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Benzylidene- andhlkylidenemalonates are extremely reactive radacaleptors in dialkylzinc-
mediated radical additions. Theoretical investigagi showed that the multi-step radipalal
crossover process should be highly exothermic.dwbt theaddition of the alkyl radical to t!
complexed substrate is enthalpically favored buatws more, the homolytic substitution at
metal leading to a zinc enolate should also behexatic, even though it necessitates
cleavage of the C-Zn bond from the complexedlkoxycarbonyl radical intermediate. T
work was undertaken to highlight the power of ctiefain controlling the fate of this type
reaction. Much to our surprise, no unambiguexgerimental evidence could be put forwar
prove the formation of the expected zinc enolate intermediatAdditionally,
benzylidenemalonates and their alkylidene analodakblough to a lesser extent) exhibit
intriguing behavior. The backward reaction (retduliion) can be triggered at wotg
depending upon experimental conditions.

2009 Elsevier Ltd. All rights reserved
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As detailed in Scheme 3, according to calculaticer$opmed
at the MO06-2X/aug-cc-pVTZ/IM06-2X/aug-cc-pVDZ level of
theory, the cleavage of the C-Zn bond from therimgzliate
complexed radicala necessitates only 7.3 kcal/mol (with an
overall exothermicity of - 35.5 kcal/mol for the waanulti-step
procesy) whereas 20.2 kcal/mol are necessary to releagé eth
radical from its tertiary analogue. At the same time, the
cumulated spin densities delocalized at oxygen lznotnine in
radicala exceed the spin density delocalized at the oxygem

1. Introduction

Radical-polar crossover processes involving honolyt
substitution at bordnor zinc®® by enoxyl radicals have become
very popular. This step, that immediately follows ttonjugate
addition of an alkyl radical toa,B-unsaturated carbonyl
compounds, is likely to be monomolecular. Boraned a
dialkylzincs act as Lewis acids, they accelerate ihigal
addition step by coordinating to the oxygen atonthef substrate
carbonyl group:* Enthalpic factors obviously control the rate of
the subsequent group transfer step (Scheme 1). &sCtdn
bonds are weaker than C-B boridise tandem reaction proceeds
with a wider range of substrates in the case of dilkcs than
in the case of boranes. The ease of the substitatithe metal or
metalloid center was early correlated to the spimsitg
delocalized at the oxygen atom in the radical adtihereas
the cascade is strictly limited to enones in theeoaf boranes, it
can be expanded to other activated alkenes in #se o©f

dialkylzincs.
X X X X X
:foﬂ, :(EO“ E,Ru(gq- ’_R;R\_/(LO\ *_EZR\_,z:O
R! S re R R ER

M= R,B, RZn
Scheme 1.

Dialkylzinc-mediated conjugate radical addition wwp-
unsaturated esters that leads-@koxycarbonyl radicals fall into
this category. The chain reaction is initiated bg treaction of
R,Zn with dioxygen that generates the alkyl radical Fhis
radical can either add directly to the activatedlde bond or act
as a relay to promote the formation of another laliaglical
through iodine or hydrogen atom transfer. The éaldistep is

of zinc enolate, which is trapped by the electrigphi

A few exceptions have been reported in the literawhere
the intermediate radical evolves faster via irdterer
intramolecular addition to a douBler a triple bond than it
transfers the alkylzinc group. These reactions lirevdertiary a-
alkoxycarbonyl radicals. In fact, the criteria otbstitution of
the carbon center in the-alkoxycarbonyl radical does not by
itself preclude & at zinc. Two complementary and indivisible
factors, that is, the enthalpy gain in forming aczienolate
stabilized by chelation and the spin density ddiped at the
heteroatoms involved in the chelate, can counterfe@ the
influence of the radical branching. This was illagtd by Myabe
et al’® reports on diethylzinc-mediated radical additiom t
dehydroaminoesters derivatives. These authors dtagipe zinc
enolates resulting from the tandem processdaylyl palladium
complex or acetic anhydride. Our group has recesftbywn that
the formation of a five-membered chelate facilitateomolytic
substitution at diethylzinc by the trisubstituteélkoxycarbonyl
radicals resulting from the addition of alkyl raal& to ethyla-
bromomethacrylate. The addition ispropyl radical and-butyl
radical were achieved in the presence of the cooretipg
iodides which unambiguously proved the radical reatof the
mechanism. A strategy to prepare bromocyclopropéoiEsved
from this work (Scheme 2)It is worth being mentioned that this
cascade reaction could neither be mediated withttiytenc nor
with triethylborane.

CO,Et

Ety,Zn (2 equiv) EtO,C >A<C02Et
——
Br DCM, air, 1t, 18 h Br CH,Et

70%

Scheme 2.

in radicalc.
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Bt g ZnEt
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Scheme 3 Enthalpies of cleavage of the C-Zn bond and spin

densities  (in

red) calculated at

the MO06-2X/aug-cc-

pVTZ/IM06-2X/aug-cc-pVDZ level of theofy

The propensity of benzylidenemalonates to form einclates
stabilized through the formation of six-memberedlates should
similarly accelerate the homolytic substitutionpste tandem
reactions mediated with dialkylzincs (Scheme 4).

EtO

Ph  COEt Ryzn | Ph —0, R Ph O
\:< —_— { 2Ryl — ZnR
CO,Et R =0 R =0

followed by $,2 at zinc and the process ends with the formaﬂo%cheme 4

This reactivity has been elegantly exploited by Taka to
add a-alkoxy radicals derived from THF and acetals untier
mediation of dimethylziné>**** However, the fact that the
reaction could not proceed in high yields in thesaalze of

additive,

notably BEELO and t-butyl

hydroperoxide as

exemplified in Scheme 5, was quite puzzling. Thid les to
revisit the reactivity of diethyl benzylidenemalémand look at
the compared reactivity of diethyl butylidenemal@nan the
presence of diethylzinc. This experimental studydisclosed
herein. It was preceded by theoretical calculations.

