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FOREWORD

The ASI workshop on "Selectivities in Lewis Acid Promoted Reactions” held in
the Emmantina-Hotel in Athens-Glyfada, Greece, October 2-7, 1988 was held
to bring some light into the darkness of Lewis acid induced processes.

As such the workshop reflects some current trends in organic synthesis, where
Lewis acids are becoming a powerful tool in many different modern reactions,
e.g. Diels-Alder reactions, Ene reactions, Sakurai reactions, and in general
silicon and tin chemistry.

The objective of this meeting was to bring together most of the world experts in
the field to discuss the major reactions promoted by Lewis acids.

Organic synthesis will play a major role in this book connected with some
fundamental mechanistic work on allylsilane and -tin chemistry. Both natural
product synthesis and unnatural molecules are presented in the chapters.

The book presents all the 15 invited lectures and the contributions of 15 posters.
I am confident that the material presented in this book will stimulate the
chemistry, which has been discussed on our meeting, around the world.

The meeting and the book were only possible through a grant of the NATO
Scientific Affairs Devision and financial support by the following companies:

Kali Chemie (Hannover, W-Germany), E. Merck (Darmstadt, W-Germany),
Sandoz (Basel, Switzerland), Schering (Berlin, W-Germany).

I grateful acknowledge the help of the Organizing Committee Dr. Jirgen
Graefe and Prof. Horst Kunz. In addition, many thanks are due to the graduate
students of my group in Hannover, especially to Dr. Christos Allagiannis, who
has done an excellent job in organizing most of the things on his home ground in
Athens to make this meeting a success.

Dieter Schinzer
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CONTROL OF ELECTROPHILICITY IN ALIPHATIC FRIEDEL CRAFTS REACTIONS

Herbert Mayr

Institut filir Chemie der Medizinischen Universitdt zu
Liibeck, Ratzeburger Allee 160, D-2400 Liibeck 1,
Federal Republic of Germany

ABSTRACT. Lewis acid promoted additions of alkyl halldes, acetals
and related compounds to aliphatic 7 systems (e.g. R-X + C-C-——» P=X)
represent a straightforward method for the formation <)f cc- bonds,
if the consecutive addition of the 1:1 adduct to another alkene molecule
can be inhibited. This article describes how the relative electrophili-
cities of reactants RX and products PX may be controlled by nature and
quantity of the Lewis acid. Model studies on electrophilic additions of
diarylmethyl chlorides to alkenes reveal that a catalytic amount of a
(weak) Lewis acid has to be used if the reactant RX ionizes to a greater
extent than PX, whereas an equimolar amount of a strong Lewis acid is
needed if PX ionizes more readily than RX. Examples demonstrating the
application range and limitations of these rules are presented.

1. CHEMOSELECTIVITY IN AROMATIC AND ALIPHATIC FRIEDEL CRAFTS REACTIONS

1.1. Reaction Control by Relative Nucleophilicities of Reactants and
Products

The problem of reactivity control in aromatic Friedel Crafts reactions
is treated in almost any undergraduate textbook. It is well known that
Lewis acid promoted reactions of acyl chlorides with arenes yield
monoacylation products predominantly, since the complex 1 is less

RS,
arer, 0
@ R—C-C1 RC1 @ Higher alkylated
AlCl, [AICL,] products
1 3
~ ALl
R +\T/N\/ -
e e T
[ZnCl1,3 C1 C1 c1
4 5 6

Figure 1. Chemoselectivity Control in Reactions with Nucleophilic Products.
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nucleophilic than the nonacylated precursor 2. On the other hand,
Friedel Crafts alkylations of arenes usually give rise to the formation
of polyalkylated compounds, since 3 is more nucleophilic than 2. The ratio-
nalization of these results on the basis of the relative nucleophilicities
of reactants and products appears straightforward to us, as we are
familiar with the electronic effects of different substituents on
aromatic rings.

A related selectivity problem arises in addition reactions of
unsaturated alkyl derivatives. The example shown on the bottom of
Figure 1 illustrates that the 1:1 product 6 can only be generated in
reasonable yield, if the nucleophilicity of 5 is higher than that
of 4 and 6.! An estimate for the relative nucleophilicities of olefinic
m systems in such reactions can be derived from the recently determined
reactivity ratios of alkenes and alkynes towards arylcarbenium ions.?
An additional selectivity problem encountered in the reaction of 4 with
5 - compound 6 does not only incorporate a nucleophilic but also an
electrophilic center - will be discussed in the next section.

