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Bonding Considerations: Carbon vs Silicon

Average Bond dissociation eneregies (Kcal/mol)

C-C C-Si Si-Si C-F [|Si-F c-0 (Si0
135 86 108
C-H Si-H

Average Bond Lengths (A)

C-C C-Si Cc-0 Si-O 83 76
1.54 1.87 1.43 1.66
@ @ — @@ better than @ @ —>
o C-C
frm— o+ C-Si
// \\ //_\\\
/I \\ /// \h
T /I \\ l T /' ,/ S|'SP3
— J— — /
C-SPy /" C-SPy csm, >~ M/

\\\\ T /// o C-Si
oC-C
HaC—CHg BDE = 83 kcal/mol
Bond length = 1.534 A

H5;C-SiH; BDE ~ 76 kcal/mol
Bond length = 1.87 A

This trend is even more dramatic with pi-bonds:

nt C—C = 65 kcal/mol nt C-Si = 36 kcal/mol = Si—Si = 23 kcal/mol
o— o+
C—Si

Group IV Electronegativities (Pauling)

Carbon Silicon  Germanium Tin Lead
2.55 1.90 2.01 1.96 2.33
+2 Oxidation state becones

increasingly more stable

Hypervalent 5-Coordinate Silicon Compounds
Akiba, "Chemistry of hypervalent Compounds" Wiley-VCH, Chapters 4-5, 1999
Penta-coordinate silicates are commonly observed

© ® e ®
MeSiF, NEt, PhsSiF, NR,
Nucleophilic substitution at Silicon

_ S
RO-SiMe, RO+

F—SiMeg

© @
OSiMe; 0 K
THF

—20° 2h

K Ot-Bu Me3Si—Ot-Bu

Duhamel et al. J. Org. Chem. 1996, 61, 2232

S)
o &
THF ,
Meli ~—— ij Me;Si-Me

Stork et al. JACS. 1968, 90, 4462, 4464

OSiMe3

Sy @ Si via Si 'ate’' complex:

©
RO-SiMe; — A~ RO @+ F-SiMe; ®O
n-BusN (TBAF = n-BuyN F)
ve OR
RO S Me S \Me T’ F—SIMe
Mé, IMe @II Me 3
FO X
silicon 'ate' RO

complex
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_I@
NMe, F Inorg. Chem. 1984, 23, 1378 S
J. Am. Chem.Soc. 1987, 109, 476

J. Organomet.Chem. 1981, 221, 137. Acta Crystallogr. Sect. C 1984, 40, 476
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Carbon y[ addition Reactions The prospect of nucleophilic catalysis was investigated:

1970 DAE Objective: Develop a reagent that will transform aldehydes Znl,
into protected cyanohydrins in one step : Me3Si—-CN e OSiMes .
' o CsHi4 H reaction was
: /\/;)J\ CN- CN instaneous and
. : ! —_— quantiltative
j])\ . SR OSiR3 LINR, OSiR3 : Me H  15min
N e s S I
H Li i Principle established that normally inaccessible cyanohydrin derivatives may
G = carbanion-stabilizing FG Carbonyl Anion Equivalent now be accessed
P Meg Me TMSO, ON
R3Si—G  Candidates Carbonyl Adducts : Me 0
: OTMS Me AN Me >95% yleld
OSiR3 ! M only 1,2-addition
R3Si—CN R——cn : CN o (ON- catalysis)
' . % Yyie
H ; >95% yield only 1.5-addition TMSO” “CN
: (Znl, catalysis) (Znl, catalysis)
OSiR '
. M ' Evans et. al. Chem Commun. 1973, 55; J. Org. Chem.. 1974, 39, 914
R3Si—0OSO0,Ar R——SO0.Ar : Tetrahedron Lett 1973, 4929 (first discussion of Nu catalysis)
H E"The Silicon Advantage"
. QSR EFrom the preceding case, it is clear that AHg_g; is more exothermic than AHg
H : 0 R O-X
' +  X- —
; R)]\R X-CN R><CN |AHo si| > [AHo |
Two points to note: : - i
P . Nucleophilic Catalytic Cycle: )OJ\
. C=0 addition of @N is highly reversible. : c?tglit:\(l; R™ R
' amount
Il. Thermal C=0 addition of TMSCN is not a clean reaction:
5 OTMS
Me3Si-CN _ ' R R
OSiMe i '
. o 50 C° .. y 3 . OS|M93 : CN O@
2.5 hr o CaHo 7 : R——R
Me H CN : CN
ratio: 65:35 E