MezZn (3 equiv), air,

ph” Xy CO2Me  BE.OEL, (2 equiv)
_—
CO,Me Ph
THF, 1t, 1.5 h
86%
0 MeyZn (3 equiv), air,
o/

BF3+OEt, (1 equiv)
FeCl3 10 mol %
TBHP (2 equiv)

o e,

(12.5 equiv)

+
Ph/\/COZMe
CO,Me DMSO, rt,10-12 h

63%

Scheme 5.

(0]

COzMe

CO,Me
dr (55:45)

%

o.__©O

Cco,Me
Ph

CO,Me

Another intriguing feature of dimethyl benzylidendareate
worth being noted. According to data reported by éiial., this
substrate would be the ondy-unsaturated ester that leadsto
alkoxycarbonyl radicals able to undergo homolytibstitution at

triethylborane (Scheme &).
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Et3B (8 equiv), air, When diethylzinc is used alone, the coordination tioé
Ph/\/COZMe iPri (15 equiv) CO,Me substrate to the metal stabilizes the system by k8al/mol
CO,Me THF, 1t, 4-5 h Ph COMe (2a)."" Due to the fact that coordination enhances thetivitgc
80% with respect to the addition of the nucleophilicyaltadical (E%),
the addition step is exothermic by 33.1 kcal/mdiattis, 2
Scheme 6. kcal/mol more exothermic than the addition of etradlical to
2 Results and Discussion non_—complexed dimethyl methylidenemalonate. It tetmla new
stationary state, namely, the complexedlkoxycarbonyl radical
2.1. Computational Data 3a The most striking feature of the profile is tila¢ homolytic

) ) ) cleavage of the Zn-Et bond leading to zinc enofateshould be
Theoretical calculations were achieved at the MOGaﬁy/cc- exothermic by 15.1 kcal/mol. This means that comgiewhere
pVTZ/IM0O6-2X/aug-cc-pVDZ level of theory using dimethy inc s chelated by a ligand close to acetylaceti® strongly

methylidene_malonaté as model substra@e. The enthalpic profile stabilized. Additionally, it must be pointed thaettwo oxygen
of the multi-step process was determined under tWierdnt  41oms cumulate a 0.290 total spin density in totated radical.
conditions, namely, when using diethylzinc alonghie absence  cajcylations also showed that the dimerization oblate 4a

of any additive and in the presence of;BRhe data are \youidfurther stabilize the system by 44 kcal per fol.
summarized in Scheme'7.

MeO MeO MeO
0 0 o}
O *Etzn (0) N=0 + EtzZn + BF; — 0 +BF; — | (0)
MeO 1 [EtZnOEt] MeQ 1 MeO 1
MeQ MeQ_ e
—0, © .
ZnEt; mMeQ  BFa 0 i
=O'EZnOE] —=— (-13.7) 8, '
MeO 2a [-22.2] "ZnEt, ——(-20.3) N
-
MeO 2b MeQ 0145
o
+Et +Et
(-33.1) (-31.2)
[-34.5]
MeO
_0.
“ZnEL, -
Et =0eznoeg —— (-46.8) Meo  BF3
MeO 34 [-57.7] =0
-t . ZnEt — (-51.5)
MeO S
L " (-15.1) g =0
7 Nznet [-2,0] MeO 3b
Et =0 [znoEy —— (-61.9) -t
MeO 4a [59,7] (-28.3)
MeO  BFs
4 \\,.‘fni’f{ —— (-79.8)
Et =0
MeO 4b

Scheme 7Enthalpies in kcal/mol for the step-wise radicalgp@rossover process in the presence and in thenab of BFand

spin densities at the oxygen atoms in the isolatedkoxycarbonyl radical calculated at the M06-2)gauc-pVTZ//M0O6-
2X/laug-cc-pVDZ level of theory

According to the above data, the commonly admiteetical- It must be noted that considering,&t as the complexing
polar crossover mechanism matches with these additioagent is an oversimplification. In aerobic mediuhe oxidation
reactions. The presence of a phenyl substituenthénactual of dialkylzinc involves the formation of peroxyalkyand
substrate should however temper the global exotloésmi alkoxyalkylzinc species that could play exactly #@ne role as
compared to the model due to the loss of conjugatio Et,Zn in the process. In the presence of an exced&@alifylzinc
stabilization energy in the addition step. with respect to oxygen the zinc peroxides are rediuc® zinc

Cooperative effect was observed in complexingiith both a_llkoxides WhiCh ung ?br our_experimental conditions_atore
Et,Zn and BR. The formation of compleXb stabilizes the !lk(_aly to be involved:**In EZnOEL, _the BDE of the C_-Zn bond

2 : o P ; is increased by 3.6 kcal per mol with respect tahgiginc and
sygéem bky 203 kcal/re?lgl IQINh'Ch IS mprel thaﬂ eac(;i;gf ltewis the enthalpy of the corresponding elementary séepsgiven in
;’;‘1 disn tatoe[:adsiigg[)aﬁs éxootLeSrumrirénzmgB{, Zt kialf;lmolltlogndsttehpe square brackets in Scheme 7. The transfer stemtgsalthe zinc
homolgtic cleavage of the C-zn bo)rlld Which reget’lmsraE’[ enolate bearing an eth(_)xy group Would be exot_hetmionly 2
releases 28.3 kcal/mol. The resulting enoldte is doubly kcal per mol, the resulting enolate is much leabibzed but the

stabilized by chelation and additional coordinatiorBF. overall process remains highly exothermic.
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The overall enthalpic balance was also found exotfwefor
the addition of ethyl radical mediated with triethgtane (-58.1
kcal/mol)?® This favorable enthalpic balance is likely to eipl
why dimethyl benzylidenemalonate behave as an except
amonga,p-unsaturated estets.

