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Abstract: The stereochemical preference (syn or anti) when prochiral radicals add to prochiral acceptors
is of fundamental interest. The primary focus of this research was to determine which factors influence the
relative stereochemistry between the  and y chiral centers when these are formed concurrently. While
moderate diastereoselectivity was found for addition of alkyl (6a—d) and a-alkoxy radicals (16a—c) (<6:1
syn) to acceptors 4, 7, 8, 10, and 14, consistently high selectivity was observed with less reactive halogenated
radicals (6f,g) (>15:1 anti). Steric influence in alkyl radical additions was difficult to evaluate due to decreased
reactivity when using bulky reaction partners; however, more reactive a-alkoxy radicals, it was found that
increasing steric bulk leads to moderate increases in selectivity. In addition, higher selectivity was observed
when employing lanthanide Lewis acids whose environment (reactivity) was modified using achiral additives,
suggesting a potentially simple means for selectivity enhancements in radical reactions. Overall these results
indicate that significant stereoelectronic effects are necessary to achieve high levels of selectivity in prochiral
radical additions to prochiral acceptors.

Introduction determine whether the relative stereochemistry attharbon
could also be controlled in situations where a prochiral radical

In recent years effective methods for Lewis acid-activated .
Y 2 adds to a nonterminal alkerie(eq 1)%

intermolecular addition of alkyl radicals to enoyl oxazolidinones
have been developédiNe have shown that radical addition to R
. . . o 1\/R2
acrylates as well as nonterminal alkenes in which the acceptor X)J\/\R J\/'\l/ )K/'\Y/Fh m
is prochiral proceeds efficienth/Convenient methods are at
hand for controlling the absolute configuration at theenter, 1 3 Sy" 3 anti
either diastereoselectively (using a chiral auxilidrgy enan- R = Me, Ph, Ry = alky!
i | ivel . L . id/chiral li d binatié t-Bu, #Pr, CO,R Ry = alkyl, OMe, Br, CI
tioselectively (using a Lewis acid/chiral ligand combinatién).  x = acnira Template
In addition, we have developed very selective tandem reactions )
in which addition at the center followed by trapping atthe At the outset of our study we were surprised at the lack of
center results in the highly selective formation of two new information available regarding fundamental diastereoselectivity
acyclic stereocentefsGiven our ability to control the stereo- ~ When prochiral radicals add to prochiral acceptors. Occasionally,
chemistry at both the8 and a centers, we were curious to ~ doubly diastereoselective intermolecular radical processes have
surfaced in the literature; however, only limited examples have
* To whom correspondence should be addressed. E-mail: Mukund.Sibi@ been provided, and the systematic acquisition of essential
ndsu.nodak.edu. ; ; ; ; ; i
TNSF graduate Fellow (199€001). ACS division of Organic Chemistry 1ormation regarding factors impacting selectivity has not been

Fellow (2001-2002). pursuec® One exception is the intermolecular addition of ketyl
(1) For general information on radical chemistry, sdadicals in Organic radical anions to electron-deficient olefihdzukuzawa, for

SynthesisRenaud, P., Sibi, M. P., Eds.; Wiley-VCH: Weinheim, 2001; . . . .

vols. 1 and 2. example, has reported highly diastereoselective samarium
(2) The rate constants for radical additions to alkenes are highly sensitive to jodide-mediated ketyl radical addition to chiral enodfes.

steric and polar effects of both the radical and the acceptor. For an excellent . L

discussion including rate data, seeree Radicals in Organic Chemistry Samarium ketyls are ionic compounds, however, and due to

Egssey. J., Lefort, D., Sorba, J., Eds.; Wiley: Chichester, 1995; Chapter their Charge and the Coordinating ab|||ty Of the Samarium

2

(3) (a) Sibi, M. P.; Jasperse, C. P.; JiJJAm. Chem. Sod.995 117, 10779. counterion they are not representative of ordinary, nonionic
(b) Sibi, M. P.; Ji, JJ. Org. Chem1996 61, 6090. (c) Sibi, M. P.; Ji, J.; radicals
Sausker, J. B.; Jasperse, C.JPAm. Chem. Sod999 121, 7517. o . .

