
SiL, Oc o 0
mCPBA SiL
= Oy — O = O
-An Intramolecular Hydrosilation of an Alkyne and Tamao Oxidation were used in the total synthesis
of the Protein Phosphatase Inhibitor Tautomycin:
HMe,Si Me, Me Me, M
(o) H Me,Si—O H
AN R H,PtClg
8 e .

THF, 60°C

H,0,, KF, KHCO; Tautomycin

MeOH

JOC, 2001, 66, 1373-1379

Stereoselective Reactions —/

Alkyl

-Fleming speculated that acyclic conjugate addition intermediates had a prefered conformation that
could be used to explain why the formation of certain diastereomers was favored:

PhMe,Si @ o

o9 (PhMe,Si)CuLi PhMe,Si H O
NN —_— R3 _— ’
Ry Rs R H R7 XX R;
2 N
Ry Ks R;
Ry
Examples:
. 1):(2
SiMe,Ph SiMe,Ph SiMe,Ph Ry Rs (1):(2)
20 el o o) Ph  OMe  97:3
_ —_— . Ph Me 98:2
R4 R3 Ry Y R; R; R, Ph H 92:8
H Ph NMe, 97:3
Me Me Me  Me 91:9
(1 (2 iPr Me 85:15
(Enolates drawn could be either E or Z)
. R R 1):(2
SIMezPh SiMezph SiMezPh 1 3 ( ) ( )
o} 0 Ph OMe 15:85
> M» + Ph Me 30:70
Ry R3 R; Y R; R; Ry Ph H 11:89
M £ 0 Ph NMe, 18:82
€ Me e Me  Me 13:87
m @ iPr  Me 4:96

JCS, Chem.Com., 1985, 318-321
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Stereoselective Reactions -
y
-Chiral Auxilliaries have been developed where there is an optically active group attached to

the silicon atom. The auxilliary can be used in a diastereoselective reaction and removed via
Tamao Oxidation:

Ph 1. nBuLi . Ph
MeSi NJ\( 2. MgBr, MeSit-N B cul, THF, rt.

1 Ty -
Me OMe >
J Me OMe /, /\/\J\ 2 6N HCI (chiral source recovered)
= MgBr

I\Ille
-<S|-O>~n 90% H,0,, KHF,, DMF /\/\/c"i/\
- A
* X 60% ee

-Using isotopic quenching, the authors found that the metalated species below is in a dynamic
equilibrium in which the auxiliary pushes the metal/anion to a particular diastereoface preferentially.

OH
Ph Ph
MeSiT!! — M NJ\( 2 Ko /\/\/k
eSi ,J\r ) 2.H,0® 'H
Me OMe /, Me OMe /, [ ———— D
o ("' MgBr 3.Tamao g9, ee (quenched at -78°C)

MgBr H 19% ee (quenched at 0°C)

TL, 1984, 25, 1913-1916

. Si
Polyol Synthesis —/
Alkyl
-Woerpel has used functionalized silyl anions in the synthesis of anti- 1,3 diols:
1. Ph,Si(NEt,)CI, Li° SiPh.F
2. Me,Zn (5mol%) SiPh,F 1. LDA, DMPU 2
\r\ 3. Me,CuLi-LiCN CO,Et 2. Mel CO,Et LiBH,, MeOH
® —_— H —_—
CO.Et 4. BF,-OEt, Me
dr =90:10
Ph,Si—O Ph,Si—O
ASiM% g N 30% H,0,, KF, OH (:)H
H Et BF; OEt,, CH,Cl, H "X KHCO, - N
_— A —_— > :
Me Ve MeOH/THF 1:1 e
(mixture of anomers) dr=91:9

Org.Let., 2003, 5, 4325-4327

-Hara, Moralee, and Ojima have use intramolecular silylformylation/ diastereoselective hydrogenation
to synthesize syn-1,3 diols:

OSiMe,H 0——SiMe,0 0—SiMe,OH
~~ I[Rh],CO [H]
—_— = —_— X
R Z R X H R
—Si OH OH OH
syn-hydrogenation o SiMe, OH Tamao
o R R

Abstracts of Papers, 222nd ACS Meeting, Chicago, 2001, ORGN-089
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Polyol Synthesis i