2.2. Experimental results

The results obtained from reacting diethylzinc witiethyl
benzylidenemalonatda and diethyl butylidene malonafb are
summarized in Table 1 and Table 2. When diethylmmas used
alone not least than 8 equivalents of diethylzincenecessary
for the full consumption oba. As shown in Figure 1, monitoring

the reaction byH NMR revealed that the reaction was almost

completed within 30 min as evidenced by the relaititegration
of the signals of the expected produga and the starting
material. However5a was nearly fully recovered after work-up
(hydrolysis with a solution of NICI) (Table 1, entry 1).
Hydrolysis would promote the retro-reaction.

Table 1.Reactivity of benzylidenemalondba

COEt EtyZn Et CO,Et CO,Et
— + additve @——» + —
Ph CO,Et DCM Ph CO,Et Ph CO,Et
5a rt, 30 min
6a recovered 5a
Entry  Substrate Addlt!ve ZnE§ 6a5a® Yield of 6a
(equiv) (equiv)
1 5a - 8 10:90 5%
2 5a - 8 >99:1 75%
3 5a - 4 >99:1 72%
BFs*OEt,
>99: 9
4 5a 1.1) 2 99:1 60%
5 5a TMSCI (1.1) 2 >99:1 50%
6 5a CucCl (8) 8 >99:1 64%'

[a] Ratio determined byH NMR of the crude mixture after work-up. [b]
Yield determined byH NMR using sulfolene as internal reference. [ceTh
crude reaction was concentrated before treatmaolated yield. [d] A
significant amount of hydrogenatéd (5aH) (6a:5aH = 75:25) was isolated
in admixture to produda. The yield was corrected.

It was not totally excluded that the final adductuldo be
detected instead of the zinc enolate by adding edetgd
chloroform to a sample of the reaction mixtéireHowever,
another experiment was achieved in deuterated DCMr aft
bubbling air throughout the NMR grade solvent. THeNMR
spectrum of the reaction mixture after 30 min, shbwbat

Tetrahedron

Et00C_H Et
H )

FtO0C Ph
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'H NMR after 30 min (reactionin CD,Cl,)
Figure 1.

When the reaction mixture was concentrated undeuurac
before hydrolysis, i.e., evaporating not only tieévent but also
excess diethylzinc, no backward reaction was promatetba
was isolated in 75% vyield. This experiment suggested the
excess of unreacted dialkylzinc in the medium midig
responsible for promoting the retro-addition upoydrolysis
(entry 2)* This was confirmed by a test reaction conducted in
the presence of only 2 equivalents of diethylzineraight.
According to'H NMR analysis, conversion was partial, the ratio
of 6a5a was 1.5:1 before hydrolysis. It was exactly the same
after direct work-up with saturated NEl solution.

The oxygen dissolved in the non-degassed solvegptnoabe

product6a was the major component as if the medium wouldsufficient to efficiently initiate the chain mecliam. Bubbling

already contain a proton or a hydrogen atom dordre
formation of 6a in the reactionperformed in deuterated DCM
excluded the solvent from the list of suspectedodanThus, the

air for 30 min through the solvent before startihg reaction
allowed the reaction to be completed with only 4 ealeints of
diethyl zinc (entry 3). A large excess of diethytzimas still

formation of6a that seemed reasonably predicted on the basis ¢fecessary. Agaifa was isolated in 72% yield after evaporation

the hydrolysis of an intermediate enolate turneidnat to be this
simple. It is to be noted that the interactioréafvith Zn(ll) does

not significantly alter the proton chemical shié@mpared to the
isolated product.

of the reaction mixture before work-up

In order to stabilize or even trap the speculatedrinediate
enolate different additive were added to the reaati@dium. As
shown in Table 1, entry 4, the interest of adding*BEt, to the
reaction medium as recommended by Tomioka and ceem?
was confirmed. Only 2 equivalents of,Bt were necessary to
reach completion and the backwards reaction washsstreed.

Similarly, the addition of TMSCI as a potential gréor the
enolate, led to the expected adduct in 50% yiettl5awas fully
consumed in the presence of only 2 equivalentsiethgzinc
(Table 1, entry 5). However, thel NMR analysis of a sample
showed thatéa was already present in the reaction medium



before work-up. The role of TMSCI might just be tbange
alkoxyzinc species into the corresponding zinc Gtés.

Finally (entry 6), in order to check the possiléerof the zinc
peroxides formed in the reaction medium during okelative
process:
work-up revealed also efficient in preventing theckveard
process. In all likelihood this last result is thhe consequence
of transmetallating the remaining organozinc spe@eresent in
the reaction medium. It points again to the role exicess
diethylzinc in promoting the retro-reaction. It wgorth noting
that, a significant amount of hydrogenafed(5aH) was detected
in this latter experiment.

Addition of benzaldehyde to the reaction mediumhat very
beginning of the reaction did not result in thelason of any
aldol, but the reaction might be reversibidzormaldehyde was
shown to be an efficient trap under the experimecdalditions
reported by Tomiok&* Additional experiments were undertaken
with paraformaldehyde as enolate trap. These expetsrwere
conducted at room temperature in the absence oCH®%. The
data are reported in Scheme 8.

