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Free radicals and Lewis acid. Chelation-controlled
radical allylations of substituted a-halo- or -
phenylseleno-3-alkoxy esters. The endocyclic
effect.

B. Guérin, C. Chabot, N. Mackintosh, W.W. Ogilvie, and Y. Guindon

Abstract: The radical allylation of a series of-halo ora-phenylselend3-alkoxy esters in the presence of MgBDEY

is reported and compared with analogous reactions under non-chelating conditions. The addition pOHEgBjives

excellent selectivity favorin@nti products; in some cases ratios >100:1 are obtained. Varying the substrate substituents
reveals that these reactions are quite tolerant of alkyl functionalities §i-fiesition. Changes to the alkoxy function
indicate that a chelate is involved in the reaction. The reactions are successful with secondary iodides, bromides, and
phenylselenides, as well as tertiary iodides, which all give very high ratios under chelation control. Performing less
well under the same conditions are substrates with a radical exocyclic to a tetrahydrofuran ring. EDTA titration is used
to determine the amount of Mg dissolved in the allylation reaction mixture, aftC NMR is employed to better de

fine the nature of the complex formed (chelate or monodentate) prior to the reaction. Competition experiments suggest
that the chelate and monodentate pathways are in competition for the radical allylation with allyltributyltin.

Key words allylation, radicals, Lewis acid, stereoselectivity, 1,2-induction.

Résumé: Les allylations radicalaires, pour une série d'estefsalo or phenylselen@-alkoxylés, en présence de

MgBr,-OEb, sont rapportées et comparées aux réactions analogues sans acide de Lewis. L'addition d&Big&n-

duit a une excellente sélectivité en faveur des prodaiitls pour certains cas, des ratios >100:1 ont été obtenus. Les
variations des substituants sur les substrats montrent que ces réactions tolérent une variété de fonctions alkyles en posi-
tion 3. Les changements de la fonction alkoxy suggerent qu’un chelate est impliqué lors de la réaction. Les allylations
fonctionnent bien avec les iodures, les bromures ainsi qu’avec les phénylsélenures secondaires. Les iodures tertiaires
donnent des ratios trés élevés en présence d'acide de Lewis. Les substrats générant un radical exocyclique a un cycle
tetrahydrofurane donnent de moins bons résultats sous ces conditions. Le titrage a 'EDTA a été utilisé pour déterminer
la quantité de Mg dissous dans le mélange réactionnel lors de I'allylation, et les données R&INnt été utilisées

pour mieux définir la nature des complexes formés (chelate ou monodentate) avant la réaction. Les expériences de
compétition suggerent que les deux chemins réactionnels, chelate et monodentate, sont en compétition pour I'allylation
radicalaire avec I'allyle d’étain.

Mots clés: allylation, radicaux, acide de Lewis, stéréoselectivité, induction-1,2.

1. Introduction tions has been expanded by using mono (5) or bidentate
Lewis acids (6, 7), solvent complexation (8), and intramole
This decade (1) has shown that free radical based-reacular hydrogen bonding (9). Additionally, reagent control
tions could be useful synthetic approaches for making acyapproaches employing chiral Lewis acid or chiral tin hydride
clic molecules with high levels of diastereoselectivity andhave been recently devised (10).
enantioselectivity. Significant levels of stereocontrol have We have been particularly interested in studying the teac
been achieved in strategies involving pre-existing chiral centivity of radicals flanked by an ester and a stereogenic center
ters (2, 3) or chiral auxiliaries (4). The scope of these reacbearing a heteroatom in reactions involving hydrogen-atom
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Table 1. Preparation of substraté€s21 by alkoxy-etherification.

OMe
X2, AgNO3 H
AN COgMe - - . . COgMe
R1ﬁ;2 MeOH, 25 °C R1/;‘2<RB
Entry olefin R X, R, Rs Substrate Yield (%)
1 1 Me I, H [ 9 60
2 2 i-Pr I H [ 10 38
3 3 c-CgHyy I, H [ 11 45
4 4 Ph b H | 12 78
5 4 Ph b H | 13 61
6 4 Ph Br, H Br 14 70
7 4 Ph PhSeBt H PhSe 15 90
8 5¢ Ph b | H 16 77
9 5¢ Ph Br, Br H 17 78
10 5¢ Ph PhSeBt PhSe H 18 93
11 6 Ph l, Me | 19 66
12 7 Me I, Me | 201 81
13 8 Et I, Me | 21 42
“Benzylalcohol was used to give tfebenzyloxye-iodo-ester.
PPhSeBr was used with AgOTH.
‘Methyl-Z-cinnamate was used to gisyn substrate.
YEthyl ester was used.
Scheme 1.(a) In absence of MgBrOEY; (b) In presence of repulsion (3) and hyperconjugative stabilizatiore)(3Thus,
MgBr,-OEb,. the synisomer is the major compound obtained when such a
radical intermediate, originating from the homolytic extru-
. -t sion of a phenylseleno ether or a halogen, is reacted with
Rio allyltributyltin. S _
OR In response to this finding, our group hypothesized that a
R3 : 2 bidentate Lewis acid could, through complexation with the
RZO/®JI-J|\O'V|‘a ’ R /yCOQMe oxygen of the stereogenic center and the carbonyl of the es-
; 1 R ter, reposition the Rgroup onto the opposite face of the rad-
A N 3 /\ ical, thus allowing for a preferred attack on the top side
B S”BUS_ syn leading to theanti product (Schemeld, transition stateB).
A Our previous work in hydrogen-atom transfer reactiorss €Y
had shown that this approach could be feasible. Those find
— 7t ings inspired studies to show that the facial selectivity of a
Buasn\/\ radical based allylation could be inverted (frynto anti)
\ OR through the simple expedient of adding MgBDE}, to the
' 2 os 2 reaction mixture (BB). This strategy was further shown by
H 0---Mg™ | —— ~ CO,Me  both our group (@ and Porter’s group (11) to be successful
R3 =0 R1/X/\ in atom transfer reactions. Reported now are the full experi
OMe Rs N mental details of chelation-controlled allylationsbalkoxy
L R4 | anti esters, including studies on the importance of the
B stereochemistry of the starting material in such radicat pro

cesses and on the possible formation of bidentate intermedi
ates. Preliminary experiments that explain the need for an
transfer (3), additions to olefins €y, cyclizations (3), and excess of MgBy-OE in the reaction and that elucidate fur
allylation reactions (B, 3g, 7b). Our first studies dealing ther mechanistic details will also be presented.
with the induction of new chiral centers on acyclic mole
cules, using free radical chemistry, spav_vneq from wnexo Preparation of materials and standards
pected experimental results. The realization that the
planarity of radicals adjacent to an ester or amide group Secondary and tertiary iodid&s-13, 16, 19-21, and bre
might resembleZ-enolates led to the hypothesis that allylic mides14 and 17, were prepared, by halo-etherification reac
1,3-strain (&, 2c) could be one of the factors controlling tion, from the corresponding olefiris-8 as shown in Table 1
stereoselectivity. The stereochemical outcome of thg12, 13). Phenylselenidekb and 18 were synthesized using
allylation reaction has been best rationalized by transitiora modification of the same method wherein AgOTf, a solu
stateA (Scheme &) (1, 2, 3, 4), which takes into account al ble silver salt, was used in place of AghCBynsubstrates
lylic 1,3-strain and electronic factors such as dipole—dipolel6-18 were prepared from the appropriafeolefin using
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Scheme 2.(a) DIBAL-H, CH,Cl,, —78°C; p) Ph=C(R)COMe
(ethyl ester was used when R=Me), PhEO THF, reflux; ) I,
NaHCQ,, THF, 25°C; () m-CPBA, EtO, H,0, 0 to 25°C;

(e) TBSOTF, CH,Cl,, 2,6-lutidine, 0°C.

has been shown (vide infra) to require the presence of an
excess of MgBy-OEt. In the absence of MgBIOEt, sub
strate9 showed a preference for theyn product, but poor
selectivity was observed (entry 2). Other acyclic secondary
iodides performed well under chelation-controlled cendi