Me3Si—CN
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Explain the following observations "The Proton-Silicon Correlation”

OH

THF/H,0 B Organosilanes undergo carbonyl addition processes in direct analogy

+ OC=N with their proton counterparts but with an attendant greater exothermicity.

1-4 addition

CN M Organosilanes undergo a range of thermal rearrangements processes in
OH : direct analogy with their proton counterparts.

oy benzene e [1,5-H shift vs. [1,5]-Si shift: X
+ 1-2 addition X K o
p— = e e
__________________________________________________________________ H A. J. Ashe lll, JACS 1970. 92, 1233
0 e Siin Retro-ene processes:
SR OSiMes
Znl RS~ M SI .
R1 R2 4—2 R1)J\ RZ R1 -| R2 O O/S|M63
+ (0]
SR MesSi—SR SR %\(& — Mew)ﬁ/'\"e & Colvin, pp 37-8
Evans Me Me .
JACS 1975, 97, 3229 Me Me Me o
o JACS 1977, 99, 5009 e Structure of silylamides:
0 OTMSO o) o SRs
MeSSiWHJ\ CN or F~ ,
R)J\H | OEt — " R OEt R)J\I}I/S'Rs — R*N AG* 15-22kcal/mol
2 N ; L Si transfer is intramolecular;
2 SiRy SiR; Ground state is the imidate
Evans

Non-catalyzed processes may also occur if a proper
geometry for atom transfer can be achieved

MesSi-CEN ————— C=N—SiMe; Yoder etal., JACS1974. 96, 4283

B Organosilicon hydrides undergo transition metal catalyzed

o ™S, o——Si\Rs OTMS ?ggéﬁggyélatlon processes in direct analogy with normal hydrogenation
. O  —— T % | — L p
R™ "H  RO=R R R R R Me : M Me
OR /\ Rd OR H—S|R3 e H-H
. | ROOR | R)\/sm3 — . — R)\/H
o i R QTMS Rh(l) catalysis Rh(l) catalysis
\)J\ - o RO. /\)\ Tamio Hayashi 4 4
R RO, a \ Ro/ﬁ R . . . ‘ ) '
T™SO™ | "Hydrosilylation of C—C Bonds". T. Hayashi In Comprehensive Asymmetric Catalysis,
Evans Jacobsen, E. N.; Pfaltz, A.; and Yamamoto, H. Editors; Springer Verlag: Heidelberg, 1999; Vol
I, 319-332.

JOC 1976, 41, 3335 E

- - JACS 1978, 100, 3467
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[1,3]-Sigmatropic Rearrangements "The Brook Rearrangement(s)"

R

Yamabe, JACS 1997, 119, 808 "Metalated Allylic Ethers as Homoenolate Anion Equivalents".

Evans, D. A.; Andrews, G. C.; Buckwalter, B. JACS 1974, 96, 5560.
Si-Variant: Still & MacDonald JACS 1974, 96, 5561