; i Et CO,Et
(a) 5a (i) EtoZn (8 equfv) COyE
(CH0)n (3equiv)  PH
DCM (0.2 M), 4h, rt HO  7a(84%)
(i) NH4CI
(i) EtoZn (8 equiv)
() s5a LDPCMOQ2M).2hrt 7, g2,
(i) (CH,0),, (3 equiv)
overnight, rt
(iiiy NH4CI
(i) EtoZn (2 equiv)
DCM (0.2 M)
(©) 5a overnight, rt 6a : 5a:7a
ii) (CH 3 iv) 5h
(I,I,), © 20)",( eguw) 15 : 1 : trace amount
(iii) NH4CI, fitration on a
short pad of silica
(iv) "H NMR analysis
(i) EtoZn (8 equiv) Et,Zn (5 equiv)
() 5a DCM (0.2 M), 2h, rt 6a (CH20), (3 equiv) 7a (82%)
(if) evaporation +tracesof 5a pcMm (02 M
and then NH4CI ox?erngght rt)

(iii) purification on a short
pad of silica

Scheme 8Experiments performed with paraformaldehyde

As shown in equations (a) and (b), alda was isolated in
high yield whether the reaction was performed one-pot
paraformaldehyde was added in a second step,&ftead been
reacted with diethylzinc (8 equivalents) for 2h. S@eresults
sound as if an enolate was effectively formed in itiedium.
However, the'H NMR analysis of an experiment performed in
the presence of only 2 equivalents of diethylzinthveiequential
addition of formaldehyde is controversial (eq. .(chfter
diethylzinc had been nearly fully consumed by reactvith 5a
to give a 1.5:1 ratio oba to recovered5a, the addition of
paraformaldehyde did not significantly change th#or of the
two compounds. Only trace amount of aldol was detectbe
experiment summarized by equation (d) demonsttatgsn fact
in the presence of formaldehyde, diethylzinc actaabase to
deprotonatéa, and thisresults in aldol formatioft. This did not
prove that an enolate was actually generated irfitstestep of
the sequential procedure reported in equation (b).

These new data support the conclusion that the mpeesef
formaldehyde as an extra ligand of diethylzinc womlodify the
reactivity and promote the formation of an enolatermediate.

5

To get sure that the mechanism still started withradical
addition step, experiments were achieved in the epies of
excessi-Prl as a relay, in order to add exclusively isogtop
radical rather than ethyl radical. The results suenmarized in
Scheme 9.

the addition of CuCl as reducing agent just before

i) Et,zn (2 equiv) P CO,Et
© ()) EtyZn (2 equiv) > ( COLE
-Prl (15 equiv), rt
DCM (0.2 M), overnight
(i) evaporation 6b (75%)
and then NH4CI
(i) EtoZn (2 equiv)
i-Prl (15 equiv) i-Pr COEt
(f) 5a CO,Et

(CH,0), (3 equiv), rt
DCM (0.2 M), overnight
(i) NH4CI

PH
HO 7b (76%)

Scheme 9Reactions performed in the presencé-Bfl

In the presence of 15 equivalentsi-&rl, the expected adduct
was isolated in 75% yield. AgailH NMR analysis before
hydrolysis showed thab was already present in the medium
before work-up. However, only two equivalents of di&hnc
were necessary to reach completion. As a consequénie,
worth mentioning that due to the full consumption EtfZn,
evaporation before hydrolysis was unnecessary. Néwzads
reaction was detected upon direct hydrolytic work-upder
which conditions the yield of isolategb improved up to 85%.
The one-pot experiment reported in equation (f) tedthe
corresponding aldol in 76% isolated yield. Therefahe radical
mechanism was valid.

EtO, Qg\

EtO, 5
o, / 1,6-HAT =%,
(a) . zn
Et —O‘ Et Et =0 Et
EtO EtO
<t AH'= 5.1 keal molt
AHO = 0.1 kcal molt
NS
o 9 . EQ o
=0, § -Et o
%S N
Et =0 Et =0  OEt
EtO oS EtO
3e 4e

Scheme 10Alternative mechanisms

As already mentioned above, the formation of EtOZinEa
medium were diethylzinc is present in excess witlpees to
dioxygen is likely on the ground of the known dig#inc
oxidation process. We suspect that when diethylzinc is used
alone no enolate is formed. The reaction is noh@ncprocess
and excess of diethylzinc is necessary to reachptaion. An
alternative mechanism involving an internal hydrogatom
transfer was therefore envisaged. All the more becaith this
complexing species the formation of the enolatenisch less
exothermic (Scheme 7). Effectively, a mechanism lying
internal hydrogen atom transfer (HAT) from a palyiaxidized
zinc species might be responsible for the formatiboomplexed
radical 8 (Scheme 10, (a)). The model reaction turned oulgeto
nearly athermal (+0.1 kcal/mol endothermicity) wéhvery low
activation energy (+5.1 kcal/mol activation entlydJpwhich
suggests the possible reversibility of the procékswvever, no
fast evolution of radicaB was found plausible on theoretical
ground nor could be proved experimentally. This posal
remains speculative. Intermolecular H-transfer fraxidized
zinc species, favored by polar effects, could basaiged as well.
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The speculative character also holds for the praipthst in
the presence of formaldehyde as extra ligand, doiwhation
would occur in the coordination sphere of pentacoated
Zn(ll) (Scheme 10, (b)). According to theoreticalccdations,
the complexation of formaldehyde leading to radB=s$tabilizes
the system by 2.3 kcal/mol. The release of ethgical from 3e
is athermal and the formation of aldol&té exothermic by 17.3
kcal/mol. The overall aldol reaction could eitheogeed in two
steps via enolatée or follow a concerted path.

Eventually, complementary experiments were carried by
using diethyl butylidenemalonat&l) as radical acceptor. The
results are given in Table 2.

Table 2. Reactivity of butylidenemalonath

Et,Zn EtO
COEt (2 equiv) Et,  COE COEt Bt )—O(
— R >—< P — + 'BF,
nPr CO,Et DCM —p/ o Et R COEt nPr =0
rt, 30 min
5b 6c R = Et (5d) Et0 49
R= nPr (recovered 5b)
Entry Additive ZnEb Products Isolated Yield (%)
(equiv) (equiv) ratio 6C 10
1 - 8 6c5b*1:1.8  38%
6c.5b°
- 0,
2 8 ~991 729%
6c.10°
o 0,
3 BFsOE® (1.1) 2 1165 28% 40

[a] Ratio determined b{H NMR of the crude mixture. [b] The reaction was
fully evaporated before work-up.