1.2. Reaction Control by Relative Electrophilicities of Reactants
and Products

In aliphatic Friedel Crafts reactions of type (1), we generally face
the situation that one of the reactants as well as the product possesses
electrophilic properties. As in the reactions discussed before - and in
any other reaction - only those products can accumulate in the reaction
mixture, which are less reactive than the starting materials. Now, it
is the relative electrophilicity of R-X and R-C-=C=X, which controls the
course of the reaction. If bifunctional electrophiles are produced
(eq.2), the reactivities at both positions of the 1:1 product have to
be compared with the reactivity of the reactant R-CHX,. The competition
situation encountered in both reactions 1 and 2 is illustrated on the
bottom of Figure 2: The reactant, which may be predominantly covalent
(RX) or ionic (R*), and the product (PX or P*) compete for the w nucleo-
phile, and since we intend to produce the 1:1 products PX/P*, we have
to search for conditions under which RX/R* is more reactive than PX/P*.

N7 XL | |
R—X + C=C ——s R—C-C—X &8
/A [
H
I N UL 1l
R—C—X + 0= —" + R—C—C—C—X )
| /A bl
X
R-X + nNX, P-X + MX,
N/ N/
+ C=C + C=C
”’ / \ T l / \ Higher
Adduc ts
R* MXpey p* ﬂxr.m,

Figure 2. Chemoselectivity Control in Reactions with Electrophilic Products.
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2. MODEL STUDIES ON THE CONTROL OF RELATIVE ELECTROPHILICITIES OF
ALKYLATING AGENTS BY LEWIS ACIDS

Lewis acid initiated reactions of diarylmethyl chlorides with alkenes
are suited for model studies, since many of these reactions give 1:1
adducts in quantitative yield. Kinetic® as well as thermochemical®
investigations of these reactions have been reported. Competition
experiments (Figure 3) have now been used to determine the influence of
Lewis acids on the relative electrophilicities of diarylmethyl deri-
vatives.® When a small amount of an alkene is added to a mixture of two
diarylmethyl chlorides in presence of BCl,, the relative reactivity of
the two competitors can be derived from the ratio of the two 1:1 products.

s
Ar,CHC1 ﬂr‘zCH—CHg—(I:—Cl
C3H,
’ ?H:’
ArgCHC1 RrLCH—CHE—?—Cl
CJ“?
74 J—e
kre1=7.2
6 {calc.: 7.1)
d k= TN Jk 7
. o1/ e0}
L-
krel K:B KiD
3 OCH, OCH,y
2.
1
kre[ = 018
<> " (calc.: 0.18) y
0 1 2 5

(BCly] /£ [RCl) —

Figure 3. Relative Reactivity of two Diarylmethyl Chlorides towards
2-Methyl-1-pentene in CH,Cl, at -70°C as a Function of the Lewis Acid
Concentration.?®

Figure 3 shows that in presence of excess BCl;, the methoxy sub-
stituted compound is 7.2 times more reactive than the methoxy methyl
substituted benzhydryl derivative. Under these conditions, both compounds
are fully ionized, and we observe the higher reactivity of the less
substituted carbenium ion. When the concentration of BCl, is reduced,
the reactivity ratio is reversed, and when only catalytic amounts of
BCl, are present, the reactivity ratio becomes 0.18. Now, a low concen-
tration of the less stabilized carbenium ion (CH,0-substituted) competes
with a high concentration of the better stabilized carbenium ion (CH,O,
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CH,-substituted), and as shown by Figure 3 (left), the product ratio
reflects the relative concentrations of the carbenium ions, not their
intrinsic addition rates.

""""""""" r06* =2 .7kJsmol

aGY=43.6kd/mo1®
ABY=47 . 1kJ/mo1P

a) Ref. 4

b) From measurements
Y S SSUUURUUUUOTRTIIITS at various temperatu-
VA o a res; k,/k, (directly
‘@G =6.2kJs/mol determined at 203
ANTolCHY Y A bV K) = 7,07; Ref. 3a.

Figure 4. Energy Profiles for the Additions of p-Methoxy and of p-Me-
thoxy-p'-methyl-benzhydryl Chloride towards 2-Methyl-1-pentene (~70°C).

A quantitative description of this behavior is given in Figure 4.
Whereas the competition constant observed in presence of excess BCl,
can be derived from the known addition rate constants of the two carbenium
ions (AAG* = AG,* - AG,*), a Curtin Hammett situation is encountered in
presence of catalytic amounts of Lewis acid. Now, the ratio of the two
individual rate constants has to be multiplied with the equilibrium
constant for the ionization (AAG* = AG,* - AG,* + AAG®).