R3Si R3Si E A. G. Brook Accts. Chem. Research 1974, 7, 77-84
_ A : , iR
Yy—C=X _ Y—C—X | RsSi ELNH PR P
| = | 1 \ 2 PhLC_O
R R : P C—OH  ————= /
! PH DMSO H
\évg:;g?‘i corresponding [1,3]-C and [1,3]-H shifts are thermally disallowed. 1 Et,NH T Ea ~ 8-11 keal/mol
Y=C;X=0 : O
’ M Me : Rssl:r\ 1 \\
e _ Complete retention of Si 5 — o+ PhG—0
S‘,\)J\ 1o Np\"'S'\O stereochemistry was noted. ! PR Ph/: \
NP / Ph Ph/ | Ph Y Yo
Ph /I\Ph Ea = 28 kcal/mol ' N W
: E{@ Et E(® Et
@ Ph A. G. Brook Accts. Chem. Research 1974, 7, 77-84
O + Brook has documented that retention at Silicon & inversion at Carbon occur.
Me_ \© . , .
~& Brook speculates that a hypervalent Si intermediate ' . .
" may be involved in the rearrangement. . Transformations Involving the Brook Rearrangement
Np E Moser, W. H. "The Brook Rearrangement in Tandem Bond Formation
' Strategies," Tetrahedron 2001, 57, 2065-2084
Y=C;X=C ' R3Si
1 3 |\
Me E O R El(+) (0] El
'Y'e CH, 500 °C sl‘,i Inversion of Si R)kSiRs T R)\/kR
Np“‘/Si\)J\H Phw/ J\ stereochemistry was noted. L Acylsilanes
N 1
Ph pH I H Ea = 48 kcal/mol '
2 - Li N )
! 0 [1,2] Si RsSI\O Li
H. Kwart et al., JACS 1973. 95, 8678 : R MR e O .
E RsSi R R +)
Theoretical calculations lead to the conclusion that the concerted [1,3] o)
sigmatropic rearrangement with retention of Si-configuration should O~y These reagents are useful JK/CHz(—)
represent the lower energy pathway. + [Si] Y@\ homoenolate anion equivalents R

At the present time these rearrangements are not well studied.
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Brook Equilibrium  Reich JACS 1980, 102, 1423 (see footnote 8) e Tandem Brook-Cyclopropyl divinyl Rearrangement
OSiMe
. (0] ; 3
Me;Si THE Ph SiMeg OLi
y : Phap_ o -
Ph ‘C—OLi CcC—O SiR; _— )
- / MegSit+- oLi
Ph Li I
PhS R <
Me,Si THF Ph SiMe; R cyclopropy!
\ Ha L
ppC—OLI — ~Cc—o0 [3,3] via divinyl
Hl Li/ boat TS | rearrangement
Lio._,SiRs oMW Osives
[1,2] Si
Further examples of the Brook Rearrangement | - .
PhS 0] 0 | .
¢ Tandem Brook-intramolecular Alkylation: | PhS | OLi
R
R

OTMS

B

SR, — R

L|%(CH2)4—I

Reich JACS 1980, 102, 1423

¢ Tandem Brook-Homoenolate Aldol Addition

OLi
| SiRy —_—
R OH
PhS l PhS TR
[1,2] Si P
| ©
PhS™ O 'R PhS” 07 "R

Takeda JACS 1993, 115, 9351; Synlett 1994, 178; SynLett 1997, 255

Takeda, Org. Lett, 2000, 2, 903-1905

Tetrahedron 2001, 57, 2065-2084, footnote 16

The natural product target: The key reaction

|_F|*0 OLi
- X Megsi

Me CHO Me @)

Me
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Ager, D. J. "The Peterson olefination reaction." S - ] _ ]
Org. Reactions 1990, 38, 1-224 vV Vv Use of Peterson Elimination in Stereospecific Synthesis of Alkenes from Silyl Epoxides:
key paper: Peterson, J. Org. Chem. 1968, 33, 780-784 C|N
It was Peterson's intent to find a silicon analog to the Wittig rxn. . ' H 0] R.CuLi I:AGSSI OH KH H H
. . . . ' 1, 2 1y, —_—
The reaction concept is outlined below: Si|P : /A\ H Iy —
' ME3S| b R = R Pr
. BASIC CONDITIONS (SYN elimination) : ' ' o B
o _Me3Si oM ] ' reaction Is stereospecmc
Me3Si—CH,M )k > R ' Aside: Note the regioselectivity in nucleophilic attack. Why?
R™ "R R L
Mechanism of ! -OH Eliminations
_ © WM
Me3Si—OM Me3Si—O @ RsP—O
-
R R R Me;Si ':' Pr H* H H S .
—( R R N - . >_——< Anti Elimination
R —_— _ pr OH Pr Pr
(N.B. M = K, Na commonly; Si 'ate' complex vs. oxaphosphatane
other metals form stable adducts/sluggish elimination) ) )
Mechanism via: .
Il. ACIDIC CONDITIONS (ANTI elimination) SiMes