Retro-addition was also observed, but to a lesgenexwhen
5b was reacted with 8 equivalents of diethylzinc (Tablentry
1). This suggested that extended conjugation broughthe
radical acceptor by the phenyl substituent conteébuo ease the
reversion phenomenum. Again, th¢ NMR analysis of a sample
after 30 min, according to the protocol previoufsiifowed for
5a, showed the total disappearance of the startingnmhtand
the presence dc before work-up.

With such a substrate, the addition process carahdlly be
expected to revert back to a mixture of propylidgbd) and
butylidenemalonatesg). It is important to emphasize that alkene
5d was not detected. This remains a clue, even thdbgh
amount of recovered substrate was low (38%). An gpithal
effect is hardly plausible.

The experiment performed in the presence ofBEt, (Table
2, entry 3) led to an additional information. Afterork-up
compound6c was isolated in admixture with enolat®. This
demonstrated that the reaction intermediate, whetéveay be
(likely the doubly complexed zinc enolate analogofe 4b,
Scheme 7), could evolve upon hydrolysis towards kibeon

edron
conjugation in the substrate seems to be a stalcparameter
favoring the reverse process.

3. Conclusion

The above data led us to conclude that, in theraiesef any
additive, the reaction of alkylidene malonates wdibthylzinc
would evolve directly towards the products that wiridally
thought to result from the protonation of a zinmlate. An
alternative route involving 1,6-H transfer from athaxyzinc
group is tentatively proposed. Intermolecular Hisfer from
oxidized zinc species, favored by polar effectsuldobe
envisaged as well. However, the fact remains thahergtound
of the mononuclear complexes taken as models, ¢hetion
enthalpies calculated for the radical-polar crossanechanism
makes it highly plausible. Much to our surprise, diect
experimental evidence could be put forward to prdfie
formation of the speculated zinc enolate. One-pattiens were
achieved in the presence of paraformaldehyde. Amditif the
latter to the reaction medium undoubtly modifies thactivity of
diethylzinc, but the isolation of an aldol remaiisdirect
evidence for the intermediacy of zinc enolate. Fddehyde acts
as extra ligand and the generation of the aldoldcbe triggered
in the coordination sphere of pentacoordinatedlxn(l

The benefit of additives such as Bfpreviously used by
Tomioka and co-workers) and TMSCI to modify the ceuof
the reaction was confirmed. Only the presence of B6&uld
actually promote the formation of an enolate.

The backward reaction (retro-Michael addition) cae b
triggered at work-up depending upon reaction coowisti All
experiments point to the fact that excess diethglziresent in
the reaction medium at the time of hydrolysis ispansible for
the reversion.

This study, in a field that has already been sohrexplored,
might have looked unnecessary and may seem somdwalfat
done. It points out that as pertinent as couldhleestmple models
that were devised to rationalize and predict redgtiveality is
never that simple. This reactivity of alkylidenedabnenzylidene
malonates is a typical case of a reaction notigisltas it might
sound.

4. Experimental Section
4.1.Computational details

All the calculations were performed using the Gausgi@n
package® The geometry of all species was optimized at the
M06-2X/aug-cc-pVDZ level of theory. Single point engrg
calculations were performed at the M06-2X/aug-cc-pMe&iel

of theory to obtain more accurate results. Vibratidrequencies
were calculated at the M06-2X/aug-cc-pVDZ to insuhat the
obtained geometries were minima and to calculate
thermodynamics values. As recommended for calculatio
implying heavy atoms, diffuse and polarized funcsiovere used

enolate 10 resistant enough to hydrolysis to be isolated byto take nonbonding interactions with zinc into acgomore

column chromatography.

Another intriguing point remained to be addressetiai\did
trigger the reversal reaction upon work up in thesemce of
additive? According to Ockham’s razor principle, sieplest
explanation is often the best one. At first glartbe, recovery of
the starting material via a retro-Michael procesggered at
room temperature upon work-up, could be envisagediged
that a zinc enolate is formed in the reaction mediupon
hydrolysis?*® As suggested above, the influence of extende

accurately. For all radical species, spin contationawas low,
values< 0.76 were found, i.e. very close to the ideal vabfie
0.75 for a doublet state (S=1/2) (see: Sl).

4.2.General procedures

Commercially available solvents and reagents wered uss
purchased. CKCl, (GC grade) was used as solvent, it was stored
on molecular sieves. Analytical thin layer chromaapiy was
d)erformed on pre-coated silica gel plates. NMR speutere
recorded at 300 MHz or 400 MHAH) and 75 MHz or 100 MHz
(**C) using CDC] as the solvent. Chemical shifty @re reported



in ppm. Signals due to residual protonated soh@nto the
deuterated solvent served as the internal stantlavasibrate the
spectra {H NMR, CHCL, 7.26 ppm;**C NMR, CDC}, 77.16
ppm). Multiplicity is indicated by one or more dfet following
descriptors: s (singlet), d (doublet), t (tripleq),(quartet), quint
(quintet), m (multiplet), br (broad). Thevalues are given in Hz.

Diethyl 2-benzylidenemalonate(5a) was prepared according to
a known procedure from diethyl malonate and butgtayde®
NMR spectra were identical to those previously regmbiin the
literature."H NMR (400 MHz, CDCls) 6: 1.25 (t,J = 7.1, 3H),
1.31 (t,J = 7.1, 3H), 4.40 (o) = 7.1, 2H), 4.26 (o) = 7.1, 2H),
7.30-7.45 (m, 4H) 7.72 (s, 1H).