FA
kee|=5400
3 5 equiv. BCl,
21
lgkret K T k T
: é@é@ €~=°%>
Y OCH,
0 OCH;0Ph  OCHyCHy,  OCH3H oPhH
-1
02 EqUiV. BCl_-,
_ k rel= 0.016

AAG°lionization) —=—
Figure 5. Relative Reactivities of para-Substituted Diarylmethyl Chlorides
towards 2-Methyl-t1-pentene in Presence of Catalytic Amounts of Lewis
Acid (bottom) and under Conditions of Complete Ionization (top)
(CH,C1,/-70°C).*
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This example illustrates that the relative electrophilicities of
two alkylating agents can be influenced by varying the amount of Lewis
acid. Figure 5 shows that the reactivity differences become quite
remarkable, when the difference of stabilization of the carbenium ions
increases. The phenoxy substituted benzhydryl compound, for example,
is 5400 times more reactive than the dimethoxy substituted compound,
when an excess of BCl, is used, whereas a reactivity ratio of 0.016 is
observed with catalytic amounts of BCl,.

Of course, the relative reactivities do not only depend on the
quantity but also on the nature of the Lewis acid. Figure 6 shows that
different selectivity graphs are obtained for different ionizing media.
The abscissa of Figure 6, which represents the ionization free enthalpy
of diarylmethyl chlorides with BCl,," can simply be viewed as a carbenium
ion stability scale® with the highly stabilized carbenium ions on the
left and the less stabilized ions on the right. The left part of the
BCl, graph corresponds to the upper line in Figure 5: The reactivity
increases, when we go from the highly stabilized dimethoxy substituted
carbenium ion to the less stabilized dimethyl substituted ion. Though
the reactivity of the diarylcarbenium ions will further increase when
the p-methyl substituents are replaced by hydrogen or chlorine, the
gross reactivity of the system is decreasing. The reason is that the
compounds with weaker donors are not fully ionized so that only low
concentrations of carbenium ions are present.
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Figure 6. Relative Reactivities of Diarylmethyl Chlorides in Presence
of an Excess of Lewis Acid.’
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The dimethoxy substituted benzhydryl chloride is also fully ionized
in a SnCl1,/EtOAc/CH,Cl, solution, and the reactivity towards 2-methyl-
1-pentene is identical as in the BCl,/CH,Cl, solution (Figure 6). The
SnC1l,/EtOAc/CH,Cl, mixture does not fully ionize p-methoxy-p'-methyl
benzhydryl chloride, however, and this compound is somewhat less reactive
in SnC1,/EtOAc/CH,C1, than in the BC1,/CH,Cl, solution. Further reduction
of the electron releasing ability of X and Y causes a reactivity decrease
in SnCl,/EtOAc/CH,Cl, because of the diminishing carbenium ion concen-
tration.

The weak Lewis acid SbCl, does not even fully ionize the p,p'-dimeth-
oxy substituted benzhydryl chloride, and only one branch of the
SbC1,/CH,C1l, graph can be seen in Figure 6.

We conclude that each Lewis acid/solvent system can be represented
by a characteristic graph as shown in Figure 6. An increase of Lewis
acidity is associated with an increase of the reactivity maximum,
which is simultaneously shifted towards less stabilized carbenium ions.
In order to design conditions for Lewis acid promoted addition reactions
we have to locate reactants and products on the abscissa of Figure 6
and then select conditions characterized by a graph with kpe1 (reactant)
> kpe1l (product).

Qualitatively, this procedure can be summarized by two rules.

Rules for the choice of Lewis acids

\ / M,
R-X + C=C—— P-X
/O

A) Concentration Control
If the carbenium ion R* is better stabilized than P*,
the selective formation of 1:1 products requires conditions,
under which the electrophilic reactivities are controlled
by the relative concentration of R* and P*:
(Catalytic amounts of a) weak Lewis acid

B) Addition Rate Control
If the carbenium ion R* is less stabilized than P*,
the selective formation of 1:1 products requires conditions,
under which the electrophilic reactivities are controlled
by the addition rates of R* and P*:
> Equimolar amounts of a completely ionizing Lewis acid

3. SYNTHETIC APPLICATIONS
3.1. Alkyl Chloride Additions

Several years ago, we have studied additions of alkyl chlorides to
alkenes in presence of catalytic amounts of Lewis acids (conditions of
Rule A) and found that 1:1 products are only isolable if the reactants
ionize faster than the products (Figure 7).° We have suggested the
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employment of solvolysis rate constants of model compounds to predict the
outcome of such reactions: The selective formation of 1:1 products is
only possible if the Syl reactivities of the reactants are higher than
the Sy1 reactivities of the products. This statement, which was restricted
to systems with a small degree of ionization,®:? is equivalent to rule
A, since the solvolytic reactivities (log kgo1y) are linearily correlated
with the corresponding ionization enthalpies®® or ionization free enthal-
ies.®
P Solvolysis Rates of 1:1 Products

Ph Ph OEt
w

2| | eyeHa - — —_ —

L)