Me;Si H
3 P 10% H,S0, R

R _—

Me;Si—OH
rt

analogy provided by Whitmore et al. JACS 1947, 69, 1551

Stereodivergent ! -OH Eliminations

H* H H
- . — Anti Elimination
Me;Si |:| . Pr Pr
. ' silicon ! -Effect (vide infra)
pr OH
KH

—_—

Pr H
>=< Syn Elimination
H Pr

Hudrlik et al. JACS 1975, 97, 1464 Colvin chapter 12, pp 141

Me;Si

e WK
H\ —_— > ——<
Antiperiplanar Pr (C%HZ Pr H Pr Pr
alignment Pr/ H
! -Si stabilization

VS.

Me3Si H Pr KH Pr H

S ~
pr OH H Pr

Syn Elimination

K
Mechanism via:
_% NS
Megsi O S|Me3\—‘o)@ Pr H
e — P X
pi H Pr Pr H  Pr
‘ate' complex
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OTMS Bunnelle-Peterson Allylsilane Synthesis

o Me3Sim o SiMes
Me Me N/ N\ )]\ ) silica gel
8 Me R — SiMe; ———— SiMey
OTMS KN(TMS), RO R R
OH
. — . 2 Messl_CHzM
OTMS (E):(2) = 13:1

M = Li — M = CeCl, THPO
Me)\)k/SiMes Ph/\)L/SIMQ3

90% 03% Me

Application to Leucasandrolide: Rychnovsky JACS, 2001, 123, 8420

' t-BuLi (E):(2) =17 Me Me

OTMS : OH OH
O (t-Bu)MeZSi/\ro O~N !
| | '
NN . —
Me ,
Bell et al. Tetrahedron 1994, 50, 6643 E
Me The seco acid
Ireland Enolate Claisen Coupled to Peterson Olefination
: Me 5.5:1 ratio
R SiM oH The Pivotal Step:
\(\/ M LinTMS), o ! Me
—_— Va -anti = 96: ' - H .
OY\OH T™MSCI CO,Me syn:anti = 96:4 : \ SiMes
i ' O
0 CH,N, SiMes ! O O BF,-OEt,
' —_—
KH BF,+OFEt, E OBn TBSO base, 78%
: OBn OTBS
COzMe ,
R~ :
NN co,Me R A~ : O CF SiMes
: TMSO TMSCHMgC! 1ys0
: CeC|3 87°/o
Sato et al. Chem. Lett 1986, 1553 : TBSO silica gel TBSO




p-Silicon Effect: the origin of regioselectivity

Fleming, Organic Reactions 1989, 37, 54.

"These figures established the 3-effect as one of the kinetically
strongest in organic chemistry": J. Lambert

Chem 206 Allyl- & Vinylsilanes: The B-Silicon Effect Nov 51 2007
References: Lambert Acc. Chem. Res. 1999, 32, 183-190 . .
Lambert, JACS 1990, 112, 8120; 1996, 118, 7867. Magnitude of the p-Silicon Effect
Fleming, Organic Reactions 1989, 37, 54. ' .
Fleming, Chem. Rev., 1997, 2063. E SiMes Me
' H Solvolysis (CF3CH,OH) H
Reactions with electrophiles: via -Silicon stabilized carbocation ' Me;C H Me;C H
, : H OCOCF4 = 2.4x10%12 H OCOCF,
(solvent nucleophile) ' ) 5
E® Nu ! 1
R.Si ~ I ) e . H
SANS  —— RSii_~LE — N\ H . H
—_— ! SiM Solvolysis (CF3CH,OH)
Note the regioselectivité o I Me;C poes Me3C yMe
in each case y_ Nu I ! OCOCE — ax10%
X - SiMes H,C SiMeg N ' 3 - H OCOCF4
E/ ' hd —. “7E ! 3 4 4
E® E '