Diethyl butylidenemalonate (5b) was prepared according to
known procedure from diethyl malonate and butyraydeti’
NMR spectra were identical to those previously regbiin the
literature."H NMR (400 MHz, CDCls) 6: 0.91 (t,J = 7.4, 3H),
1.23 (t,J = 7.1, 3H), 1.28 (tJ = 7.1, 3H), 1.47 (sext] = 7.4,
2H), 2.25 (qJ = 7.6, 2H), 4.19 (¢J = 7.1, 2H), 4.26 (o) = 7.1,
2H), 6.95 (tJ=7.9, 1H).

General procedure for the reaction of diethylzinc vith
substrates 5a and 5bDialkylzinc (2, 4 or 8 equiv) was added
under argon, at room-temperature, to a solutiod @f equiv, 0.2
M), in the presence or in the absence of additBE;«OEt,
TMSCI) in non-degassed dichloromethane. The mixtwas
stirred for 30 min at room temperature and quenchgith

saturated NECI. The layers were separated and the aqueou

layer was extracted twice with GEl,. The combined organic
phases were dried (MgSQ) filtered and concentrated under
vacuum. The residue was purified by flash chromaipigy on
silica pad.

Reactions conducted with 5a:

* The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (3.2 mL, 1 M in heea8 equiv)
and diethyl 2-benzylidenemalonafa (0.40 mmol, 90 pL, 1
equiv) in DCM (2 mL). After 30 min, th&#H NMR spectrum of a
sample revealed the completion of the reaction. rAfterk-up,
5a was nearly fully recovered arth was detected in 5% (NMR
yield using butadiene sulfone as internal standard)

» The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (3.2 mL, 1 M in hexa8 equiv)
and diethyl 2-benzylidenemalonafa (0.40 mmol, 90 pL, 1
equiv) in DCM (2 mL). After 30 min, thtH NMR spectrum of a
sample revealed the completion of the reaction. féation
mixture was totally evaporated and the residue wssotlied in
DCM. Saturated NECI was added and the layers were separate
and the aqueous layer was extracted twice withGTiH The
combined organic phases were dried (MgSQiltered and
concentrated under vacuum. The residue was purifiedlash
chromatography on silica pala was isolated in 75% yield (0.3
mmol, 83 mg).

» The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (800 uL, 1 M in hexa2 equiv),
BF;*OEt, (54 pL, 0.44 mmol, 1.1 equiv) and diethyl 2-
benzylidenemalonat&a (0.40 mmol, 90 uL, 1 equiv) in DCM to
give 6a (0.24 mmol, 60% vyield (NMR yield using butadiene
sulfone as internal standard).

* The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (800 uL, 1 M in hexa2 equiv),

TMSCI (56 pL, 0.44 mmol, 1.1 equiv) and diethyl 2
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benzylidenemalonat&a (0.40 mmol, 90 uL, 1 equiv) in DCM to
give 6a (0.20 mmol, 50% vyield (NMR yield using butadiene
sulfone as internal standard).

* The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (3.2 mL, 1 M in hexa8 equiv)
and diethyl 2-benzylidenemalonafa (0.40 mmol, 90 pL, 1
equiv) in DCM. After 30 min, CuCl (3.2 mmol, 316 n&equiv)

was added to the reaction mixture. After filtrationasilica pad,
and evaporation, a mixture containi®g (0.254 mmol, 64%
yield (NMR yield using butadiene sulfone as interstndard)
and5aH in a 74:26 NMR ratio was isolated. CompodaH was

identified as 1,1-diethylcarboxy-2-phenylethane nfro the

characteristic signals reported below.

Diethyl 2-(1-phenylpropyl)malonate (6a):** *H NMR (400

MHz, CDCl5) $:0.72 (t,J = 7.3, 3H), 0.93 (tJ = 7.1, 3H), 1.29
(t,J=7.1, 3H), 1.54-1.67 (m, 1H), 1.71-1.83 (m, 1H)7312,J

=11.0 and 3.6, 1H), 3.64 (d= 11.0, 1H), 3.87 (q) = 7.1, 2H),
4.24 (q,d = 7.1, 2H), 7.18-7.30 (m, 5HYC NMR (100 MHz,

CDCl,) &: 11.6 (CH), 13.7 (CH), 14.1 (CH), 27.0 (CH), 47.4
(CH), 58.7 (CH), 61.0 (Ch), 61.5 (CH), 126.7 (=CH), 128.2
(=CH), 128.4 (=CH), 140.8 (=C), 167.8 (C=0), 168.7 (J=
HRMS (ESI):mVz calcd for [M + H] CygH,40,: 279.1591, found
279.1597.

1,1-Diethylcarboxy-2-phenylethane (5aHj?

'"H NMR (400 MHz, CDCly) &: 1.18 (t,J = 7.1, 6H), 3.21 (d] =
.9, 1H), 3.64 (tJ = 7.9, 2H), 4.11-4.21 (m, 2H, AB part of an
BX3 pattern), 7.16—7.29 (m, 5H).

Reactions conducted with 5a
paraformaldehyde:

in the presence of
« Equation a, Scheme 8: the reaction was conduceatding to
the general procedure in the presence of diethylir6 mL, 1 M

in hexane, 8 equiv), (Ci9), (18 mg, 3 equiv.) and diethyl 2-
benzylidenemalonatga (0.20 mmol, 45 pL, 1 equiv) in DCM (1
mL). After 4 h, the'H NMR spectrum of a sample revealed the
completion of the reaction. After work-up and pwdfiion by
flash chromatography on silica g&k was isolated in 84% yield
(52 mg, 0.168 mmol).