-

gi | teHshea “U% 5% — - —

« s 52% 50% n% 72% - -

« Ph-CH-C1

S | (CHylCCH-CH Ol | 32% 7% 65% 75% 10% —_ —_
w

2| | en-ceccienpet | 6% % 93% 9% 67% - -
L

=1 | en-cichy,a 58% 5% 71% % 64% S8% —
w

Wl [ engena oz% | esw | om% | sew | e2% | sw [ —
o

21 | cHy0-CH 1 7% 70% 60% 75% 64% 7% —_
—-

& o 84% 68%
@l | enp-tu-a 7% 65% 90% S7% 52%

Figure 7. Yields of 1:1 Products Jrom Lewis Acid Catalyzed Reactions of
Alkyl Halides with Alkenes (RX + X=C+ R-C-C-X).®

Figure 8 shows an application of this reaction type in natural product
synthesis. Under conditions of concentration control (rule A), the
reaction of the cyclohexenyl chlorides 8 with isoprene terminates at
the 1:1 product stage, since the terminally trialkylated allyl cations
formed from 8 are better stabilized than the terminally dialkylated
allyl cations, which arise from 9. Cyclization of 9 and successive
treatment with KOtBu yields a mixture of B- and Y,-muurolene.?!!

Cl

A

|
z.-cn,/:t,n
-78%,1h

piperitol ?

ZnCle/Ety0
-78%,e5h

H H H C1
/@ + KOtBu
HOtBu
H H H

Yz-muurolene B-muurolene

Figure 8. Synthesis of Muurolenes via ZnCl, Catalyzed Reaction of
Piperityl Chloride with Isoprene.!'!



28

R R®
L R?
+ NaOCl
Eij + ) ( . €l TRacly)
R R* [ZnClgEte0]

0CH,
0CH,

Q0 0 0 0 0 0
457 587 6927 487 417 197

Figure 9. Synthesis of Y-Lactones Using p-Methoxybenzyl Chloride as
*CH,-CO,~ Equivalent.!?

A novel Y-lactone synthesis (Figure 9) uses the high Sy! reactivity
of p-methoxybenzyl chloride to give 1:1 addition products with a variety
of alkenes. The oxidative degradation of the aromatic ring and lactoni-
sation are achieved in a one-pot reaction, and preliminary experiments
indicate that a-substituted Y-lactones are also accessible by this
method. '?

All synthetic examples, discussed above, have been carried out under
the conditions specified by rule A (concentration control). Reactions
controlled by addition rates (rule B) require the handling of stable
ion solutions, and their practical use will be restricted to highly
stabilized carbenium ions. An example is given in Figure 10, which
shows that the reaction of the trichlorocyclopropenylium tetrachloro-
aluminate with alkenes terminates at the 1:1 product stage, since the
trichlorocyclopropenylium ion is more electrophilic than the better
stabilized alkyldichloro substituted cyclopropenylium ion.!?® With weak
Lewis acids (concentration control) the formation of 2:1 and 3:1 products
would be preferred. Treatment of 10 with aqueous bicarbonate solution
yields the chlorocyclopropenones 11, which readily undergo nucleophilic
displacement reactions of the vinylic chloride or undergo thermal
rearrangements with formation of the acetylenic acid chlorides 12.'*

c1 el
é R R _uer RR
ﬂﬂ’ ef cl ﬂ;CNUg
mcx, picy,~ R* R R R®

Y LT KOG

417

€101 0 e
Rl
R? R* Hel R R* R
L — aM=—cot1
cA&l NaHCO, o €1 72 .
10 R Rt 11 R R® LAY

Figure 10. Formation of 1:1 Addition Products from Trichlorocycloprope-
nylium Tetrachloroaluminate and Alkenes.!'?
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3.2 Addition Reactions of Acetals, Orthoesters and Related Compounds

Additions of acetals and orthoesters to enol ethers probably represent
the most intensively studied class of Lewis acid promoted reactions in
the chemistry of aliphatic compounds.'® Since usually catalytic amounts
of BF,+OEt, have been employed, concentration control (rule A) should
predominate. Unlike the solvolyses of alkyl halides, the acid catalyzed
hydrolyses of acetals and orthoesters do not follow a rate equilibrium
relationship!® so that the corresponding hydrolysis rates cannot be
used for the analysis of electrophilic addition reactions. We have,
therefore, carried out competition experiments to determine relative
reactivities of acetals and orthoesters towards methyl vinyl ether in
presence of catalytic amounts of BF,+0Et, (Figure 11).'7 As the reactivity
order towards other m nucleophiles can be expected to be similar, the
Kpe1 values of Figure 11 can be used to rationalize or predict the
results of acetal and orthoester additions: 1:1 Adducts can only be
generated selectively if the kpe] values of the designed products
are smaller than the kpgj values of the reactants.

