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Abstract: Conditions have been developed for the atom transfer radical addit gp reaction of bromoesters to

enol ethers. The putative 1ntermed1ate haloethers are allowed to ionize and the resulting cations are trapped by

addition or elimination reactions. © 1998 Eisevier Science Ltd. All rights reserved.

During the mid-to-late 1980’s, the atom transfer radical addition (ATRA) reaction emerged from a long
period of obscurity to take a position as an important component in modern synthetic radical chemistry.! Since
then, the scope of radical atom and group transfer reactions has continued to increase, and atom transfer radical
polymerization (ATRP) has become a major tool in modern polymer chemistry.2 In many atom transfer addition
reactions, an exothermic radical addition step is followed by an exothermic atom transfer step. Reactions with
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e the atom transfer addition reactions of halomalonates, halomalonitriles
related compoundq (Eq 1) 4 The%e reactions are now reasonably well understood and have significant
preparative value. In studying the scope of these reactions, we learned that iodomalonates and malononitriles are
highly reactive towards many types of alkyl- and aryl-substituted alkenes. However, despite a number of
atternpts, we were never able to develop a useful procedure for addition of these radical precursors to electron
rich alkenes like enol ethers, enol thioethers, or enamines.> This failure puzzled us since the radical addition step
of the proposed chains should clearly be rapid, and the atom transfer step—while nearly thermoneutral of even

endothermic—should be facilitated due to the weak C-I bond and to a favorable polar effeci. Indeed, the
analysis is supported by the fact that related group transfer addition reactions (X = SePh or xanthate) work well.6
We now report that the analogous halogen atom transfer addition reactions succeed provided that an equivalent

amount of a mild base is added to the reaction mixture. This simple expedient significantly extends the scope of
this class of ATRA reaction.

Eq1
E._.E RS AN Va |?3 2' EE X "G
7<x * a2 CeHs [ /\FN/\RJ - /\R‘/VRZ
E =CN, COMe
X = |, succeeds for R = alkyl, phenyl; fails for R = OR, SR, NR,

X = SePh, succeeds for R = phenyl, OR, SR, NR»

The impetus to revisit this line of experimentation came from a recent paper by Yoon and coworkers (Eq 2).7
They reported that addition of ethyl 2-bromopropionate 1 and related halides to butyl vinyl ether 2 occurred
smoothly in methanol in the presence of Ni(OAc), “borohydride exchange resin” (BER) and Nal to provide the
adducts 3 as acetals. The role of BER was not rationalized, and excess BER was used even though the
transformation is not a reduction. This lead us to speculate that BER simply functioned as a base to neutralize the
equivalent of HBr (or HI) that is generated in the formation of 3. This speculation was strongly supported by
observations of P\_‘y’U and coworkers reportea snorty tnereatter. i

in atom transfer carbonylations that are presumed to involve acyl iodides and that provide lactones or esters as
isolated products.
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Eq2
[ Ni(OACc),, BER, Nal | Yoon, ret. 7
CO,EL
OBy hv CO,Et hv/EtsN
VU e— Y + 0., OBu + FEigNeHBr

OBu CegHg/CHaOH  Br CgHe/CH30H ]

AIBN OMe
. trace 1 equiv 10 equiv
i i 2 3

We initially conducted two reactions of 1 (limiting reagent) and 2 (10 equiv) in benzene containing
methanol (5 equiv) and hexabutylditin (10 mol%). Both reaction mixtures were subjected to UV irradiation with
a standard Hanovia lamp for 4 h (Eq 2). In the mixture resulting from the reaction conducted in the absence of
triethylamine we detected a small amount of the desired product 3, but the major new (non-volatile®) product
after workup etaldehyde dibutyl acetal 4. In contrast, dunng irradiation a prec1p|tate (Eth-HBr) appeared
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with AIBN provxded 3 in 97% crude yield and 95% yield after purification by short column chromatography.
That the reaction occurs without any tin additive greatly facilitates purification. Within the limits of detection, the
product was exclusively the mixed acetal 3; neither the dimethyl nor the dibutyl acetals were evident.10

Using butyl vinyl ether as a constant component, a series of reactions was run by varying the radical
precursors and the alcohol trap. These reactions were all conducted on 0.8 mmol scale, and the isolated yields of

punﬁed products are listed in Table 1.11 The results show that other simple alcohols (entries 1 and 2) can be used
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alcohol from the reaction mixture resulted in formation of the correspondm£ enol ether Droduct (ent 6), while
addition of diethylamine in place of the alcohol yielded the known aldehyde (entry 7)12 after treatment of the
crude reaction mixture with dilute HCI.