-The [3 + 2] cycloaddition of nitrones to olefins is yet another powerful tool used to generate
complex polyols as demonstrated by Ishikawa:

e _ Ph,
1
OH o>\ SI\/
A~ 1. DIBAL 00
2 “SiPh,CI 2 BnNHOH
COX —0mm0m78M . cox
Y4
OH NH,
H] Jo
. OH
OH
z
-Many types of amino polyols are accessible via this methodology
OH NH, OH NH, OH NH, OH OH NH, OH  OH NH, OH
Me A Ph
OH OH OH OH OH OH OR OH R OH
NH, OH OH NH, OH OH NH, OH OH NH, OH
B H R' : : R' : R’
OH OH OH R OH R OH OH

JACS, 2000, 122, 7633-7637

Polyol Synthesis il

-It is also possible to tether silyl groups that can participate in C-H insertion reactions as Marsden

has demonstrated:

OH 1. EtO,CHN,, R,Si(OTf), o
""" 2, iPr,NEt, Et,0, -78°C " giR, Rhy(Octanoate),
> —_—
Benzene, reflux

e
Im
o™
o
N
m
-

3. Add alcohol, iPr,NEt CO,Et

H,0,, KF,
DIBAL KHCO,
—— —_—
CH,Cl,, -78°C DMF, 80°C

-Proposed model for observed diastereoselection in the insertion step:

L 0
| L SSiHR, R23| 0
L CO,Et EtO,C Fl / ' The olefinic side product (2) above arises from a
vs. Peterson elimination process
H'
R=iPr
Me
Disfavored TL, 1998, 39, 5109-5112

Favored



Polyol Synthesis .

Alkyl
-Tamao has also done diastereoselective desymmetrizations of meso-allylic alcohols

1. (HMe,Si),NH
)\(K 2. H,PtClg 6H,0 i H,0,, NaHCO; )\/\
—»

OH MeOH/THF, 60°C :
O—SiMe, OH OH
(1) 2

L

-The diastereoselection observed can be explained by an A, , strain argument

Minimize A
M-e\-Me— CH, 2

M Me

Hydrosilation

OSiMe,yH OSiMe,H
1
e, O
H H
Me_ H H,0,, NaHCO,4 Me (Deconvolute) H
Me - Me - . .
(o) MeOH/THF, 60°C OH (:) H OH
z OH 3)
CH, (2 SiMe, CH,
JACS, 1986, 108, 6090-6093
. Si
Tetrahydrofuran Synthesis -
y
-Allylic Silanes can be added to a-siloxy aldehydes in a formal [3 + 2] sense, to give tetrahydrofurans
when a Lewis Acid is present:
[o) SiMePh,

Rue
’/\ SlMeth M
Rssio/Hl/ /\/

SiMePhy ———» I~y —_— HO
0 " SiMePh,
\LA R O

Sl R3 (2)

\

I
Ou..

ratio of (1) to (2): 2.2to 1
(separated by prep HPLC)

-This methodology, when combined with the Tamao-Fleming Oxidation allowed for the total synthesis of both
(+)-Epimuscarine and (-)-Allomuscarine
HO,

TBAF HO, HO,,
H,0, —_—
w, ~SiMePh, —— 3 -, ~OH —_— ... _NMe
He” N0 kHco, €™ Y07 7 HyC” o T
1) (83%)

(-)-Allomuscarine
HO,

TBAF HO HO
H,0, ®
SiMePh, ————» OH ——>=, NMe,
HC™ ~o KHco, HC™ 'O HC” Yo
(2) (88%)

(+)-Epimuscarine
JACS, 2002, 124, 3608-3613
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Tetrahydrofuran Synthesis —/

Alkyl

-If the a-substituent on the aldehyde is protected with a functional group that cannot migrate,
the [3 + 2] cycloaddition may go through an alternative pathway that is endo instead of exo:

PMBO OQ R
PMBO SiR /\_7/
\j Sifs PMBO\/\)/ ’ :

SiR,

-This alternative methodology was applied in progress toward the total synthesis of Oocydin A