« Equation b, Scheme 8: the reaction was conduatesrding to
the general procedure in the presence of diethykir6 mL, 1 M

in hexane, 8 equiv), and diethyl 2-benzylidenemaleba (0.20
mmol, 45 pL, 1 equiv) in DCM (1 mL). After 2 h, tHel NMR
spectrum of a sample revealed the completion ofehetion and
the formation oféa. (CH,O), (18 mg, 3 equiv.) was added and
the reaction was stirred overnight. After work-up audfication
By flash chromatography on silica g&a was isolated in 82%
yield (50 mg, 0.163 mmol).

« Equation ¢, Scheme 8: the reaction was conduatearding to
the general procedure in the presence of diethykfid mL, 1 M
in hexane, 2 equiv), and diethyl 2-benzylidenemaieba (0.20
mmol, 45 pL, 1 equiv) in DCM (1 mL). After one nighhe 'H
NMR spectrum of a sample revealed a 1.5:1 raticGaba.
(CH,0), (18 mg, 3 equiv.) was added and the reaction viasdt
for 5 h. After work-up, the'H NMR spectrum of the crude
mixture the ratio obato 5aremained unchanged.

« Equation d, Scheme 8: the reaction was conducteat@ding to
the general procedure in the presence of diethykir6 mL, 1 M
in hexane, 8 equiv), and diethyl 2-benzylidenemaleba (0.20
mmol, 45 pL, 1 equiv) in DCM (1 mL) for 2 h. Aftevaporation
of the reaction, work-up and filtration on a shgad of silica, the
'"H NMR spectrum of the mixture revealed a 10:1 rafié@5a.
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The product was diluted in DCM (1 mL) and diethylz{fiamL,
1 M in hexane, 5 equiv) and (GH), (18 mg, 3 equiv.) were
added. After one night, the reaction was stoppecerAfork-up,
and purification by flash chromatography on silgel, 7a was
isolated in 82% yield (50 mg, 0.163 mmol).

Diethyl 2-(hydroxymethyl)-2-(1-phenylpropyl)malonate 7a:

'H NMR (400 MHz, CDCl;) &: 0.72 (t,J = 7.3, 3H), 1.28 (t] =
7.1, 3H), 1.32 (tJ = 7.1, 3H), 1.84 (ddg] = 2.4, 14.6 and 7.3,

1H), 2.08 (ddg,J = 11.7, 14.6 and 7.3, 1H), 2.25 (br s, 1H), 3.17

(dd, J = 11.7 and 2.4, 1H), 3.78 (AB patteths = 11.5, 2H),
4.23 (q,d = 7.5, 2H), 4.24-4.32 (m, 2H), 7.19-7.32 (m, 5K¢
NMR (100 MHz, CDCly) 8: 12.9 (CH), 13.9 (CH), 14.0 (CH),
25.2 (CH), 51.0 (CH), 61.3 (CH), 61.5 (CH), 64.5 (C), 65.9

(CH,), 127.2 (=CH), 128.3 (=CH), 129.2 (=CH), 139.0 (=C),

170.6 (C=0), 170.7 (C=0), HRMS (ESImz calcd for
[M + H] C1/H,:05: 309.1697, found 309.1701.

Reactions conducted with 5a in the presence oPrl:

« Equation e, Scheme 9: the reaction was conduceatding to
the general procedure in the presence of diethykfid mL, 1 M

in hexane, 2 equiv)i-Prl (0.3 mL, 15 equiv.) and diethyl 2-

benzylidenemalonatga (0.20 mmol, 45 pL, 1 equiv) in DCM (1
mL). After one night, the reaction was evaporatedeAftork-up
and purification by flash chromatography on silgel, 6b was
isolated in 75% vyield (44 mg, 0.15 mmol). The samaction
performed over one night and worked-up without evaiom
gave after purificatio®b in 85% yield (50 mg).

« Equation f, Scheme 9: the reaction was conduatedreing to
the general procedure in the presence of diethykfid mL, 1 M
in hexane, 2 equiv), (Ci®), (18 mg, 3 equiv.)i-Prl (0.3 mL, 15
equiv.) and diethyl 2-benzylidenemalondia (0.20 mmol, 45
puL, 1 equiv) in DCM (1 mL). After one night, work-uma
purification by flash chromatography on silica g&b was
isolated in 76% yield (49 mg, 0.152 mmol). Traceoant of 7a
were detected from thél NMR spectrum.

Diethyl 2-(2-methyl-1-phenylpropyl)malonate 68 'H NMR
(300 MHz, CDCl) $:0.82 (d,J = 6.8, 3H), 0.84 (dJ = 6.8, 3H),
0.92 (t,J=7.1, 3H), 1.29 (tJ = 7.1, 3H), 2.01 (pseudo odt=
5.5, 1H), 3.39 (ddjJ = 11.4 and 4.9, 1H), 3.85 (m, 2H), 3.95d,
= 11.4, 1H), 4.25 (m, 2H), 7.10-7.28 (m, SHJC NMR
(75 MHz, CDCl) &: 13.4 (CH), 14.1 (CH), 17.6 (CH), 21.5
(CHjy), 30.3 (CH), 50.9 (CH), 55.9 (CH), 60.9 (gH61.2 (CH),
126.7 (=CH), 127.6 (=CH), 129.3 (=CH), 138.0 (=C), .87
(C=0), 168.7 (C=0).

Diethyl 2-(hydroxymethyl)-2-(1-phenylpropyl)malonate 7b:
'H NMR (300 MHz, CDCly) é: 0.62 (d,J = 6.6, 3H), 1.10 (d =

6.6, 3H), 1.30 (tJ = 7.2, 3H),1.30 (superimposed br s, 1H), 1.37

(t, J = 7.2, 3H), 2.45 (dsepd, = 10.3 and 6.6, 1H), 2.98 (d,=
10.2, 1H), 3.51 (AB patterfig = 11.3, 2H), 4.15-4.45 (m, 4H),
7.06-7.30 (m, 5H)**C NMR (75 MHz, CDCls) &: 13.9 (CH),
14.0 (CH), 21.6 (CH), 22.8 (CH), 32.2 (CH), 56.8 (CH), 61.5
(CH,), 61.7 (CH), 63.1 (C), 68.3 (Ch, 127.0 (=CH), 128.5
(=CH), 129.3 (=CH), 140.5 (=C), 171.3 (C=0), 171.4 @~
HRMS (ESI):m/z calcd for [M + H] CygH,/Os: 323.1853, found
323.1854.