Rl gt

Yecachyd, ach, Ra-%-cna-cn(ucn3>a

R =/ OCH4

R? (BF3'QEtp) g3

2::(0::!13)2 R"—«:.‘-chz—cmawzag

R QcH,

k[a 1 k[nl

CHZCOCHg),, CH4CCOCHZ) 4 vary slow P-Br-CgH,-CH(OCHy),  13h 132
CH3-CHCOCH3)~CH,-CHCOCH3d, 13a  0.184 p-Cl-CgH, ~CHCOCH), 131 156
CHy-CHCOCHy) 13b  1.00 P-F-CgH4~CH(OCH,), 134 463
CH3-CH,-CHCOCHS)Y » 13c  2.28 CgHg-CHCOCH3) , 13k 818
CHg-¢CHg)5-CHCOCH), 13d  2.31 P-CHy-CgH,-CHCOCHy), 131  6.55x103
(CHy) ,CH-CHCOCHZ), 13«  2.38 CgHs-CH=CH-CHCOCHy>, 13m  3.16x10*
HC(OCH4) 4 13f 13,1 p-CH30-CgH,~CHCOCH),  13n 3.46x10%
(CH3),CCOCH,), 133 27.0 CH3-CH=CH-CH(OCHy), 130  3.61x10%

Figure 11. Relative Reactivities of Acetals and Orthoesters towards
Methyl Vinyl Ether (BF,-OEt,,CH,Cl,, -70°C).!'”

The fivefold reactivity preference of 13b over 13a explains that additions
of aliphatic acetals to alkyl vinyl ethers may be terminated at the 1:1
product stage, but because of the small reactivity difference an excess
of acetal is required to obtain high yields of 1:1 adducts.'® The
aromatic and a,B-unsaturated acetals shown in Figure 11 are considerably
more reactive than 13a, and 1:1 products with alkyl vinyl ethers are
also formed in good yield, when the acetals and vinyl ethers are employed
in equimolar amounts.!®
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The failure to obtain 1:1 adducts from saturated aldehyde acetals
and 2-propenyl ethers can be explained by the kpg) value of ketal 13 g,
which is higher than that of aldehyde acetals.!”’ As expected from the
large reactivity difference between 13k and 13g, benzaldehyde dimethyl-
acetal (13k) was found to give a high yield of 1:1 product with 14,2°
and unsaturated acetals were reported to behave similarly.?! Further
literature data have been shown to be in accord with the data presented
in Figure 11.1'7

0CH, OCH, ?CHJ OCH,

R——(:I"'UCHJ . =< [BF3'0Ete] R-L‘.—CHg-é—CH, (for R = Aryl, RAlkenyl
*H CH, |l_| EJCH, not Alkyl)
13 14 15

A. change of the reactivity order in Figure 11 takes place if
conditions of addition rate control are employed. Hosomi, Endo and Sakurai
studied the reaction of triethyl orthoformate with allyltrimethyl-
silane 1in presence of equimolar amounts of TiCl,.2?? As expected for
conditions of addition rate control, the homoallylic acetal was found
to be more reactive than ethyl orthoformate, and only a 2:1 product was
isolated. When we repeated this reaction with catalytic amounts of
SnCl,, the homoallylic acetal was obtained in 51% yield. In a similar
way the other B, Y-unsaturated acetals shown in Figure 12 were synthesized
under conditions of concentration control.??

Addition Rate Control

o€t K DEC
TiC oo -_— /\)(/\
H-CCOERY, + A~ rSiNe —“—'[ s 3 >

1.1 eq.
Concentration Control

oR L] H R

InCl i
wdh o . utT'L\r,s:n., : tn0>.§><}§‘
R or SnCl, Ccat.) FAIY

R® RY

Celg0 CH,0 CH,0 CHy0
c.n.oJW CN,M cu,o)\O BH:"‘)\&

512 831 452 51X
CHy0
°""”ké e K
73X 482 81zx

Figure 12. Lewis Acid Promoted Reactions of Orthoformates with Allyl-
silanes.