OH OR
E TMSOTf or TBSOTf : tions, affordinganti isomers with excellent diastereofacial
PhAr COMe CHzCIz,7§,§éutidine PhArCOZMe selectivity (entries 3, 5, 7). These substrates displayed a
2 & - 24 X=1 TS (82%) preference for theynadduct in the absence of MgBOE}
23, X =Br 25, X = |, R = TBS (98%) (entries 4, 6, 8). A greater selectivity was observed for-sub
26, X = Br, R = TBS (95%) strate12 when the reaction was conducted in toluene at
o o —78°C (entry 8 versus 9).
()_/V/O ab c  _CO.Et Modifications to the3-alkoxy group (X) and their effects
(Yn HO COzMe N on the allylation reactions are shown in entries 7-15: Re
27, R=H, n=1 (51%) placement of the methoxy group by a benzyloxy ether led to
28, R=Me, n=1 (82%) an erosion ofanti diastereoselectivity under chelation-eon
2 R ”222(8(2@0) trolled conditions (entries 7 and 10). When the methoxy
' ' group was replaced by a silyl ether, the Lewis acid lost its
o o influence in controlling the stereochemical outcome (entries
@ db_ OH R ¢  _COMe 7, 8, 12-15). Generally, the steric congestion offered by the
HO Z>co,Me R0 R I larger silyl groups (relative to Me) should preclude chelation

of the oxygen with Lewis acid (19). As was hypothesized at
the onset of this study, these results strongly suggest that the
formation of cyclic intermediates, through MgBOE}
complexation with the oxygens of the alkoxy and the-car
bonyl functions, is required in order to obtanti adducts in

procedures analogous to those of the corresponaitigsub-  this series of molecules. _ _ _
strate (12). Silyl ether®4-26 were readily derivated from  In addition toanti iodide 12, anti bromide 14 and anti
the Secondary alcohols (14) as described previou5|phenylselen|de15 were also transformed into their corre-
(Scheme 2) (15). Tetrahydrofura@g-28 and tetrahydropyrans sponding allyl derivatives with excellent selectivity and yield

e(™ 33, Ry=H, R,=TBS (85%)

31, Ry=Ry=H (52%)
e @ 32, Ry=CHj, Ry=H (40%)
34, Ry=CHj, R,=TBS(76%)

29-30 were prepared in three steps as outlined in Scheme when MgBp-OE} was present (entries 7, 16, and 18). For
(3d, 7c). DIBAL reduction of y-butyrolatone ord-valero-
lactonefollowed by Wittig olefination of the resultant lactols the extent of 38:1, 19:1, and 65:1, respectively. Under the
afforded the corresponding,B-unsaturated esters. Cycli- Same conditionssyn iodide 16 led to reduced levels of
zation of the olefins under kinetic conditions,,(NaHCG;, )
THF, 25°C) (16) produced the expected iodoesters. Tetrahyrroduct (entry 20). By contrast, ratios greater than 20:1 were
drofurans 31 and 32 (17) were prepared by treating observed fosynbromidel7 andsynphenylselenide8 (en

dihydrofuran withm-CPBA (H,O-EtO, 82%) to give the

hemiacetal that was then subjected to;fHC(R)CQEt ¢ ! [
(THF, reflux). An iodocyclization reaction was done on the consistent ratio of approximately 5:1. One should note that
resulting compound. Protection of alcohd4 and 32 (t-
BuMe,SiOTf, CH,Cl,, 2,6-lutidine, 0°C) gave eithe83 or

each substrate, thenti isomer was formed preferentially to

diastereoselectivity and gave a 5:1 ratio in favor of dmi

tries 22 and 24). Without Lewis acid, the allylation reactions
favored thesynisomer (entries 8, 17, 19, 21, 23, and 25) in a

the presence of Lewis acid usually reverses the facial bias
and is accompanied by a significant increase in diastereo

34 (Scheme 2). selectivity (entries 7, 16, and 18 versus 8, 17, and 19, re

The relative configurations of the allylated products wereSpectively).
established by independent synthesis and correlation of the Tertiary iodides displayed excellent diastereoselectivity in
NMR spectra (@). In every case, the difference in chemical chelation-controlled allylations (entries 26, 28, and 30).
shift between the NMR resonances of the methylene proton§ince asymmetric quaternary centers are difficult to form,
in the allyl side chain4uv) for the anti diastereoisomers was these reactions clearly have interesting synthetic utility (20).
greater than théu values for thesyndiastereoisomers. The Compared to the secondary iodides, the tertiary iodides in
chemical shifts of the resonances of the same hydrogens e absence of MgBrOEt showed lower reactivify but
the anti series were also consistently upfield to the reso slightly higher diastereoselectivity favoring tisyn product
nances of the correspondirsyn counterparts (18). (entries 2, 4, 6, and 8 versus 27, 29, and 31).

Assuming that the cyclic intermediate bearing a carbon-
based radical was at the origin of thati diastereoselectivity
noted for the chelation-controlled allylation (the endocyclic
effect) (Scheme H), we were anxious to evaluate the effect

Treating a solution of 3-methyl-3-methoxy-2-iodopropionateof a ring adjacent to the radical. Indeed, a bicyclic interme
9 with allyltributyltin and 3 equivalents of MgBrOEt, gave  diate had to then be considered in this scenario.

a mixture of adducts in a 51:1 ratio favoring taeti product Table 3 lists some preliminary results from this study.
(Table 2, entry 1). Achieving interesting diastereoselectivityNote that entries 1 and 3 indicate a lower preference for the

3. The radical-mediated allylations of a-
halo- or o -phenylseleno-3-alkoxy esters

3The lower reactivity is reflected by longer reaction times, even when conducted in hexanes at reflux.
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Table 2. Radical allylation of various substrates under chelation and non-chelation control.

855

Entry

AN N W=

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31

Substrate
(:)Me
RAl/COZMe
I
9 : R=Me
9 . R=Me
10 : R=iPr
10 : R=/Pr
11 : RZC-CéH”
11 : R=C—C(,H11
X
Ph'Arcone
1
12 : X=0OMe
12 : X=0Me
12 : X=0OMe
13 : X=0OBn
13 : X=0Bn
24 . X=0TMS
24 : X=0TMS
25 : X=0TBS
25 : X=0TBS
C:)Me
PhA{C()zMe
Y

14 : Y=Br (anti)
14 : Y=Br (anti)
15 : Y=SePh (anti)
15 : Y=SePh (anti)
16 : Y=I(syn)

16 : Y=I(syn)

17 : Y=Br (syn)
17 : Y=Br (syn)
18 : Y=SePh (syn)
18 : Y=SePh (syn)
OMe

~_CO,Me

Me 1

19 : R=Ph

19 : R=Ph

20 : R=Med

20 : R=Med

21 : R=Ed

21 : R=Ed

R

Conditions? Products
anti  syn
A 35 36
B 35 36
A 37 38
B 37 38
A 39 40
B 39 40
A 41 42
Bb 41 42
B¢ 41 42
A 43 44
Bb 43 44
A 45 46
B 45 46
A 47 48
Bb 47 48
A 41 42
Bb 41 42
A 41 42
Bb 41 42
A 41 42
Bb 41 42
A 41 42
Bb 41 42
A 41 42
Bb 41 42
A 49 50
B 49 50
A 51 52
B 51 52
A 53 54
B 53 54

anti

51

>100

>100

— e e = () = = 00

>100

>100
1

90

1

Ratio
syn

LW = W = W =
(O8]

9]

A= = Q= = =

1
16
1
4.5
1
4.8

Yield
(%)

79
73
51
82
95
84

80
82
75
52
60
78
84
90
86

78
73
90
63
69
84
80
82
76
86

76
75
65
44
80
45

#A:2.0 equiv of allylSnBy, 3.0 equiv of Mg

hexanes, reflux.
2.0 equiv of allylSnBy, 0.2 equiv of EfB, CH,Cl,, —78°C.
2.0 equiv of allylSnBy, 0.2 equiv of EB, toluene, —78°C.
Ethyl ester was used.

By-OEt, 0.2 equiv of EfB, CH,Cl,, —78°C. B:2.0 equiv of allylISnBy 0.2 equiv of AIBN,
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Table 3. Radical allylation of tetrahydrofuran and tetrahydropyran derivatives under chelation and non-chelation control.