(4) (a) Sibi, M. P.; Porter, N. AAcc. Chem. Re<.999 32, 163. (b) Sibi, M. In this paper we present our observations on diastereoselec-

P.; Ji, J.; Wu, J.-H.; Gdiler, S.; Porter, N. AJ. Am. Chem. Sod 996
118 9200. (c) Sibi, M. P.; Ji, 1. Org. Chem1997, 62, 3800. (d) Sibi, M
P.; Shay, J. J.; Ji, JTetrahedron Lett1997 38, 5955. (e) Also see:

tivity in the intermolecular additions of prochiral alkyd-ha-

Murakata, M.; Tsutsui, H.; Hoshino, @rg. Lett.2001, 3, 299. (f) Iserloh, (6) For discussion on stereoselective radical additions including intramolecular
U.; Curran, D. P.; Kanemasa, Betrahedron: Asymmetr}999 10, 2417. cyclizations, see: Curran, D. P.; Porter, N. A.; GieseSRreochemistry
(5) Sibi, M. P.; Chen, JJ. Am. Chem. So001, 123 9472. of Radical ReactionsVCH: Weinheim, 1995.
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loalkyl, anda-alkoxyalkyl radicals to prochiral enoate acceptors. Table 1. Effect of Radical Precursor on Diastereoselectivity
Our study finds thati-haloalkyl radicals add with remarkably

O Me
high selectivity ando-alkoxyalkyl radicals with moderate to E;JaBSng, \_(%ng)shh )J\N Ry
good selectivity. In contrasty-alkyl radicals add with low j\ j\/\ THF-CHyClp 1:2 ] [

. .. . 1
diastereoselectivity, even at low temperature. Issues of sterico” "N~~~ CH, ;ﬁ” @
bulk, electronics, and Lewis acid additives will also be ad- / )FE g

4
dressed. . MXR R:Et - o o0 Me
a hy = Ne, Ry = " =
Results 6b Ry = Me, Ry = épr’ X=1 O)J\N y Ry
. o ] ] 6¢ Ry = Me, Ry = CHptBu, X=1 \ J o

Our work began with the examination of simple diastereo- gd 51 =g'\eﬂ, Rﬁ= c’\l—/llzpr;(, xg Br anti R

selectivity in the addition of prochiral radicals to oxazolidinone efRﬂ;cL F?; ~Me, Xopr Sag

69 Ry =Br, Ry =Me, X =Br

(7) (a) For examples and discussions on ionic reactions involving prochiral - - - -
reagents and prochiral substrates, see: Heathcock, C. Asymmetric entry radical precursor product yield® (%) ratio (syn:anti)
SynthesedMorrison, J. D., Ed.; Academic: New York, 1984; Vol. 3, Part

B, Chapter 2. (b) Perimutter, Eonjugate Addition Reactions in Organic 1 Gad Sa 80 181
SynthesisPergamon: Oxford, 1992. (c) For some seminal work, see: Oare, 2 6b 5b 40 131
D. A.; Henderson, M. A.; Sanner, M. A.; Heathcock, C.HOrg. Chem. 3 6¢C 5c 83 2.0:1
199Q 55, 132. (d) Oare, D. A.; Heathcock, C. Bl. Org. Chem199Q 55, 4 6d 5d 93 2.0:1
157. (e) For conjugate additions @falkoxy organometallics to conjugated 5 6e Se 38 1.2:1
systems, see: Chong, J. M.; Mar, E. Retrahedron Lett199Q 31, 1981. 6 6f 5f o0 '1,'15
(f) Linderman, R. L.; McKenzie, J. RTetrahedron Lett1988 29, 3911. :

Selected examples of prochiral nucleophile addition to prochiral acceptors 7 69 59 70 117

under ionic conditions: (g) Lim, S. H.; Curtis, M. D.; Beak, ®rg. Lett
2001 3, 711. (h) Nishwaki, N.; Knudsen, K. R.; Gothelf, K. V.; Jorgensen, aReactions were run fo4 h using Yb(OTf}, BusSnH, and EB/O; in
K.A. Angew. Chem., Int. EQ00], 40, 2992. (i) Juhl, K.; Gathergood, N.; 5.1 CH,CI,: THF unless otherwise noted. Yields are for the purified product.

Jorgensen, K. AAngew. Chem., Int. EQR001, 40, 2995. (j) Liang, B.; b i it ot D
Carroll, P. J.: Joullie, M. MOrg. Lett.200q 2, 4157. Selected examples Five initiation cycles over 24 h, 10% ethyl additidtFive initiation cycles

of prochiral nucleophile addition to prochiral acceptors under neutral ©OVer 24 h, 30% ethyl additiort. Reaction using a radical precurson(R
conditions: (k) Evans, D. A.; Rovis, T.; Kozlowski, M. C.; Downey, C. Me, R = t-Bu, X = I) gave no desired product.

W.; Tedrow, J. SJ. Am. Chem. So@00Q 122, 9134. (I) Evans, D. A;;

Willis, M. C.; Johnston, J. NOrg. Lett.1999 1, 865. (m) Evans, D. A.; . .