Dichloromethyl methyl ether, a potential formylating agent with higher
electrophilicity, had been reported to give only 2:1 products with
alkenes.2* This result can be explained by concentration control, since
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17 ionizes to a greater extent than 16. All efforts to formylate alkenes
with 16 under conditions of addition rate control (excess of strong
Lewis acids) have been unsuccessful, but it has been reported that vinyl
silanes can be formylated with 16, when 1.2 equivalents of TiCl, were
employed.?2® We interpreted this result by the low intrinsic reactivity
of the intermediate alkoxyallyl cation 19 (addition rate control) and
concluded that 16 should also give 1:1 products with other substrates
if alkoxyallyl cations are formed as intermediates: The bottom line of
Figure 13 shows that dialkylacetylenes can be chloroformylated in this
way under conditions of addition rate control.2®

R R
1
H’CD\EEI R snct,  [CO EH-CCCHyCI H,gg\/éﬂ-c<cn,>,cx
\ S \
c1 W CHy CHeCl, 1 L4 #H—C(CH,)EC1
R
16 17 18

’

H.CO C1 Me,Si H H 4
2 3 1.2 eq. H,CO R Hp0
\C: + =t — 1" s —. %C’ R
p ]
H H

cl H R TiCl, H H
TiCls™
16 19 20
HycOo_ Cl 1.2 R R FI!
3 .2 eq. H,C
S v REtR e Ty B KGR
(1 BCl1; H c1 HeO '!‘ l':l
gel,”

Figure 13. Electrophilic Reactions of Chloromethyl Methyl Ether

Because of the low electrophilicity of trialkoxycarbenium ions, orthec-
carbonates cannot be used for the carboxylation of alkenes. This reaction
can be achieved with dichloroacetals, however. Figure 14 shows that the
formation of 1:1 products from 21 and ordinary alkenes requires addition
rate control: When 21 and isobutene are treated with ZnCl, or catalytic
amounts of BCl,, only the 2:1 products 23 are formed, since 22 ionizes
to a greater extent than 21. With equimolar amounts of BCl,, the relative
reactivities of reactants and products become controlled by the addition

Concentration Control

1 FH2 znc1,0E 4,0 n 1
e
€1 cH,
BCljCcat.) c1
23 a6z

e1 134

Addition Rate Control
c1
CHa  aey Hed H tBul” e
CIX e e O ™ QO ™ sl
Cl CH, equimolar Bcl,” 1
617

Figure 14. Electrophilic Carboxylation of Isobutene.?’
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rates of the corresponding carbenium ions, and the reactions terminate
at the 1:1 product stage.?” Though a series of alkenes has been carboxy-
lated in this way,?’ we prefer to replace 21 by the acyclic chloroacetals
25, which are readily accessible by radical initiated chlorination of
the formaldehyde acetals 24.2° Because of the milder workup conditions,
the yields of carboxylated alkenes are usually higher than those obtained
with 21. Figure 15 shows that the reaction of 25 with allylsilanes
under conditions of addition rate control offers a simple access to
B, Y-unsaturated carboxylates.

NaOH c1
x—@-—uu ¢ CHCly — (x—@—c),cn, —t. (x—@—o).ccx,
Phase ABIBN

Transfar

% =H, Cl 24 25

Rl
CciCp-o,ccl, 4 (m-@—o)z% e . B
i3

R R —_— gt g — CI

+ SnCl, R:" :R'
>=<——S SnClg™ + ClSife,
ifle;

0 .;'3\)\ 0 0 0
e NG, > su-o’%(§ ﬂr—u% nr—a’%
787 sz 467 647 792

Figure 15. B,Y-Unsaturated Carboxylates from Dichloroacetals and Allyl-~
silanes.

3.3 Addition Reactions with Consecutive Cyclizations

All examples discussed in Sections 3.1 and 3.2 follow the simple Scheme
outlined on the bottom of Figure 2, and the results can be explained by
considering the competition of RX/R* and PX/P* for the w nucleophile.
This analysis may fail, however, if the addition reaction is part of a
more complex reaction sequence. A well-known example is the tert.
alkylation of siloxyalkenes with tert.alkyl chloride/Lewis acid mixtures,?°
The rapid desilylation of the initially generated siloxycarbenium ion
prevents this ion to act as an electrophile towards other = systems.

The following two examples from our recent work also illustrate the
limitations of our systematic approach to Lewis acid promoted alkylations
of aliphatic m systems. The reaction of cumyl chloride 26 with tetramethyl-
ethylene in presence of various Lewis acids gave complex mixtures of
products, probably because of the strain generated during the formation
of the regular addition product. Titanium tetrachloride, however,
induces a rapid consecutive cyclization, and the TiCl, catalyzed reaction
of 26 with tetramethylethylene yields hexamethylindan in 72% yield.®!
Since the aromatic ring can be oxidized under Ru(VIII) catalysis, the
reaction sequence shown in Figure 16 allows the construction of acyclic
compounds with adjacent quaternary carbon atoms.®!
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©>< Tiel, NalOy,[RuOe) W “Uz
> ( CHeCle ccx‘,cn,:ogu, HOLC

Figure 16. Construction of Compounds with Adjacent Quaternary Centers.?!