Entry Substrate Conditions? Products Ratio Yield
anti  syn anti : syn (%)

R I
1 27 : R=H A 55 56 5:1 91
2 27 : R=H B 55 56 1: 6 90
3 33 : R=0TBS A 57 58 6: 1 80
4 33 : R=0TBS B 57 58 1: 51 74
0
Rcom
R Me 1
5 28 : R=H A 59 60 1:1 82
6 28 : R=H B 59 60 1: 10 81
7 34 : R=0TBS A 61 62 7:1 70
8 34 : R=0TBS B 61 62 1: 16 65
(O]
“__CO,Me
I
9 29 A 63 64 18 : 1 84
10 29 B 63 64 1: 10 89
0
~ CO,Et
Me: 1
11 30 A 65 66 27 : 1 54
12 30 B 65 66 1: 18 77

#A:2.0 equiv of allylSnBy, 3.0 equiv of MgBg-OEt, 0.2 equiv of EfB, CH,Cl,, —=78°C. B:2.0 equiv of allylSnByI 0.2 equiv of AIBN,
hexanes, reflux.

anti product when the carbon bearing the radical was-adjaiodide 12, gave ratios of 1.6:1, 7:1, and 38:1, respectively;
cent to a tetrahydrofuran (THF) ring and when MglYEt,  however, no increase in ratio was noted with 5 equivalents
was present. This trend is magnified in the tertiary iodide seof MgBr,-OEt, (see entry 4). The results were surprising be
ries (entries 1 and 3 versus 5 and 7), where a 7:1 ratiacause the subequimolar amount of Mg®Et was accom
favoring theanti isomer was the best selectivity obtained. In panied by insoluble material in the reaction medium. We
contrast, substrates bearing a tetrahydropyran (THP)aing had, of course, expected that one equimolar amount of
to the radical gave excellent diastereoselectivity undetewis acid would be sufficient for the chelation (vide infra),
chelation-controlled conditions (entries 9 and 11). From thébut our assumption had not taken into account the possibility
THF and THP substratesynisomers were obtained in good of other competing intermediates.

ratios in the absence of Lewis acid, considering that the re Tg shed some light on the above results, we decided o de
actions were performed in hexanes at reflux (entries 2, 4, &ermine the amount of Mg actually present in the reaction
8, 10, and 12). The bicyclic intermediate chelate with two 6-mixture. The first step in doing so was to allow the Lewis
membered rings was clearly more efficient in inducetti  5cid to equilibrate at —78°C in the presence of jodi
diastereoselectivity than the bicyclic intermediate with one5 mL of 0.1 M solution) and allyltributyltin. After 10 min,
5- and one 6-membered ring. 3 mL of the solution was filtered and analyzed for magne
sium content by EDTA titration (21). BB was added to the
4. The role of MgBr,-OEt,. Determination of remaining solution to measure allylation efficacy and
the amount of Mg2* present in the allylation dfﬁereoseleitn/flt?\//.l & dissolved in solution ;
. . . e amount o issolved in solution increased con
reaction by EDTA titration comitantly with the amount of MgBrOE#, introduced at the
With conditions for the chelation-controlled allylation-op beginning of the reaction (entries 1, 2, and 3). A maximum
timized, we turned our attention to the problem of why anof 1.6 equivalents of dissolved M§was reached in the
excess of MgBy-OE}, (3 equivalents) was needed to maxi reaction containing 3 equivalents of MgBDE} (entry 3).
mize diastereoselectivity. Table 4 (entries 1-3) shows tha€oncurrently, theanti:syn ratio of the allylated products
0.25, 1, and 3 equivalents of MgBOEt, complexed with  steadily increased, giving a maximum selectivity of 38:1
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Table 4. Determination of the amount of magnesium dissolved in allylation reaction mixtures by filtration and
EDTA titration.

Entry Substrate Equivalents Equivalents Ratio
MgBr,- OEt, Mg** in solutior? anti : syn
added®
(:)Me
Ph/\l/COZMe
I
1 12 0.25 0.18 1.6 : 1
2 12 1.0 0.72 7:1
3 12 3.0 1.63 38: 1
4 12 5.0 1.57 30: 1
5 none 3.0 0.25°
(:)Me
Ph/-\E/COZMe
I
6 16 3.0 1.64 5:1
QTBS
Ph/\|/C02Me
I
7 25 3.0 0.99 1:8
o
~_-CO,Me
I
8 27 3.0 0.88 46 : 1
o
A CO,Me
I
9 29 3.0 1.85 18: 1

®Equivalents of MgBy-OEt, relative to the amount of substrate.
PEquivalents of M§* measured relative to the amount of substrate.
°Experiment run under identical conditions relative to reactions with substrate present.

when the 3 equivalents of MgBIOEYL were used. More than tion but much less impressive diastereoselectivity, as already
3 equivalents of MgBsOEt, did not increase further either noted (entry 6).
the amount of M§+ in solution or the allylation ratio (entry One equivalent of Mﬁ“ was found for silyl compound de
4). rivative 25 in the presence of MgBrOEY}, compared to 0.25

In the absence of the substrate, the solubility of’Miy  equivalent without the substrate (entry 7 versus 1). There
CH,CI, at —78°C, relative to the amount of substrate-nor fore, around 0.7 equivalent was brought in solution by the
mally used, was found to be 0.25 equivalent (entry 5). Notesubstrate. Qualitatively, this result is not so surprising. The
that the number of equivalents reported is always relative td.ewis acid can easily form a monodentate complex with
the number of mmoles of substrate normally used. From thsubstrate25 since the latter presents a Lewis base funetion
above results can be concluded that the intrinsic solubility olity, the ester.
MgBr,-OE% in CH,CI, is low and that the substrate brings  Similarly, THF derivative27 (entry 8) and silyl compound
into solution an additional equivalent of Mig suggesting a 25 (entry 7), which formed a monodentate complex; ex
strong interaction between the substrate and the Lewis acitracted almost the same amount of ¥1gThis contrasts the
Note that there is a ca 30% excess of the added M@HEt,  result for THP29, which brought into solution 1.85 equiva
that does not go into solution (entries 1 and 2), and that thigents of Mg* (entry 9). This is as much as methyl ethie;
amount in suspension can vary depending on the source ¢ifie bidentate chelate, brought. One has to remember that
Lewis acid? However, the ratio being the same with or with THF derivative27 gave a much poorer ratio in favor of the
out filtration strongly indicates that the insoluble materialsanti product than THP derivativ@9 afforded (entries 8 ver
have no effect on the outcome of the reactions. sus 9).

This experimental protocol was repeated &ynisomer These measurements of Rfgdissolved in solution indi
16, which gave the same amount of Rglissolved in solu  cate that an equimolar complex with MgBDEY, is formed

4The material in suspension could be less soluble magnesium salts.
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Table 5. *H and 'C data of MgBg-OE% in CD,Cl, at —23 and 23°C in the presence and absenck2of

Entry Mixture Temperature & CH,CH; (ppm) 6 CH,CH; (ppm)
C) 1H 13 1H 13c
1 12 + MgBr,-OE% -23 3.97 66.1 1.30 14.0
2 MgBr,-OE} -23 3.90 66.4 1.29 14.2
3 OEy -23 3.40 65.9 1.12 15.3
4 12 + MgBr,-OEY}, 23 3.89 66.7 1.31 14.8
5 MgBr,-OE} 23 3.80 66.7 1.29 14.8
6 OEg 23 3.44 66.1 1.15 155

with iodides12 and 29, which suggests a chelation. Such a tapje 6. 13 data ofg-alkoxyesters in presence of saturating
condition seems to be essential for achieving ga@di  5mount of MgBs-OEt, in CD,CI, at —23°C.
diastereoselection in this series of substrates. However, it

may not be a sufficient condition, considering the modest Entry =~ Substrate Dd* Ratio’
diastereoselectivity noted fayniodide 16. This realization C=0 anti : syn
led us to another set of experiments, but this time uskig
and 3C NMR studies. OTBS
Ph/’\rcone
I
5. NMR studies of MgBr,-OEt, complexes | " 57 .
The first consideration for this study was whether or not OMe
diethyl ether was present as a ligand on magnesium. Table 5 A_CO,Me
shows the'H and3C chemical shifts of diethyl ether mea- PhA!/
sured alone (entries 3 and 6), in solution as part of the
MgBr,-OEt, (entries 2 and 5), or in chelate form using io- 2 12 7.5 38:1
dide 12 (entries 1 and 4). The latter two results being the OMe
same indicates that most if not all of the diethyl ether is still i COMe
attached to the magnesium following the formation of com- i
plexes with12, regardless of temperature (entries 1-2, 4-5). 3 16 48 5 1
Previous studies done by Eliel (22), on chelates as inter- ' ‘
mediates in nucleophilic additions - and -alkoxy ke- OMe
tones, have suggested that a strong chelation is consistent Ph/'\|/COzMe
with a greater extent of change in th&C chemical shift of .
the carbonyl. Table 6 presents comparable NMR studies that
consider various substrates in the presence of 3 equivalents 4 15 8.4 65:1
of MgBr,-OE®b,. OMe
As seen in entry 1, the carbonyl signal of the ester for Ph/:\(COZMe
silyl ether25 shifted only slightly downfield (2.7 ppm) when Br
Lewis acid was present in the reaction, suggesting a prefer
ence for the formation of a monodentate complex with the 14 6.4 19:1
ester. The difference in carbonyl chemical shift was signifi OMe
cantly higher for methyl ethet2 (7.5 ppm), which is consis ph > CO02Me
tent with chelation (entry 2). The magnitude of these shifts Br
concurs with Eliel's results (22). 6 17 57 20: 1