Reactions conducted with 5b:

* The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (3.76 mmol, 3.76 MLM in
hexane, 8 equiv) angb (0.47 mmol, 108 pL, 1 equiv) in DCM
(2 mL). After 30 min, the'H NMR spectrum of a sample

revealed the completion of the reaction. After wopk-5b was
partially recovered in admixture withc (1:1.75'H NMR ratio).
After purification by flash chromatography on siligal 6¢c was
isolated in 38% yield (0.179 mmol, 44 mg).

* The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (3.76 mmol, 3.76 MLM in
hexane, 8 equiv) angb (0.47 mmol, 108 pL, 1 equiv) in DCM
(2 mL). After 30 min, the'H NMR spectrum of a sample
revealed the completion of the reaction. The reactvas totally
evaporated and the residue was dissolved in DCMur&atd
NH,CI was added and the layers were separated and tleews)
layer was extracted twice with GEl,. The combined organic
phases were dried (MgSQ) filtered and concentrated under
vacuum. The residue was purified by flash chromaipigy on
silica pad6c was isolated in 72% yield (0.338 mmol, 82 mg).

» The reaction was conducted according to the gepevaedure
in the presence of diethylzinc (0.94 mmol, 0.94 MLM in
hexane, 2 equiv), BFOEt (0.51 mmol, 65uL, 1.1 equiv) arxdb
(0.47 mmol, 108 pL, 1 equiv) in DCM (2 mL) to gite and10
in a 40:60 ratio 'H NMR ratio, crude mixture: 80 mg). The
mixture was purified by column chromatography olicaigel
using ethyl acetate/pentane (5/95) as eluent. Thet f
chromatographic fraction, contained boron enolétgsolated as
a colorless oil (21 mg, 0.09 mmol, 18% yield). Teecond
fraction (50 mg) was a mixture &c and 10 (6¢ (0.113 mmol,
28%), 10(0.075 mmol, 22%)).

Ethyl (E)-2-(((difluoroboranyl)oxy)(ethoxy)methylene)-3-
ethylhexanoate (10)'H NMR (400 MHz, CDCl3) &: 0.79 (t,J
= 7.4, 3H), 0.85 () = 7.3, 3H), 1.37 (t) = 7.1, 6H), 1.41-1.57
(m, 6H), 2.50 (tt J = 5.9 and 9.6, 1H), 4.42 (4,= 7.1, 4H)C
NMR (100 MHz, CDCl) é: 12.5 (CH), 14.2 (CH), 14.3 (CH),
14.5 (CH), 21.0 (CH), 26.4 (CH), 35.2 (CH), 35.5 (Ch), 65.1
(CH,), sp C were not detectedE NMR (376 MHz, CDCls,
CCIF) &: -144.1 (s, 2F'B NMR (128 MHz, CDCl,
BF:.Et,0) &: 0.82 (br, BR). HRMS (ESI): m/z calcd for
[M + H"] Cy3H,404BF,": Calcd: 293.1733, Found: 293.1730.

Diethyl 2-(1-ethyl-butyl)malonate (6¢c) '"H NMR (400 MHz,
CDCly) 6: 0.85 (t,J = 7.3, 6H), 1.25 (tJ = 7.2, 6H), 1.30-1.47
(m, 6H), 2.09 (sext) = 7.4, 1H), 3.38 (d) = 7.7, 1H), 4.17 (¢J

= 7.1, 4H)."®*C NMR (100 MHz, CDCly) &: 11.0 (CH), 14.2
(CHy), 15.5 (CH), 19.9 (CH), 23.7 (CH), 32.9 (CH), 39.5
(CH), 55.4 (CH), 61.2 (C§), 169.3 (C=0). Trace amounts of
hydrogenatedbb (5bH) were identified through the following
signals in the proton NMR spectrum, 1.75 (g,J = 7.5, 1H),
3.33(t,J=7.5, 1H).
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Additionally, when the reaction conducted ire tpresence of 8
equivalents of diethylzinc was diluted by addingr20of DCM before
proceeding to hydrolysis, no reversion was observEdis last
experiment strongly suggested that whatever zireciep would be
responsible for the reversion, the reversion wdwda bimolecular
process slowed down by dilution.

See ref. 5b and previous refs cited therein.

According td'H NMR of the crude mixture, in the presence of 8ieq
of PHCHO, the reaction led to a mixture containing
6a:5aPhCHO:phenethyl alcohol in a 0.6:0.2:1:2.8 ratio.

Diethylzinc has already been used as a ba3éifto promote the
formation malonate anion in Pd-catalysed allylagiosee: Fuji, K,;
Konoshita, N.; Tanaka, KChem. Commuri999 1895-1896..

As evidenced by the calculations EtOZnEt ieteb Lewis acid than
Et,Zn, the energy of its LUMO is 0.2 eV lower than tthaf the
unoxidized species. The Mulliken charge at Zn i$9Gor EtOZnEt, it
is only +0.35 for E&Zn.

According to theoretical calculations perfornoedthe enolate bearing
a hydroxyl group at zinc, the retro-process woutdelmdothermic by
22.3 kcal/mol. But it would be exothermic by 1.8akmol if the
released EtZnOH species remained complexed to ¢generated
benzylidene malonate.

Significant amounts of retro-Michael product revementioned in
Tomioka's reports on M&n-mediated radical additions, see refs 12c,
13b.
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