While the ZnCl,+Et,0 catalyzed reaction of the trimethylallyl chloride
30 with acetyl acetone yielded 60% of the cyclopentadiene 31, attempts
to synthesize 32-34 analogously gave complex mixtures of products.
These cyclopentadienes became accessible, however, by the two step
synthesis shown in Figure 17.32 By trial and error we found that compound
33 can also be synthesized (55%) in one step from 3-methyl=3-penten-2-ol
and 3~-methyl-pentan~2,U4~dione and FSO,H. In all these cases, the sequence
of elementary reactions is too complex to allow a simple rationalization
of the reaction conditions.

0
1 M
ZnCl:\;::E\\\\

cl

bie

a) InCl,/Et,0/NEty; b) FSO,H;

A e
“
/lj)k

30

Figure 17. Synthesis of Polymethylated Functionalized Cyclopentadienes. ®?
4, OUTLOCK

Though the limitations of a systematic approach to Lewis acid promoted
reactions have been indicated in Section 3.3, conditions for simple
addition reactions (Figure 2) can be derived from the model discussed
in Section 2. It may be worth mentioning that the implications of the
terms "concentration control" and "addition rate control", which we
have used for our analysis, are well known to synthetic chemists carrying
out base promoted reactions.

For Michael additions of CH acidic compounds (e.g. diethyl malonate
with a,B~unsaturated ketones) the following recommendations are given:??®
"When possible, relatively weak basic catalysts such as piperidine...
should be selected. If stronger bases are required, it is normally
appropriate to use only 0.1 to 0.3 equivalent of the base." The analogy
of these conditions to those specified by our rule A is obvious (concen-
tration control). On the other hand, preformed carbanions (organometallics)
are usually employed when the addend is more basic than the enolate
produced by attack at the unsaturated carbonyl compound. Though the
nature of the metal ion plays a crucial rule in many "carbanionic" addition
reactions, a first understanding of the principles involved can be
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Lewis acid promoted Base promoted
Additions Additions
Lewis acids Bases Bases Acids
MX, R-X B R-H
1| ae°~aLn 1 as®~apk,
R* MY,y R™ BH*
Elactrophilic Do Nuclaeophilic fAcc
attack + — attack +
p* R P BH*
X, P-X B P-H

Figure 18. Analogy Between Acid and Base Promoted Addition Reactions.

based on the Brénsted pKy scale, which provides a comparison of the
basicities of R7, B and P~. As basicity is known to be correlated with
nucleophilicity, linear free energy relationships can be used to derive
nucleophilic reactivities from pK, values.®* Figure 18 shows that the
relationship between the thermodynamic quantity "acidity" (carbenium
ions are Lewis acids!) and the kinetic term "electrophilicity" is of
the same kind as the relationship between "basicity" and "nucleophilicity",
and we are presently working on a quantification of this correlation,
hoping that this will provide a deeper understanding of Lewis acid promoted
additions.
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alkylating agent 23,25

alkylation 189,190
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alkynes 22
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ambident nucleophilic species 210

amino acid 65,198

amino-2-alkenoate 37

amino-aldehydes 117

amino-alkenoates 50
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anabasin 189

anti-adduct 266

anti-selective 57,259
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anti-selective reactions 247

anti-syn ratios 54

antracyclinones 307

aryltetralin lignan skeleton 153

asymmetric activation 282

asymmetric aldol reaction 63

asymmetric Diels-Alder reaction 289,291,292
asymmetric electrophilic amination 66
asymmetric ene reaction 286

asymmetric hetero-Diels-Alder reaction 283
asymmetric induction 56,197

asymmetric synthesis 37

aza-Cope rearrangement-Mannich cyclization reaction 2
aza-Diels-Alder reaction 189,199,200
baccehofertin 228

bacchotricuneatin 228

boron reagent 281

boron trifluoride etherate 54

B-branched carboxylic acids 194,195

bulky aluminum reagent 283

bulky organoaluminum reagent 282
C-glycosides 193

carbacyclin 275,278,279

carbapenem antibiotic 62,64,67

carbenium ions 24

carbocycles 14

carbohydrate 190,191,193,194,196,198,199,201
carbohydrate ester enolate 192

carbohydrate template 189

cation-olefin cyclization 164

cationic cyclization 1
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chemoselectivity 205

chiral aldehyde 67,74

chiral boron reagent 289,311

chiral imine-titanium tetrachloride template 37
chiral Lewis acid 281

chiral silyl ketene acetals 53

chiral templates 189

clerodane diterpenes 227

competition experiment 23,29,88

competitive reaction 41
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conformation 56
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consecutive cyclization 32
coordination 56