Syniodide 16 gave a shift of 4.8 ppm. As already shown achemical shift of substrate with 3 equiv of MgBDEL — chemical
by the solubility experimentsya iodide 16 formed a com  shift of substrate.
plex with MgBr,-OEt, strong enough to bring into solution  "See Table 1.
an amount of Lewis acid equivalent to that obtained from
anti iodide 12 (Table 4, entry 6 versus 3). Yet, tHéC data  addition of MgBk-OEt (entries 4-6) that correlate with
suggests that theyniodide chelate should be qualitatively strong chelation and high selectivity in the allylation. It
less strong than the one formed by theti iodide (4.8 ver  would seem that the greater the carbonyl signal shift, the
sus 7.5, Table 6, entries 2-3Yhis would be consistent with greater theanti preference; but this statement would need to
the lower stereocontrol observed fdt6 in chelation- be validated by additional experiments.
controlled radical allylations. So far, the solubility experiments have shown that both
Anti phenylselenidel5, as well as bromided4 and 17, monodentate and bidentate species bring?Mg solution.
showed large displacements of the carbonyl signal upon th&he NMR studies have facilitated the ability to differentiate

5The study of the THF derivative7 and the THP derivativ@9 under the same conditions did not give spectra of sufficient quality to be
used in this study.
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Table 7. Competition experiments.

A/SHBU'J)
A + B MgBr,-OE(, ratio A/B
CH2C12, Et3B, -78 °C
Entry Substrate Substrate Equivalents Ratio"
A B MgBr,- OEt, A: B
OMe (:)TBS
Ph/‘\rcone PhAl/COZMe
1 1
1 12 25 0 1: 1.8
2 12 25 3 1:2
OMe OTBS
Ph/\l/COZMe Ph/\l/COZMe
Br Br
3 14 26 0 1:1
4 14 26 3 1:2
(:)Me (:)Me
Ph/'\l/COZMe Ph '\E/COZMe
Br Br
5 14 17 0 1:1
6 14 17 3 1:1
C:)Me QMe
Ph ~ CO,Me Ph/\:/COZMe
SePh SePh
7 15 18 0 3:1
8 15 18 3 1:1
(:)Me OMe
PhAl/COzMe Ph/'\:/cone
I i
9 12 16 0 5: 1
10 12 16 3 21
(:)Me (:)TBS
Ph/Xcone Ph/NCOZMe
Me  Br Me Br
11 67 68 0° 1:1
12 67 68 5 8: 1

#0.5 equiv of allylSnBy, 0.5 equiv of substrate& and B.
breaction was performed with B8nH, see ref 7e.

between these species prior to the reaction. Remaining to lequivalent of allyltributyltin was used to obtain 50%
determined is whether or not the species participate competconversion to the allylated products. NMR spectra of the
tively in the establishment of the final product distribution crude reaction isolates were recorded to determine the rela
resulting from the allylation reaction. Preliminary experi tive conversion of each reactant. The results of these experi
ments involving competition reactions have been designethents are summarized in Table 7.

to shed some light in this regard. (Vide infra.) As seen in entry 1, a 1:1.8 ratio of unreacted methyl ether
12 to unreacted silyl ethe25 was noted, indicating that the
6. Competition reactions methyl ether reacted faster than the silyl ether in the absence

of Lewis acid. Similar results were obtained when

All of the competition experiments were performed with MgBr,-OE} was present in the reaction mixture (entry 2).
two substrates of equimolar amounts, which were dissolveéfor the analogous bromide series, the consumption of

in CH,CI, together with allyltributyltin in either the absence methyl etherl4 (bidentate) was found to be slightly higher

or presence of MgBFOEt (3 equivalents). Only half an than that of silyl ethe26 (monodentate) in the presence of

© 2000 NRC Canada



860 Can. J. Chem. Vol. 78, 2000

MgBr,-OEt, (entry 4). In the control experiment (entry 3), monodentate complex form. Bot@ and D are syn predic
performed in the absence of Lewis acid, spedidsand26  tive transition states.
reacted at the same rate. The rate of halogen abstraction by an electropositive tin
Next, the relative stereochemistry of bromides, selenidesiadical should be enhanced by the presence of an adjacent
and iodides was examined. In the presence of Lewis acitklectron-withdrawing group, such as an ester. A more
anti andsynbromidesl4 and 17 reacted at the same rate, as electrophilic ester, obtained via coordination with a Lewis
did the corresponding selenid&s and 18 (entries 6 and 8). acid, should further facilitate the abstraction rate. The rate of
Syniodide 16 reacted faster thaanti iodide 12 both in the  addition should also be improved by the reaction of a more
presence and absence of Lewis acid (entries 9 and 10)- Notalectrophilic radical with an electron rich double bond, such
bly, both syn selenide18 and syniodide 16° reacted faster as the one on the allyltributyltin. Therefore, transition state
than theiranti counterparts in the control experiments {en E should be of lower energy thad. Indeed, allylation was
tries 7 and 9). This result is without explanation at this time. apparently faster with MgBrOE4, in the parallel reactions
Two reactions were then done in parallel widgmti  performed for the competition experiments.
silyloxy iodide 25 under standard conditions. The sole vari  One should note that transition stasand E both bene
able was MgBjy-OEt, which was present in only one of the fit from activation by the Lewis acid. The fact that the
reactions. Comparable yields of allylated products (80%)methoxy and silyloxy derivatives reacted at comparable rates
were repeatedly obtained; however, the time to complete thg competitive experiments suggests the possibility that the
reaction was shorter when Lewis acid was present. monodentate acyclic pathway could actually be as rapid as,
Apparent from these studies is that the chelate intermediand therefore an alternative to, the cyclic pathway. As de
ate, proposed in the case of the methyl ethers, does not hapécted in Scheme 3, a potential equilibrium could exist be
a significant advantage from a reactivity standpoint over theween 74 and 75 (or 70 and 71). After all, these species
silyl ethers, which reacted only as monodentate complexediffer by only a simple folding of the substrate molecule. If
or free substrates. As demonstrated by entries 4 and 12, usuch equilibrium were to exist, the difference in energy be
der chelation-controlled conditions, the allylation reactiontween transition statel® andE would likely dictate the out-
differs from the hydrogen-atom transfer reactions) (%ith come of the reaction.
the bromide substrates. In the latter case, silyl ef&was The comparable reaction rates of the silyloxy and
consumed eight times faster than methyl eigrindicating  methoxy derivatives suggest that transition stdbeand E
that the bidentate pathway was at a strong disadvantage. are of similar energy in the allylation. This result contrasts
that of competition experiments involving hydrogen-atom trans-
fer reactions, which showed the monodentate pathway to be
favored over the bidentate €){ indicating that a transition
state similar tdD would be lower in energy than a transition
The chelation of the Lewis acid to tHealkoxy ester is State analogous t& when tributyltin hydride is involved. It
envisioned as the initial step of the allylation processshould be noted that the major product obtained originated,
(Scheme 3Y.Subsequent homolytic cleavage of tidnalide  in both cases, from the attack on the top face of the radical
or a-phenylselenide by attack of the tin radical ¢8m-) (transition stateE) in the presence of MgBrOEY.
gives a cyclic free-radical intermediate, which may benefit It should be remembered that significant levels of selectiv
from the endocyclic (chelated) effect. Note that variations inity and differences in ratios, depending upon the stereo
the alkoxy function, and their ultimate effect on the ratio, chemistry of the halides and selenides (precursors to the
support strongly the involvement of an endocyclic radicalsame radical), were noted for the allylation reactions (vide
(Table 2, entries 7-15). The presence of the chelate prior teupra). These results, along with those obtained from-com
the generation of the radical is also supported by 5@  petition experiments, are more consistent with the equilib
NMR studies. The chelate is strong enough to bring into sorium between74 and 75 being rather slow, which suggests