A

Calculation: A more stable than B by 38 kcal/mol.

Jorgensen JACS 1985, 107, 1496.

both silanes --------------------------

Data provide no distinction between open and bridged intermediates

E —
AN Proof for a stepwise mechanism provided the following protodesilylation
y TP experiment:
O'Si(j%\‘\ | /I
Me3Si._~X_-SiMe,Ph SiMe,Ph
. -
Messi_2__siMe Ph/
3 2
HsSi @ H:C, @ X \
H‘)_CHZ versus H‘)—CHQ B . : @ i
H 4 MesSi__~_SiMe,Ph Me3S|\/\

yield the same
product mixture.
Hence, the
reaction proceeds
most likely via a
common
intermediate,
carbocation X



Chem 206 Allylsilanes:

The p-Silicon Effect-2

General: Allylsilanes are more nucleophilic than alkenes

—> HOMO is higher in energy due to negative hyperconjugation

’ m (M) =——= Oc_si
/ Houk, JACS 1982, 104, 7162.
\ /l+\ Tt

+ \+ i

Osi—C
Osi-C

Electrophile Addition - Stereoelectronics

VS.
Oc-si
! g T~ 'se ere

. . Vi

k\ S~ -7 ’ A1.’3:St.raln A, 3-strain
- minimized ’
. .. E®
e anti addition

observed

o trans-alkene
formed

+ Nu l - NuSiMe;

R F
HQ_(”BZ
1 "Allyl Inversion" R R
H : ,
Sg' Mechanism minor (cis)

major (trans)

The stereochemical consequences for the major product are:

3 trans-alkene:
0 anti-addition of E* with respect to SiR3

Examples:

Ph, N +-BuCl, TiCl, Ph. o FBU

Messi=T ) o ~H
H Me 2>z Me

But JACS 1982, 104, 4962.
Ph Ph
: N oo RN M

MesSi  H Protodesilylation £z
88:12!

Eschenmoser, Helv. Chim. Acta 1979, 62, 1922.

Carbonyl Addition of Allylsilanes: Open Transition States

Me3Si™ is not sufficiently Lewis acidic to activate C=0 through pre-association; however
(RO),MeSi~is Lewis acidic enough to activate C=0 through pre-association. These
allylsilanes add to RCHO through closed transition states

XM
n O R
Ry R, Ry Rz < <
L OR linal T
Antiperiplanar TS ync
perip H R o H
XM

SiMes SiMes

Calculations by Houk et al. show that the relative energy differences between the
antiperiplanar and and synclinal transition states are negligible. Both the antiperiplanar
and synclinal models predict a syn selectivity for the newly formed stereogenic centers.

OH
MesSi Me LCM,
R)]\H + SOV % CH,Cl, R X >955syn
Me
X I '
; TiCl
+ MesSi L A7 SN
Me svn Me Me
Hayashi, TL 1983, 2865. i ca. 65 35

Catalytic Enantioselective Addition of Allylic Organometallic Reagents to
Aldehydes and Ketones, Denmark and Jiping Fu, Chem. Rev. 2003, 103, 2763-2793

Nov 5™ 2007
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Allylsilanes add to aldehydes and acetals under Lewis acid promotion

O
. TiCl
MesSi__~Ph H)J\/\Me — /\H\”'C?J'H
O
Me-Si TiCly
i \|/\ ¥ HJJ\/\Me - \/\)\ n-CgH;
Ph

regioselectivity: Allyl inversion
Felkin Selectivity also holds with this class of nucleophiles