(also called Haterumalide NA):
~0+
oTBS oTBS cl O A

: OL _~_ _OTBS Tamao-Woerpel
/Y\/OTBS [3+2]l PMBO/\J/\/ >

SiMe,Ph s Chloroallylation,
. 'SiMe,Ph Other steps... =
PMBO (o}
OH
H RCM/RRCM cl Oy A Me
............. P .
""""""" > Oocydin A
(Haterumalide NA)
Me o
Abstracts of Papers, 226th ACS Meeting, New York, 2003, ORGN-670
- - - Si
Nitrone Cycloadditions -
y

-The following series of transformations, including a Tamao oxidation was used in the total
synthesis of Epiaustraline

(this phenyl ring is behind

the vinyl ether olefin) \ -H o) H Ph
[4 +2] A Y 0\%0 £ 0., [3+2]
hi lies B O - |"H
(this group lies B) \\N’ - endo
Ckl (Pri)Si o \
/\/\SI (this group lies a) (this part of the molecule lies B)
(iPr),

: HIlH
HIH HIlH
(Pri),Si—0O (Pri),Si o
Ph
H,0,/ KHCO4 Steps HOw
—»

THF / H,0, 55°C : 4
o H ©H

(+)-1-Epiaustraline

JOC, 2001, 66, 4276-4284
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8-Deprenyl Garsubellin A

o o
. steps
Silyl Anion MesSi_ . —_—
- i —

i
o
s
o
v
o
s
o

mcPBA A Y Y A T T -eee-e- »
™mAF 7L | | N rcu . »
, EEEEY = |
o. o HO BH
\n/ (minor product)
(0}
major : minor 0 /0 /O

1 : 3 HO
\([)( (major product) 8-Deprenyl Garsubellin A
TL, 2002, 43, 3621-3624
) Si
8-Deprenyl Garsubellin A -
y

-The major problem was overoxidation promoted by the mCPBA after the g-elimination under the
basic conditions with the TBAF. The authors decided to avoid f-elimination entirely!

0
Pha(Et,N)SiLi, CuCN (3:1) mCPBA, KF
> Phy(NEty)Sim —_ .
THF DMF
o__0o
Y ow
)

)

1. DBU, CH,Cl, OWO

2. LiOH (aq) / THF
_———

HO

Y e e @ (®)

-The intermediate (5) was successfully carried on to 8-Deprenyl Garsubellin A.

TL, 2002, 43, 3621-3624
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(+)-Pramanicin Alkyl

0 0
Y — /<l/\)j\ ( NBOC
+ Silyl Anlon\/

(+)-Pramanicin HO

‘|u

—OTBS

-The authors envisioned that a silyl anion could be brought in and later converted to a hydroxyl group.

-They began with a model system:

o} OAc

2 (PhMe,Si)ZnEt,Li phe 2
€,01)ZNELLI
> = + \} Ratio of (1):(2)
| NBOC  then AcCl, HMPA NBOC NBOC ;
L PhMe,Si B PhMe,Si 3
—OTBS —OTBS —OTBS
1) (2
-Then they tried the real thing...
(0}
1. (PhMe,Si)ZnEt,Li
| NBOC 2 HmPA
/ 3 >
—OTBS R cl
(R= n-Nonyl)
JOC, 1999, 64, 6005-6018
o . Si
(+)-Pramanicin —/
Alkyl
-The authors decided to bring in the epoxy piece in a different oxidation state:
1. (PhMe,Si)ZnEt,Li o OH 0
= H
| NBOC 2 HmPA R o~
/ 3. o 0 NBOC
—oTBS RWI\H PhMe,Si 4
—OTBS

(R= n-Nonyl)

-Seeing that this worked well, they elaborated the product further:

OH
0 H [0} steps
R S s
NBOC -
PhMe,Si 1
—OTBS

-And they got very, very close to finishing the synthesis, but...