Table 1. Radical Addition of c-Bromo Esters to Vinyl Ether.

entry substrate alcohol nroduct vield(%)
O
1 /‘ﬁ\/&_ PhCH,0H EIOJK/\‘/O\/\/ 91
Eto OBn
0
(@] /” -~ 0 -~ .
2 /IK/B’ cyclohexanol ~ EtO7 7 TN N 89
BO OCgH11
o 0
EtO 94
3 E:G/U\T OEt  MeOH S
Br E10,C OMe
4 g oEt  MeOH EtO: N 99
/ By EiOC ¥ OMe
0 o)
5 Eio/u>)<8 r MeOH En‘O).k/\/\T/O NN 70
OMe
6 Q . Q o1
EtO)J\( r - Etow\/\/ RN
1 i (B:Z=1:1)
Me Me
7 A\
Et Br Ets)NH E‘OW 81a
Me Me H

a. The aldehyde was obtained after treatment of the reaction mixture with 0.5 N aq HCl solution



Brief trials to develop a few extensions met with mixed success. Attempts to form C—C bonds by adding
reagents like enol silyl ethers have not yet been successful, although the possibilities have certainly not been
exhausted. On the other hand, when o-haloacids were used in this reaction (in the absence of alcohol), 8-alkoxy-
d-lactones were formed, as shown by the examples in Eq 3. These products have a number of uses in organic

synthesis.i3
2T 5 S V']
R=H,76% O S = Ho Br PYTIRTY Q Me ;?4
7o) sHe, =
L)) Md R )—‘

Ao
= "0OBu

RFa

BNy =

A suggested mechanism for these transformations is shown in Scheme 1. Radicals § bearing one (or two)
electron withdrawing groups should add readily to enol ethers to provide 6. According to the radical
stabilization energies (RSE) of Riichardt,!4 product radical 6 (RSE = -5.9 kcal/mol) is more stable than starting
radical § (RSE = -2.9 kcal/mol). This implies that the bromine atom transfer reaction between the radical 6 and 7
is endothermic. Nonetheless, we suggest that it can occur at a reasonable rate due to a favorable polar effect (see
TS) to provide 8. Intermediate a-bromoether 8 is presumably unstable under the reaction conditions and ionizes

to oxonium ion 9. In the absence of base, HBr is formed, and this then initiates acid catalyzed acetai and enol
ether exc 'rge In the presence of base, the HBr is neutralized and the bromoether 8 is smoothly converted to
either an enol ether 10 or a mixed acetal 11, depending on the conditions. This drives the radical reaction forward
by removing 8 as a potential bromine donor from the medium. The sequence of bromine transfer followed by
ionization amounts to an inner sphere electron transfer. At this point, we have no experimental evidence for the
intermediacy of the a-bromoether 8, so we cannot rule out an alternative outer sphere electron transfer process
where 6 and 7 react directly to product oxonium ion 9.!5 However, we can confidently rule out an ionic
mechanism based on bromonium ions and related species; such addition reactions would provide the other

regioisomer.

Scheme 1
1
. OBu ]
EaCHpe + gy —— E~LOBU  + E_Br [E\_.Er_a
~ | ~~E |
5 2 6 7
TS
E OBu ELN  E OBu
—— ECHp + Y — 4 - ~Y EtsNHB
= > E OBu + Br + 3 r
Br N RNUH NuR
5 8 9 11
EtsN
—_ _ E A 0B+ Ft.NHRr
X + EtyNHB;
10
The results in this paper are important for several reasons. The reported transformations have clear

PO 11 i

preparative value; an assortment of different products have already been prepared and there is potential to
extend the work with different radical precursors, acceptors, and nucleophiles. This is also a new method for
sequencing a radical reaction prior to an ionic one.!d The procedure is attractive because no tin is needed and
because iodides are not required; bromides are sufficiently reactive. Finally, perhaps most important are the
broader implications for halogen atom transfer chemistry. As this field has developed, it has been concluded that
halogen transfer reactions that provide product halides capable of ready ionization will probably not be useful.

However, our work, Yoon’s? and Ryu’s® taken together begin to suggest that this conclusion is premature
Useful reactions can be deve!oped when the prodL_ halides are allowed to ionize and when the resulting cations
are trapped in a productive fashion that does not interfere with the radical chain
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