Cram diastereoselectivity 8
crotylation 211,219

crotylstannane 76,77,78,114
crotyltrifluorosilane 218,221
cuprate addition 232,234,236
cyclization-pinacol sequence 6
cycloalkylation 295

cycloheptane annulation 174
cyclohexane annulation 173
cyclooctane annulation 180,183
cyclopentacyclooctane 15
cyclopentadiens 33

cyclopentane annulation 171
Danishefsky’s diene 200,201
dialkylaluminum chloride 194
diarylcarbenium ions 309
diarylmethyl chlorides 25
diastereoface selectivity 63
diastereofacial selection 53,56
diastereofacial selectivity 74,75,107
diastereoselection 212,217
diastereoselectivity 266,267
dicyclopentacyclooctane 17
Diels-Alder reaction 147,152,153,189,193,194,244,266
diethylaluminum chloride 194
dihydro-2-pyridones 37

dilithium catecholate 205
dimethylaluminum chloride 148,195
dipole-dipole interaction 57

double Michael addition 323
electrophilic addition 21
electrophilicity 22,23,25,30
enantioselective allylation 203
enantioselectivity 284

ene reaction 147,148,149,150,151,152,157,158,159,160,166
enol ether 259

epi-widdrol 176,179
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ester enolate 189,190,191

ethyl vinyl ketone 66
ethylaluminum dichloride 151,175
exocyclic double bond 272,274,275
Felkin-Anh model 116,118
fluoride ion 210
fluoride-catalyzed allylation 213
fluoride-ion catalysis 177

Friedel Crafts 21,22,107,127,128
glycosylamines 196

group transfer polymerization 121
hetero Diels-Alder reaction 321
hirsutene 172

homoallylic acetal 30
homoconjugation 240

hydride transfer reagent 204
hydroazulene 15

hydroazulenic lactone 313
hydroindane 15

hydrosilane 204

hydrostannylation 250
hyperconjugation 240

imine 37,38,40,43,64,65,108
imine-condensation 37
intermolecular isotope effect 148
intramolecular complexation 190
intramolecular cycloaddition 231
intramolecular isotope effect 149
intramolecular kinetic isotope effect 148
intramolecular Michael reactions 170
ionization 24,25,27,255

isoamijiol 178

ketal rearrangement 4

ketene acetals 317

ketene silyl acetals 37

kinetic resolution 69

kumausyne 13

kumausyne, trans/cis 12
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lactones 28
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Lewis acid catalyzed cycloadditions 227
living polymers 121

low energy conformation 238,239
LUMO lowering 109

Mannich reaction 201
methoxycarbonyloxonium ion 305
methylephedrine 62,64,65,67,68,69
Michael addition 33,189,193,303
Mitsunobu reaction 277

MM2 calculations 237

Mosher’s acid 269

muurolenes 27

natural product synthesis 27

Nazarov cyclization 134,137,138
neolemnane 181

non-chelation control 116,118,307
nonbonded interaction 56

nootkatone 174

O-acylated glycosylamine 189
Oppenauer oxidation 162

orbital overlap 241

organoaluminum compound 194
organoaluminum reagent 281,286
organocuprate reagent 169
organostannane 77,82

organotin compound 315

orthoester 29

orthoformate 30

oxidative cleavage 223

oxidative dimerization 50
oxocarbenium ion 253,256,257
E-oxonium ion 3

pentacoordinate allylsilicate 209,210,211,212,222
pentacoordinate hydridosilicate 208,210
pentacoordinate silicon compounds 203
pentalenone 134,136

perforenone 176
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prenylation 222

Prins reaction 147,153

prostacyclin 275

protodesilylation 274,278

proton scavenger 148,150,166
pseudomonic acid 152

pyridone 38,41,50

quaternary carbon atoms 32

reagent control 53

reducing reagent 205

reduction 204,206,209

regioselectivity 48

ring-enlarging cyclopentane annulation 1
ring-enlarging furan annulation 8,13
ring-enlarging furan synthesis 15
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[3,3]-sigmatropic rearrangement-aldol cyclization process 6
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six-membered cyclic transition state 217
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solvolysis 27

stereochemical studies 249
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stereoselection 53,222

stereoselective synthesis 53
stereoselectivity 205

Strecker synthesis 189,196,197

strong Lewis acid 212
substituent-directed oxidation 319
syn-adduct 266

syn-product 271

syn-selective 57,65

syn-selective reactions 247
syn-stereochemistry 74



tandem Michael addition/enlate-accelerated Cope pathway 181
tartrate 283

tetrahydrofuran synthesis 2

tetrahydrolipstatin 67

thermal rearrangement 28

thiolester 55,57,59,68

tight chelator 91

tin tetrachloride 58
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trialkylaluminum reagent 281
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trichlorosilane 205
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Ugi four-component condensation 189,198

vinyl acetal 301

vinyl ether 29

vinylamine 37,38

vinylimine 49
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weak chelator 91,96

weak Lewis acid 212

Zimmerman-Traxler transition state 78
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