Hg(OAc),

AcOOH
_ "Multiple Degradation Products"

JOC, 1999, 64, 6005-6018
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(+)-Pramanicin —/

Alkyl

-Because they were able to get so close to the end of the synthesis, they thought that maybe another
type of silane might give a more favorable outcome:

o] 0
1. (Me;Si)SiMe,Li, Et,Zn
| NBOC - . NBOC
THF, HMPA Me3s'\si

*_oTBS Me; = _orBs

-The Silyl Anion addition went well, so they moved on with more success:

(o}
1. (Me3Si)SiMe,Li, Et,Zn
| NBOC =
/ THF, HMIPA
“—oTBS W
R H
(R= n-Nonyl)
-But yet again they were unable to pull off the last step. This time the C-Si bond would just not oxidize!
o ? oHO
R J Many Kinds of Tamao-Fleming Conditions
NBOC > "Bitter Disappointment"
Me:;si\
Me; = _ortBs
JOC, 1999, 64, 6005-6018
.. Si
(+)-Pramanicin —/
Alkyl
-Where many chemists would have surrendered, the authors continued their assault:
o 0
1. (Et,N)Ph,SiLi, Et,Zn
| NBOC >
2. EtOH, NH,CI NBOC
B (EtO)Ph,Si
—OTBS *—oTBS
-And yet again they met with early successes:
o 1. (Et,N)Ph,SiLi, Et,Zn
(EtaN)Ph, 2 - OH o o o} OHO
teps R
| NBOC 2 0 R s
_ K?/\)J\ NBOC > o NBOC
B R H .
—oTBS _ (EtO)Ph,Si (EtO)Ph,Si t
(R= n-Nonyl) % _OTBS “—oTBS
3. EtOH, NH,4CI
-Could they pull off the last step?
0 (0}
HO 1. KHF, , nCPBA

DMF, 0°C to 25°C

2. Si0, , 0.1mmHg, 40°C
3. H,SiFg

NBOC

*—oTBS

JOC, 1999, 64, 6005-6018
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Si

Alkyne Transformations =/

Alkenyl

-Trost's best hypothesis about the mechanism of this hydrosilation is that the Ru-Si bond
is adding across BOTH n-systems of the alkyne:

H—[Ru] H
TZMe [Ru] ——NMe + X Me X Me
e — Me, —_— E— )
0—SiMe,H 0-Si {Ru] SiMe, o,SlMez
() @ " @ @

()

©)]

JACS, 2003, 125, 30-31

s s Si
Nucleophilic Silicon —/
Alkyl
-The stereoselection shown on the previous slide can be explained as follows:
o Aghr H Ph_ _H
Ph)j\o Ph — Me K H Minimize A4 5 H K OBz
S == _——
>
F H H
OBz Me
-The Silane approaches the least hindered face
o)
' «—RL
Ph o - H
SiR;
Ru “ — X Ph

Chem.Rev., 1997, 97, 2063-2192
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Nucleophilic Silicon —/

Alkyl

-In the case of the carbamate, the reaction sets up in a similar way:

A{hr H Ph H
Bn\’;l.)J\o Ph — Me \( H  Minimize A5 H OCONHBnN
. == —_—
H w H H
OCONHBn Me

-The Cuprate, however, is now directed to the opposite face of the olefin.

o)

Bn
A /
N .
(e | oo,
o © SiR, = e

\“‘\\

-In both the benzoate and carbamate cases, trans-disubstituted olefins are less stereospecific.

Chem.Rev., 1997, 97, 2063-2192

The Peterson Olefination —/

Alkyl
-Under Basic Conditions, the following reaction pathway occurs:

"

R'

.. SR i HR SiR
S R" Base N Rotate X ~00’ _ 1b
a > — = (i
H 0©
OH Heo
(1a) R
SiR;p 00 R3Si [e]S)
" H"'n ‘\‘\\R“ H R
H R' "H R @ H
(1b) ()]
-Under Acidic Conditions, a different mechanism is involved:
SiR T i
RIS 1R3 H SiR H SiR
N R" Acid °*  Rotate l 3
R' —_ @ = (1c)
H/ OH, Hzo/ R"
R' R'
R3Si Nuc
H'I,'I \\\\\H H H

Il
X




Look Familiar?

Si
Alkyl
-Someone we know once called the reaction below "A Classic":

Hg(OAc),

AcOOH
R—SiMe,Ph — 3

R—OH
AcOH
-He might have been a little biased, though :)
Me
1. Hg(OAc),
AcOOH

—_—

AcOH

2. Ac,0, Et;N, DMAP

3. DBU, CH,Cl,

(90% overall yield)

NIC-1-Lactone

Stoltz, B. M.; Kano, T.; Corey, E. J. JACS, 2000, 722, 9044-9045.
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