Acetals can be used as well

OCH
OCH 3
MeSSiWMe P 8 TiCly _
+ —_— n-C4H
HsCO n-C4H % 479
Me 3 4Hg (80%) Ve Me
OCHj . OCHjg
Me;Si N M Me
N H300 n'C4H9 (83%) = n'C4H9
Me Me Me
The Sakurai Reaction (Enone Conjugate Addition) j
OTiCl, Me”
0]
TiCl, Me™ =
Me CH,Cl, ® .. 75%
MonS SiMes, a Mo AP
e3 I\/\
Me3Si
Fleming, Org. Reactions 1989, 37, 127-133 179,
o
Me SiMes
EtAICI2
TCH.Clp 78%
O —

Majetich, Tetrahedron 1987, 43, 5621

Reactions Proceedilng through Silicon-Migration

[1,2]-Silyl migration is generally promoted using bulky Silanes

OT|CI4 OTiCly
0 Ticl, [1,2]-Si shift Me N
Me CH,Cl,
I Pr Si or 1° B-Si
(FPRSin 5 ST
A. l. Meyers, J. Org. Chem. 1998, 63, 5517 & Me
diastereoselection: 97:3
85% yield (i-Pr) S""'O?)
MeO,C CO.M e Qzrcl”
€Ly bVle 7ol CO,Me
| ™l MeO™ X (1218 it MeO™ COMe
CH,Cl, ®
Ar Ar SlRS
(IPr)gSis S|R3 B-Si cation
Ph(i-Pr)pSi. -~ L l _
MeOQC

diastereoselection: 96:4
68-70% yield

Can you work out the mechanism??

o]
Me o
W\COQMe MeTHJ\H BF5°OEt,
Z —
PhMe,Si 18 h

Panek, J. Org. Chem. 1993, 58, 2345

S|R3
M902C

T

Ar

COQMe

Me
PhMe,Si:..

CHO

M

diastereoselection: >30:1
93% vyield




Chem 206 Vinylsilanes: Reactions with Electrophiles Nov 5% 2007

e Vinylsilanes are less nucleophilic than allylsilanes. Why? Reason for Stereospecificity:

Retention observed regardless of which olefin n-face electrophile adds..

e Electrophilic Additions of Vinylsilanes proceed with Retention: Consider addition from bottom face:

/, [Si]
R1
R’ NIS 1 H SiMe - (
S ‘) B 3 Si H
L /\R/z R====H v -
R ©) "
H,, El
= Torquoselective R™—<H
| Bond rotation B-Si (E)
R El . carbocation
/ R M e avoidance of
. TiCl, ¥ Me eclipsing interaction RETENTION
I\Sllltlawes N o e Hine's least-motion principle

R/ X .\\SiMes [Sl]\ /H ( El ‘_.‘\|E_||
@) ) El H

CHZO
NHsiMe;  —oon— El* | RETENTION
El
Fleming, Org. Reactions 1989, 37, 54 Why not a-Si carbocations?
Carbocations a- to Si are less stabilized than those g- to Si.
SiMes o 'I' 2.5 mol% chiral Sc(lll) cat. oH H
% + H)S\/N\Ph > _BU/W Ph 1.87 A° %e
By 4 AMS, CH.Cl,, rt H
© C(+) o~ to Si M es WH Me’)Si:C; M
Me H
Hyper- ®
i - ©  conjugation
\lees o H 10 mol% chiral Sc(llly cat. ~ BY QH H C4) p-to S 154 A ug Sites
nBu._~ + HHN\Ph - > WN\Ph Messl Hocg @)
4 A MS, CH20|2, rt 4 >
o) H O I-1 H H

chiral cat. = Sc[(S, S)Norephedrinepybox](OTf)5 Evans, JACS 2006, 128, 11034

longer C-Si bond length ==> C-Si hyperconjugation in (1) is less pronounced