7. Discussion

lution an equimolar amount of magnesium. that the reactions are dependent upon the pre-existing mix
Once formed, the chelated radical may exist in two-con ture of complexes’0, 71, and 72
formers,75and76, that lead to transition statésandF, re- This dependency can explain the low selectivity obtained

spectively. Theanti predictive transition stat& should be for the THF derivatives. A potential rationale illustrated by
favored over thesyn predictive F on both electronic and Scheme 4 shows that, for these substrates, the formation of a
steric grounds. Electronically, the electron-poor radical shouldicyclic intermediate may be impaired by the development
be better stabilized, through hyperconjugation, by the -overof eclipsing interactions between the C—O bond and an Mg—
lap of the C—R (R = alkyl) bond irE than by that of the Br bond in thecis bicyclo complex. An additional eclipsing
C—H bond inF (3€). From a steric standpoint, when, 8 a  interaction could be observed between the C—I bond and the
methyl group, an additional allylic 1,2-strain between R andMig-Br (or Mg—OE}) bond if the geometry of the magne
R, should increase the energy of transition sfatelative to  sium is either square planar pyramidal or bipyramidal
that of E. trigonal. Such interaction implies that the preexisting eom
Two other transition states should also be examined.-Trarplex mixture could have contained monodentate complexes
sition stateC considers the radical in the absence of Lewisor uncomplexed substrates. The smaller amount of*Mg
acid, while transition stateD reflects the radical in a found in solution supports this argument. By contrast, less

5The ratios were also verified bY4 NMR prior to the allylation.
"The ligands on Mg have been excluded for simplicity.
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Scheme 3.
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steric interaction is present for the bicyclo complex with This discussion may not have sufficiently appreciated an
THP. The pre-equilibrium for the THP substrates seems témportant contributor: the MgBrOEt. What is the nature of

favor the chelate formation. This conclusion is further-sup the complexes formed with the alkoxy esters and the
ported by the high level of selectivity obtained for this seriesMgBr,-OE? For instance, could there be two alkoxy esters
and by the amount of Mg found in solution. serving as ligands on a magnesium (23) for the monodentate
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Scheme 4. or a-phenylselen@-alkoxy esters. This reaction tolerates a
wide variety of substitutions and, except for THF asyahio-
dide substrates, gives a high level of diastereoselectivity fa
voring anti products. This is true even for secondary iodides,
bromides, and phenylselenides, as well as tertiary iodides.
0~MgBry-OEt, The requirement of radical initiation and the fact that the re
| action can be inhibited are indicative of a free radical-pro
cess. Other types of acyclic radical-based reactions are
presently being evaluated. The influence of Lewis acid on
I the outcome of these reactions will also be studied.

9. Experimental section

General methods

All reactions requiring anhydrous conditions were €on
ducted under a positive nitrogen atmosphere in oven-dried
glassware using standard syringe techniques. The anhydrous

complex 70, Scheme 5)?If so, an excess of MgBrOE, ~ Solvents were purchased from Aldrich and were used as re
could then be important in the pre-equilibrium phase for asceived. i-PiNH and EtN were freshly distilled from Caki
suring the formation of another species involving one alkoxydnder N atmosphere. Allyltributyltin and triethylborane
ester as a ligand, depicted as bidentate compidx (1 M solution in hexane) were also purchased from Aldrich
(Scheme 3). This would explain why the equilibrium @nd used as received. Flash chromatography was performed
between74 and 75 is slow. Indeed, a ligand (another sub- On Merck silica gel 60 (0.040-0.063 mm) using nitrogen
strate) might have to be displaced in order o to reach ~ Pressure. Analytical thin-layer chromatography (TLC) was
75, a process that may not be fast enough to allow for ki-carried out on precoated (0.25 mm) Merck silica gel F-254
netic selection between the two pathways (Scheme 4).  plates. The uncorrected melting points were determined on
Only recently has the structure of MgB®EL been re- an electrothermal melting point apparatus. NMR spectra
solved (24). The structure of complexes generated by alkoxyere recorded via Bruker AC200, AMX300, ARX400, or
esters and MgBFrOE, remain to be better defined. This is Varian VXR-400S spectrometers, with chemical shifts re-

the topic of ongoing research. ported relative to residual chloroform at 7.26 ppm. IR spec-
tra were recorded on a Perkin-Elmer 781 spectrophotometer.
8. Conclusion Cl and El mass spectra were recorded on an MF 50 TATC

instrument operating at 70 eV. FAB mass spectra were per

The described chemistry represents a significant advandermed on a VG AutospecQ. Capillary GC analyses were

in the field of stereocontrol in radical reactions. Our studiesperformed on a Shimadzu GC-9AM instrument or a HP

of substituent effects clearly establish the scope and limita6890 instrument using 0.25 mm x 30 m Supelcowax™10
tions of the chelation-controlled radical allylation @fhalo  and SE-30 columns.

Scheme 5.
X\ Ro
MeOTP\:/R y R, o o
/Mgz+——0 OR; O-‘-\M 2+ o
OR, O° R, 4 9 +R OMe
: | = OMe R,
R OMe R
Ry X 70' 71 69
. X R .
JBu3Sn MeO\R\/ZR JBu3Sn
| B R
2O ORy o. ORy O
oR, 0~ "¢ 0-“Mg?* -
ERDUNNT — Ry - 9+ RN OMe
e R.
R OMe 2 X
74' 75 69
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Preparation of starting materials (2.7 ppm). Anal. calcd. for GH,sBrO;Si: C 51.47, H 6.75;
The preparation and characterization data9e12 (7d),  found: C 51.55, H 6.92.
14-21 (7d), 25 (7d), 27-30 (3d, 7d), and34 (7a) have been

reported previously. Ethyl (£)-(25%)-2-[(2 S*,3R*)-3-((L, 1-dimethylethyl)dimethy!

Methyl (+)-(2S*,3S*)-2-iodo-3-benzyloxy-3-pmyIpropanoate  silyl)oxytetrahydrofuran-2-yl]-2-iodopropanoat@3): Com
(13): To a solution of methyl cinnamate (381 mg, 2.35 mmol)pound 33 was prepared with iodoeste&1 (17) (775 mg,

in benzylalcohol (3.5 mL) were added successively AgNO 2.58 mmol) andt-butyldimethylsilyl trifluoromethanesulfo
(305 mg, 2.82 mmol) and iodine (710 mg, 2.82 mmol). Thenate (0.90 mL, 3.87 mmol) following the procedure-de
reaction mixture was stirred at room temperature in the darlgécribed above fo24. Purification by flash chromatography
for 24h, then filtered through celite and concentrated. Thg5% EtOAc in hexanes) afforded silyl eth&3 (908 mg,
residue was taken up in EtOAc and washed with 10%85%) as a colorless oitH NMR (300 MHz, CDCL) 8 0.15
N&,S,0; water, and brine. The organic layer was dried(s, 3H), 0.22 (s, 3H), 0.95 (s, 9H), 1.30 {t= 7.1 Hz, 3H),
(MgSQ,), filtered, and concentrated to afford a residue,1.91-2.09 (m, 1H), 4.04-4.12 (m, 2H), 4.23 (g7 7.1 Hz,
which was then purified by flash chromatography (C})  2H), 4.35-4.36 (m, 2H), 4.53-4.55 (m, 1H}’C NMR

to afford pure iodidel3 as a white solid (568 mg, 61%); mp (100 MHz, CDCL) 3 —4.46, —4.09, 13.69, 18.01, 18.22,
50-51°C;H NMR (400 MHz, CDC}) 6 3.77 (s, 3H), 4.31 25.92, 35.96, 61.79, 68.69, 72.64, 84.41, 170.54; IR (neat)
(d, J=10.6 Hz, 1H), 4.40 (dJ = 10.6 Hz, 1H), 4.45 (dJ = 2960, 1740, 1470, 1260 chy MS (CI, CH,) m/z 415 (MH",
11.3 Hz, 1H), 4.80 (dJ = 11.3 Hz, 1H), 7.18-7.41 (m, 95), 399 (37), 369 (100), 357 (27), 283 (39), 155 (9). Anal.
10H); 13C NMR (100 MHz, CDC}) 5 24.80, 52.99, 71.89, calcd. for G,H,710,Si: C 40.58, H 6.57; found: C 40.93, H
82.89, 127.85, 127.97, 128.33, 128.49, 129.08, 137.467.43.

137.58, 170.80; IR (CHG) 3030, 2950, 1740, 1455 ch
MS (FAB) 397 (MH, 8), 289 (35), 154 (49), 91 (100):
HRMS calcd. for G;H;gO51 (MH): 397.0301, found:
397.0290 (2.7 ppm). Anal. calcd. for; #7105 C 51.53, H
4.32; found: C 51.36, H 4.26.