Scheidt, K. A.: Johnston, J. s,;%\/mis M. Q. Am. Che(m.)SoQOO:L 123 crotonate (Table 1, eq 2). The radical additions were conducted
4480. (n) Kitajima, H.; Ito, K.; Katsuki, TTetrahedron1997 53, 17015. i i i

(0) Johnson, J. S.; Evans, D. Acc. Chem. Re200Q 33, 325. (p) Bernardi, accord'_”g to our stgndard reportgd pro_ced’ene,volvmg 1)

A’; Colombo, G.; Scolastico, Qietrahedron Lett1996 37, 8921. (q) For tin hydride as reducing agent/chain carrier, (28D, as low-

prochiral radical addition to an aldehyde, see: Ohno, T.; Ishino, Y.; i initi ivati
Fsumagari. Y - Nishiguchi, 1. Org. Chem1995 60, 458, temperature radical initiator, and (3) Yb(O3§s an activating

(8) For nitroxyl radical reactions, see: (a) Braslau, R.; Naik, N.; Zipsel.H.  Lewis acid!>12We chose Yb(OT#§for reasons of convenience,
Am. Chem. Soc200Q 122 8421. (b) Radical addition to substituted — hecayse jts stability to water obviated the need for drybox
stannanes: Damm, W.; Hoffmann, U.; Macko, L.; Neuberger, M.; Zehnder, i Yy A _ o Yy
M.; Giese, B.Tetrahedron1994 50, 7029. (c) Hamon, D. P. G.; Massy-  techniques or careful exclusion of air. In addition, Yb(QT$)
‘,\’,lvaelf“gf’_%j'éé.%fgﬂgbgeéghffggh%g)ggaﬂbﬁl?' J@ssrlmlg'rfgﬁhg sufficiently mild to be compatible with the other reactants and
I. M. J. Org. Chem199Q 55, 384. (f) Addition of an arenechromiumtri- ~ can be used in substoichiometric quantities. THF serves to
zﬂ?%‘gérﬂoscgggrfdl'ig' é%ég_eg' grotonate: Merlic, C. J'_Aé]_)%'r‘;' dissolve the Yb(OTH (as well as other lanthanide Lewis acids).
Chem 2001, 66, 2265. (h) Addition of prochiral radicals to prochiral carbene Th ition of simple alkvl radicals (Table 1. entri
complexes: Merlic, C. A.; Xu, D.; Nguyen, M. Qetrahedron Lett1993 N addto. o simple alky ad C.as ( able 1, e .t eSlH) .

34, 227. (i) Addition of prochiral radicals to furanones: Bertrand, S.; Proceeded with modest levels of diastereoselectivity. A slight
Hoffman, N.; Pete, J.-FEur. J. Org. Chem200Q 2227. (j) Bertrand, S.; it o
Glapski_, C.; _Hoffmann, N.; Pete, J.-Petrahedron Lett1999 40, 3169. prefgrence for Sy,n,a,lddltlon was (_)bserVEd’ but even&g °C
(k) Marinkovi, S.; HoffmannN. Chem. Commur2001, 1576. For other maximum selectivities of only 2:1 were obserédResults
f,lxiﬁg"n‘?"'eﬁQf\}’;tn'i;”;ﬁ'aec,\‘jl'?r;ﬁ’r’gﬁgg%'r:al_dé‘t’tal'g%dadgg’”4?061‘0‘%;’;&@’1Sg’e: () indicated that increasing the bulk of the RIkyl group had
H.; Lee, D. W.; Juong, M. J.; Lee, K. H.; Yoon, N. Mynlett1996 1224 little influence on the diastereoselectivity of the addition. Simple
(n) Mero, C. L.; Porter, N. AJ. Am. Chem. Sod999 121, 5155. For f : o ; i
some selected examples of intramolecular radical reactions, see: (0) Sasaki,alkyl radllcals are relatlvely nUC|60ph.|“C’ and their addItIF)nS are
M.; Inoue, M.; Noguchi, T.; Takeichi, A.; Tachibana, Ketrahedron Lett. uncomplicated by possible electronic effects or chelation. The
é?,geif’féggs&(ﬁ’%gznld(za)sw%i'tguf”E?';Sé’ﬂ]?rﬂaﬂﬁétféﬁéaffﬁf’est?i%%' highly reactive and highly nucleophilic methoxy-substituted
3|\/|8' F}14Eld (r)vlﬁe, chlrlfa\c;\ilcalsh in Orgggilc 33’{“26%58'}&‘“‘} 2P.,( ?iai, . radical derived frombe also showed low selectivity (entry 5)
. P, Eds.; Wiley- : Weinheim, ; Vol. 2, Chapter 4.2. (s) Hart, . .
D. J. InRadicals in Organic SynthesiRenaud, P., Sibi, M. P., Eds.; Wiley- (see eq 5 for synthesis 6k, vide infra).
VCH: Weinheim, 2001; Vol. 2, Chapter 4.1 (f) For an example on  Qn the other hand, halogenated radicals derived B6amd
'(Stersm%lgwﬁr rJm(j)lcal E"ﬁ"é'S%l“%'”S’g%*}Jra' Lewls acids, see: Nguyen, P. 6g added with rema,rkably high levels of diastereoselectivity
.; Schider, H. J.0rg. Lett.2001 3, . o