Allylation products

The preparation and characterization data36f42, 47—
56, 63, and 64 have been reported previouslydj7

Methyl ()-(2S*,3S")-2-iodo-3-[(trimethysilyl)oxy]-3-phenylpro-  General procedure for the allylation af-iodoesters under
panoate g4): To a solution of iodohydrir2 (7d) (713 mg,  chelation-controlled conditions (Conditions A)
2.32 mmol) and 2,6-lutidine (54fL, 4.64 mmol) in CHCl, To a stirred solution ofa-iodoester (1 equiv) in dry
(2_5 mL) at -78°C was added slowly trimethylsilyl CH,Cl, (0.1 M) at —78°C was added MgBOE, (3 equiv).
trifluoromethanesulfonate (67(L, 3.48 mmol). After the The mixture was stirred for 15 min at the same temperature
reaction was judged complete by TLC, the mixture was diqefore allyltributyltin (2 equiv) and BB (0.2 equiv of a
luted with ether and washed with water, saturated,8ll1 1 9 M solution in hexanes) were added. The resulting sus-
and brine. Drying over MgSgXollowed by flash chromatog-  pension was stirred at —78°C, and 0.2 equivalent gBEtas
raphy (4% EtOAc in hexanes) afforded silyl etf&# as a  added each 30 min until the reaction was judged complete
colorless oil (720 mg, 82%)H NMR (300 MHz, CDCk) &  py TLC. 1,3-Dinitrobenzene (0.2 equiv) was then added to
~0.05 (s, 9H), 3.81 (s, 3H), 4.37 (d,= 10.2 Hzl,31H), 5.05  the solution and the mixture was stirred an additional 15 min
(d, = 10.1 Hz, 1H) 7.34-7.38 (m, 5H),"C NMR 5t _7g°C. The reaction mixture was poured into a saturated
(100 MHz, CDC}) 6 ~0.26, 27.44, 52.66, 77.21, 127.50, NaHCO, solution and extracted with CEl,. The combined
128.03, 128.44, 140.32, 170.73; IR (neat) 2955, 1742, 149%ganic extracts were washed with brine, dried over MgSO
1435, 1252, 1166, 1070, 873 chMS (FAB) 379 (MH, filtered, and concentrated under reduced pressure.
11), 363 (24), 289 (77), 179 (100), 121 (42); HRMS calcd.
for CygH,dOsSi (MH) 379.0226, found: 379.0209
(4.6 ppm). Anal. calcd. for GH,40,Si: C 41.28, H 5.06; Methyl (+)-(2S*,3S)-2-[propen-3-yl]-3-benzyloxy-3-phenyl
found: C 41.11, H 4.80. propanoate 43): Compound43 was prepared with iodoester
13 (97 mg, 0.24 mmol) following the general procedure de
Methyl ()-(2S%,3S%)-2-bromo-3-[((1,1-dimethylethyl)dimethyl scribed above. A 5:1 ratio a@nti:syn products was deter
silyl)oxy]-3-phenylpropanoate2g): Compound26 was pre  mined by GC and'H NMR analyses of the crude isolate.
pared with bromohydrir23 (14) (1.20 g, 4.62 mmol) ant Purification by flash chromatography (5% EtOAc in hex
butyldimethylsilyl trifluoromethanesulfonate (1.60 mL, anes) afforded allylated product8 and 44 (40 mg, 52%).
6.92 mmol) following the procedure described aboveZdr  43: Colorless oil;*H NMR (400 MHz, CDC}) 6 1.77-1.83
Purification by flash chromatography (G€l,) afforded silyl ~ (m, 1H), 2.05-2.18 (m, 1H), 2.81-2.94 (m, 1H), 3.73 (s,
ether26 as a white solid (1.64 g, 95%). Mp 38°¢4 NMR  3H), 4.21 (d,J = 11.8 Hz, 1H), 4.39 (dJ = 11.8 Hz, 1H),
(400 MHz, CDC}) & —0.30 (s, 3H), 0.01 (s, 3H), 0.78 (s, 4.47 (d,J = 9.9 Hz, 1H), 4.87-4.98 (m, 2H), 5.47-5.59 (m,
9H), 3.82 (s, 3H), 4.21 (dJ = 10.0 Hz, 1H), 4.98 (dJ =  1H), 7.17-7.45 (m, 10H)}3C NMR (100 MHz, CDC}) &
10.0 Hz, 1H) 7.33-7.37 (m, 5H33C NMR (50.3 MHz, 33.22, 51.45, 53.07, 70.45, 82.58, 116.80, 127.43, 127.62,
CDCly) 6 -5.42, —-4.75, 17.95, 25.49, 49.29, 52.85, 76.61127.75, 128.12, 128.40, 128.56, 134.43, 138.89, 137.97,
127.62, 128.21, 128.63, 140.02, 169.53; IR (CPQ@850, 174.17; IR (neat) 2980, 1738, 1642, 1434, 1195%rvVS
1745, 1590, 1450, 1355, 1315, 1080, énMS (FAB) 373  (FAB) 311 (MH, 100), 203 (22), 171 (25), 143 (87), 133
(MH, 12), 317 (17), 221 (15), 131 (13), 73 (100); HRMS (83); HRMS calcd. for GyH,,05 (MH) 311.1647, found:
calcd. for GgH,s °BrO,sSi (MH) 372.0756, found: 372.0746 311.1659 (3.7 ppm).
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Methyl (x)-2-[propen-3-yl]-3-[(trimethylsilyl)oxy]-3-phenyl
propanoate 45 and 46): Compounds45 and 46 were pre
pared with iodoesteR4 (63 mg, 0.17 mmol) following the
general procedure described above. A 1:4 ratiaofi:syn
products was determined by GC aMd NMR analyses of

Can. J. Chem. Vol. 78, 2000

Ethyl (¥)-(2S)-2-[(2 S*,3R*)-3-((1,1-dimethylethyl)dimethyl
silyl)oxytetrahydrofuan-2-yl]-2-[propen-3-yl]-2-methylpro
panoate 61): Compoundsl was prepared with iodoest84d
(77 mg, 0.18 mmol) following the general procedure- de
scribed above. A 7:1 ratio ofinti:syn products was deter

the crude isolate. Purification by flash chromatography (4%mined by GC and'H NMR analyses of the crude isolate.
EtOAc in hexanes) afforded a mixture of allylated productsPurification by flash chromatography (5% EtOAc in hex
45 and 46 as a colorless oil (38 mg, 78%)H NMR  anes) afforded allylated producéd and 62 (43 mg, 70%).
(300 MHz, CDC}) 6 45 (25%,3S*): —0.05 (s, 9H), 1.77-1.84 61 Colorless oil;*'H NMR (400 MHz, CDC}) & 0.08 (s,

(m, 1H), 2.11-2.19 (m, 1H), 3.72 (s, 3H), 4.72 @,= 6H), 0.89 (s, 9H), 1.11 (s, 3H), 1.26 @, = 7.1 Hz, 3H),

9.6 Hz, 1H), 4.92-5.00 (m, 2H), 5.54-5.60 (m, 1H), 7.20-1.74-1.80 (m, 1H), 1.85-1.94 (m, 1H), 2.14 (dd= 7.9,
7.35 (m, 5H),46 (2R*,3S"): 0.01 (s, 9H), 2.47-2.54 (m, 13.5 Hz, 1H), 2.60 (ddJ = 6.6, 13.5 Hz, 1H), 3.82-3.95 (m,
2H), 2.71-2.76 (m, 1H), 3.44 (s, 3H), 4.81 @= 7.9 Hz, 3H), 4.11-4.19 (m, 2H); 4.29-4.32 (m, 1H), 5.04-5.10 (m,
1H), 5.01-5.08 (m, 2H), 5.68-5.82 (m, 1H), 7.20-7.35 (m,2H), 5.67-5.77 (m, 1H)**C NMR (100 MHz, CDC}) & —

5H); 13C NMR (100 MHz, CDC}) & 45: 0.04, 33.11, 51.27, 4.82, —4.61, 14.13, 16.73, 17.68, 25.59, 36.40, 40.37, 48.82,
55.10, 76.76, 116.52, 126.91, 127.44, 127.83, 128.1860.45, 66.91, 72.85, 91.26, 118.04, 133.53, 174.76; IR (neat)
134.64, 141.92, 174.826: 0.05, 32.76, 51.07, 55.19, 76.59, 2980, 1735, 1460, 1110, 830 th MS (FAB) m/z 343
116.30, 126.29, 127.44, 127.94, 135.59, 142.58, 173.31; IRMH™, 13), 327 (16), 285 (100), 211 (29), 201 (18), 171
(neat) 3065, 2953, 1736, 1641, 1495, 1454, 1250, 119412); HRMS calcd. for GgH350,Si (MH*) m/z 343.2305,
1087, 995 cm; MS (FAB) 293.5 (MH, 58), 277.4 (30), 179 found: 343.2290 (4.3 ppm).

(100), 143 (55), 120 (12), 104 (20); HRMS calcd. for
C,6H,5Si0; (MH) 293.1573, found: 293.1584 (-3.8 ppm). Ethyl ()-(25")-2-[(2 S*)-tetrahydropyran-2-yl]-2-[propen-3-yl]-2-
methylpropanoate6t): Compound 65 (59 mg, 54%) was
prepared with iodoeste30 (148 mg, 0.48 mmol) following
silyl)oxytetrahydrofuran-2-yl]-2-[propen-3-yl]-propanoat&): the general procedure described above. A 27:1 ratio of
Compound57 was prepared with iodoeste83 (30 mg, anti:synproducts was determined by GC atd NMR anal-
0.08 mmol) following the general procedure describedyses of the crude isolate. Purification by flash chromatogra-
above. A 6:1 ratio ofanti:syn products was determined by phy (10% EtOAc in hexanes) afforded allylated prod6bt
GC and'H NMR analyses of the crude isolate. Purification as a colorless oil'*H NMR (400 MHz, CDC}) & 1.11 (s,

by flash chromatography (5% EtOAc in hexanes) afforded3H), 1.24 (t,J = 7.1 Hz, 3H), 1.27-1.57 (m, 5H), 1.85-1.89
allylated products57 and 58 (19 mg, 80%).57: Colorless (m, 1H), 2.07 (ddJ = 7.8, 13.5 Hz, 1H), 2.38 (dd] = 7.2,

oil; 'H NMR (400 MHz, CDC}) 80.11 (s, 6H), 0.92 (s, 9H), 13.5 Hz, 1H), 3.33-3.41 (m, 1H), 3.48-3.52 (m, 1H), 3.93—
1.27 (t,J = 7.0 Hz, 3H), 1.72-1.87 (m, 1H), 2.00-2.08 (m, 3.97 (m, 1H), 4.07-4.22 (m, 2H), 5.01-5.07 (m, 2H), 5.63—
1H), 2.26-2.31 (m, 2H), 2.92-2.96 (m, 1H), 3.80-3.85 (m,5.69 (m, 1H);**C NMR (100 MHz, CDC}) & 14.11, 15.90,
2H), 3.95-4.00 (m, 1H), 4.15-4.22 (m, 2H), 4.32-4.38 (m,23.58, 25.31, 25.97, 40.01, 50.29, 60.07, 68.86, 82.51,
1H), 4.99-5.10 (m, 2H), 5.70-5.82 (m, 1H)*C NMR  117.76, 133.67, 176.03; IR (neat) 2930, 2870, 1725, 1640,
(100 MHz, CDCL) & —-4.61, —4.82, 14.23, 17.79, 25.66, 1435, 1080, 920 cm; MS (FAB) mVz 227 (MH*, 100), 199
33.24, 35.77, 45.62, 60.23, 66.18, 71.50, 83.63, 116.6413), 185 (33), 151 (38), 135 (28); HRMS calcd. for
134.47, 174.38; IR (neat) 2930, 2850, 1735, 1460, 1170C;5H,505 (MH*) m/z227.1647, found: 227.1654 (—3.0 ppm).
1040 cntl; MS (FAB) 329 (MH, 85), 283 (85), 169 (27).
Anal. calcd. for G,H3,0,Si: C 62.15, H 9.82; found: C
61.72, H 9.61.

Ethyl (2)-(25%)-2-[(2S%,3R*)-3-((1, 1-dimethylethyl)dimethy!

General procedure for the allylation af-iodoesters in the
absence of Lewis acid (Conditions B)

To a solution ofu-iodoester (1 equiv.) in hexanes (0.1 M)
at 23°C were added allyltributyltin (2 equiv) and AIBN (0.2
equiv). After being allowed to reflux, the mixture was stirred
until the reaction was judged complete by TLC.

Ethyl (£)-(2S%)-2-[(2 S*)-tetrahydrofuran-2-yl]-2-[propen-3-
yl]-2-methylpropanoate59): Compound 59 was prepared
with iodoester28 (135 mg, 0.45 mmol) following the gen
eral procedure described above. A 1:1 ratiaofi:synprod

ucts was determined by GC artl NMR analyses of the Methyl (£)-(2R*,3S¥)-2-[propen-3-yl]-3-benzyloxy-3-phenyl
crude isolate. Purification by flash chromatography (10%propanoate 44): To a solution of iodoested3 (175 mg,

EtOAc in hexanes) afforded allylated produd$ and 60
(79 mg, 82%).59: Colorless oil; '"H NMR (400 MHz,
CDCly) 6 1.12 (s, 3H), 1.27 (tJ = 7.1 Hz, 3H), 1.69-1.92
(m, 4H), 2.08 (ddJ = 7.7, 13.5 Hz, 1H), 2.49 (dd] = 7.1,

0.44 mmol) in CHCI, (4.5 mL) at —78°C were added
allyltributyltin (275 L, 0.88 mmol) and EB (90 pL of a
1.0 M solution in hexanes, 0.09 mmol). The reaction mixture
was stirred at —78°C with 0.2 equivalent of;Btadded each

13.5 Hz, 1H), 3.75-3.86 (m, 2H), 4.07-4.11 (m, 1H), 4.1730 min until the reaction was judged complete by TLC. A
(q,J = 7.1 Hz, 2H), 5.03-5.10 (m, 2H), 5.65-5.77 (m, 1H); 1:10 ratio ofanti:syn products was determined by GC and
13C NMR (100 MHz, CDC}) 6 14.15, 15.97, 25.92, 26.28, 'H NMR analyses of the crude isolate. Purification by flash
40.42, 49.96, 60.04, 68.47, 83.43, 117.84, 133.64, 175.0%hromatography (5% EtOAc in hexanes) afforded allylated
IR (neat) 2990, 1730, 1640, 1460, 1380, 1140, 1060'cm products43 and 44 (82 mg, 60%).44: Colorless oil; *H
MS (FAB) m/z 213 (MH*, 100), 167 (22), 155 (26), 137 NMR (400 MHz, CDC}) & 2.41-2.57 (m, 1H), 2.66-2.78
(74), 123 (30), 109 (40); HRMS calcd. for;$H,,03 Mz (m, 1H), 2.86-2.92 (m, 1H), 3.41 (s, 3H), 4.22 @,=
(MH*) 213.1491, found: 213.1484 (3.1 ppm). Anal. calcd.11.6 Hz, 1H), 4.44 (d) = 11.6 Hz, 1H), 4.47 (d) = 8.8 Hz,

for C;,H,005: C 67.89, H 9.50; found: C 67.92, H 9.36. 2H), 4.95-5.09 (m, 2H), 5.78-5.81 (m, 1H), 7.25-7.43 (m,
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10H); 13C NMR (100 MHz, CDC}) & 33.31, 51.12, 53.71, 40.93, 48.90, 60.47, 67.03, 73.37, 91.81, 117.98, 133.93,
70.57, 81.30, 116.64, 127.36, 127.62, 127.84, 128.08174.66; IR (neat) 2950, 1725, 1645, 1460, 1375, 1250, 1070,
128.31, 128.32, 135.33, 137.94, 139.50, 172.93; IR (nea®10, 830, 770 cmt; MS (Cl, CH,) m/z 343 (MH*, 25), 327
3030, 2949, 1736, 1641, 1454, 1356, 1166, 1067, 92¢hcm (19), 285 (9), 269 (8), 257 (12), 210 (100), 169 (10).

MS (FAB) miz 311 (MH*, 26), 233 (13), 143 (58), 133

(100), 121 (20), 105 (15), 91 (100). Anal. calcd. for gy, "
‘ X ] yl (£)-(2R*)-2-[(2 S*)-tetrahydopyran-2-yl]-2-[propen-
CaoH2205 C 77.39, H 7.14; found: C 77.19, H 7.30. 3-yl]-2-methylpropanoate6): Compound66 was prepared

Ethy| (i)—(2R*)-2—[(2S",3R*)-3—((1,1—d|rrEtherthI)d|methyl with iodoester30 (187mg, 0.60 mmol) fO||OW|I'_]g the gen
silyl)oxytetrahydrofuan-2-ylj-2-[propen-3-yi]-propanoateSg): eral procedure descr_lbed above. A 1:18 ratio antti:syn
Compound58 was prepared with iodoest@3 (52.5 mg, Products was determined by GC ahd NMR analyses of
0.13 mmol) following the general procedure describedth® cruc_ie isolate. Purification by flash chromatography (10%
above. A 1:51 ratio ofnti:syn products was determined by E!OAC in hexanes) %fforded allylated prodi as a color
GC and'H NMR analyses of the crude isolate. Purification €SS 0il (105 mg, 77 %6):H NMR (400 MHz, CDC}) & 1.01

by flash chromatography (5% EtOAc in hexanes) affordedS; 3H), 1.24 (tJ = 7.1 I-lz, 3H), 1.36-1.53 (m, 5H), 1'§2_
allylated product58 as a colorless oil (30.5 mg, 74%) 1.86 (m, 1H), 2.30 (ddJ = 7.9, 13.6 Hz, 1H), 2.50 (dd} =

= _ ~ 4.13(q,J = 7.1 Hz, 2H), 5.01-5.08 (m, 2H), 5.65-5.79 (m,
(s, 9H), 1.25 (tJ = 7.1 Hz, 3H), 1.78-1.91 (m, 1H), 2.00 > {9
2.18 (M, 1H), 2.44-2.52 (m, 1H), 2.60-2.67 (m, 1H), 2.81-1H); “C NMR (100 MHz, CDCY) © 14.12, 15.98, 23.60,
2.92 (m 1H). 3.73-4.25 (m. 5H). 4.38-4.43 (m. 1H), 4.97-26.01, 26.32, 40.88, 50.26, 60.12, 68.99, 81.77, 117.50,
511 (m, 2H), 5.69-5.90 (m, 1H}C NMR (100 MHz, 134.33, 174.98; IR (neat) 2920, 1725, 1450, 1300, 1210,
CDCl,) & —5.40, —4.49, 14.19, 17.87, 25.62, 34.26, 36.141085, 910 cm’; MS (FAB) miz 227 (MH, 100), 199 (13),

44.33, 59.82, 65.82, 72.27, 81.66, 116.74, 134.83, 173.38:8°% (27), 151 (31), 143 (15), 135 (25); HRMS cacld for
IR (neat) 2910, 1730, 1645, 1460, 1370, 1240, 1175, 10701312205 Mz (MH") 227.1647, found: 227.1656 (3.9 ppm).
820 le; MS (FAB) m/z 329 (M|_|+’ 12)’ 283 (16), 271 (82), Anal CalCd. f0r Q3H2203. C 6899, H 980, found. C 6858,
149 (100); HRMS calcd. for GHe0,Si miz (MH*)  H10.17.
329.2148, found: 329.2130 (5.5 ppm).
Determination of magnesium concentrations in allylation
Ethyl (£)-(2R*)-2-[(2 S*)-tetrahydrofuran-2-yl]-2-[propen-3-  reaction mixtures by filtration and EDTA titration
yl]-2-methylpropanoate§0): Compound 60 was prepared Preparation of the sample: To a stirred solution oof
with iodoester28 (163 mg, 0.55 mmol) following the gen- jodoester (0.5 mmol) in dry C}€l, (5 mL) at —78°C was
eral procedure described above. A 1:10 ratioanttisyn  added MgBs-OEb. The mixture was stirred for 15 min at
products was determined by GC afd NMR analyses of this temperature before allyltributyltin (1.0 mmol) was
the crude isolate. Purification by flash chromatographyadded A 3 mL aliquot of the solution was removed from the
(10% EtOAc in hexanes) afforded allylated produs®sand  flask using a syringe equipped with a filter (Millex HV
60 (94 mg, 81%).60: Colorless oil;'H NMR (400 MHz,  0.45 mm). This 3 mL aliquot was then concentrated under
CDCl3) 6 1.11 (s, 3H), 1.25 (tJ = 7.1 Hz, 3H), 1.68-1.91 reduced pressure.
(m, 4H), 2.32 (ddJ = 7.9, 13.6 Hz, 1H), 2.54 (dd] = 6.8, Titration of magnesium by EDTA: Deionized water
13.6 Hz, 1H), 3.73-3.85 (m, 2H), 4.02-4.07 (m, 1H), 4.14(5 mL) and CHCI, (5 mL) were added to the sample. The
gg J=7.1Hz, 2H), 5.03-5.10 (m, 2H), 5.67-5.79 (M, 1H); mixture was then shaken and poured into a 125 mL erlen
C NMR (100 MHz, CDC}) 5 14.12, 15.86, 26.01, 26.87, meyer flask. Deionized water (10 mL), NHNH,CI buffer
41.59, 49.83, 60.17, 68.49, 82.85, 117.62, 134.05, 174.9%0|uti0n at pH =10 (4 m|_), and six drops of Ca|magite indi
IR (neat) 2990, 1730, 1645, 1465, 1380, 1140, 1065'cm cator were added successively to the stirred solution, which
MS (El) vz 213 (MH", 14), 171 (10), 142 (21), 69.5 (100); was then titrated with a standardized EDTA solution (0.099
HRMS cacld for G,H,,03 m/z (MH") 213.1491, found: \, Aldrich) until the color changed completely from red to
213.1499 (=3.9 ppm). Anal. calcd. for {10031 C 67.89,  plue. The amount of Mg (mmol) in the total sample =
H 9.50; found: C 67.96, H 9.35. 0.099 mmol/mL xVgpra added (mL) x (5/3).
) ) The buffer pH = 10 was prepared from concentrated
Ethyl  (¥)-(2R*)-2-[(2S",3R")-3-((1,1-dimethylethyl)dimethyl  NH,0H solution (57 mL) ad 7 g of NH,CI in sufficient
sHyI)oxytetrahydrofuran-2-y|]-2-[propen-3-y|_]-2-_methyIpFo deionized water to give 100 mL of solution.
panoate 62): Compound62 was prepared with iodoestd The calmagite indicator solution was prepared by adding

(33.5 mg, 0.08 mmol) following the general procedure de ; P
scribed above. A 1:16 ratio ddnti:syn products was deter 0.05 g of calmagite to 50 mL. of deionized water.

mined by GC and‘H NMR analyses of the crude isolate.

Purification by flash chromatography (5% EtOAc in hexanes)'*C observations off-alkoxyesters in the presence of a
afforded allylated product§1 and 62 (17.5 mg, 65%).62  saturating amount of MgBr,-OEt, in CD,Cl, at —23°C.
Colorless oil;'H NMR (200 MHz, CDC}) & 0.05 (s, 6H), To a stirred solution ofi-iodoester (1 equiv) in CECI,
0.86 (s, 9H), 1.25 (1) = 7.1 Hz, 3H), 1.67-1.97 (m, 2H), 2.19 (0.1 M) at —23°C was added MgBOE}, (3 equiv). The seo
(dd,J = 7.7, 13.6 Hz, 1H), 2.57 (dd] = 6.9, 13.6 Hz, 1H), Ilution was then stirred for 15 min at the same temperature.
3.77-3.98 (m, 3H), 4.02-4.22 (m, 2H), 4.30-4.36 (m, 1H),A 1.5 mL aliquot of solution was removed from the flask us
5.01-5.09 (m, 2H), 5.60-5.78 (m, 1HYC NMR (50.3 MHz, ing a syringe equipped with a filter (Millex HV 0.45 mm).
CDCl;) 6 —4.86, —4.33, 14.19, 17.43, 17.75, 25.68, 36.59,The aliquot was placed in an NMR tube and kept at —23°C
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until the 3C NMR spectrum was recorded on a Bruker
ARX400 spectrometer at that temperature.

Competition experiments

Substrate#\ (0.5 equiv) and (0.5 equiv) were dissolved
in CDCl; and the mixture was analyzed by NMR integra
tion to determine the exaét:B ratio before the allylation re
action. The solution was concentrated and redissolved in dry
CH,CI, (0.1 M) at —78°C before MgBrOE¢, (3 equiv) was
added. The mixture was then stirred for 15 min at the
same temperature, and allyltributyltin (0.5 equiv) as well as
Et;B (0.2 equiv of a 1.0 M solution in hexanes) were subse
guentlyadded. The resulting suspension was stirred at
—78°C, and 0.2 equivalent of & was added each 30 min
until the reaction was judged complete by TLC. The reaction
mixture was then poured into a saturated NaHGOlution
and extracted with CkCl,. The combined organic extracts
were washed with brine, dried over MggCiltered, and
concentrated under reduced pressure. Anothér NMR
analysis was done on the crude mixture to determine the ex
act A:B ratio after the allylation reaction.
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