© g‘r)gzgir C‘g‘yﬁ;‘hcgs';ggérﬁgﬁfj”},re‘g%"iv'Nsleg- EMd‘ga%ﬁ;y%éﬁmv{fg'ﬁhg . (15:1 and 17:1; entries 6, 7). The major diastereomer in each
2001; Vol. 1, Chapter 2.1, For other reviews, see: (b) Molander, G. A.; case was determined to be anti by lactonization of the product
ngngbgdlﬁge??ﬁe ég?gognﬁfgglégég%gﬁglg Eggm(*d'g"g?seu”gb «. halides. Due to the electrophilic nature of these radicals,
Inanaga, J.; Yamaguchi, Metrahedron Lett1986 27, 5763. (e) Molander, however, several technical problems are encountered in these
S'erﬁi}_r;‘:/rl_r_ITSétrgh;diqr?[gm%g?gé%%géz@f éﬁfuz(?vvl?‘g'.?‘fﬁﬂan'?ghi, reactions. Radicals generated fréifand6g are considerably
A.; Fujinami, T.; Sakai, SJ. Chem. Soc., Chem. Comma886 624. (h) less reactive than the simple alkyl radicals, which necessitated
Fukuzawa, S.; Nakanishi, A.; Fujinami, T.; SakaiJSChem. Soc., Perkin
Trans. 11988 1669. (i) Inanaga, J.; Ujikawa, O.; Handa, Y.; Otsubo, K.;

Yamaguchi, M.J. Alloys Compd.1993 192 197. (j) Kawatsura, M.; (11) For an excellent review on Lewis acid-mediated radical reactions, see:
Matsuda, F.; Shirahama, H. Org. Chem1994 59, 6900. (k) Enholm, E. Renaud, P.; Gerster, MAingew. Chem., Int. EA.998 37, 2562.
J.; Trivellas, A Tetrahedron Lett1994 35, 1627. For reactions with stannyl (12) Each of these components was important to the success of the additions,
ketyls, see: (I) Enholm, E. J.; Kinter, K. 3. Org. Chem1995 60, 4850. as demonstrated by reactions using crotodagad bromidel6cto give

(10) (a) Fukuzawa, S.-i.; Seki, K.; Tatsuzawa, M.; Mutoh, KX.Am. Chem. 18c In the absence of either & or tributyltin hydride, no produci8c
Soc. 1997 119 1482. (b) Matsuda, F.; Kawatsura, M.; Dekura, F.; formed. These experiments confirm that a radical mechanism is operative.
Shirahama, HJ. Chem. Soc., Perkin Trans.199 2371. (c) Kawatsura, (13) The relative stereochemistry was determined by an independent synthesis
M.; Dekura, F.; Shirahama, H.; Matsuda Synlett1996 373. (d) Reference of syn3,4-dimethylhexanoic acid and comparison with hydrolyzadSee
8l. Supporting Information for details.
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Table 2. Effect of Olefin Substituent on Diastereoselectivity Table 3. Effect of Lewis Acid Additives on Diastereoselectivity

0 o Empmom 78 e

O)LN/U\/\R THF-CHaCl, 1:2 o\_/N/U\/j(O\K + Kg, = ::3/0 -

] ~ 5 4B/Og, -78 °C
y )\R1 10 6g

6aR;=Me, Ro=Et, X=I

4 = Me, . Br

7 6g Ry =Br, Ry =Me, X=Br

8 ji o]

9 QN j<
10 R = COLtBu / o

149
/U\ k/l\r )J\ J\/l\/ entry Lewis acid equiv solvent yield*® (%)  ratio® (anti:syn)

n)
35

DI/ DD
v

wnun

Lo
O
m

anti R1 1 none CHCI, <10 1:1
2 Yb(OTf)z 1.0 2:1CHCIxTHF 95 4:1
_ ~ ~ 3  Sm(OTfy 1.0 2:1CHClLTHF 90 8:1
S5 R 2 Me. R = Br R Me 4  SmOTfy 1.0 CHCl, <10 1:1
11a R=Ph, Ry = Me, R, = Et 5 Sm(OTfy 0.3  2:1 CHCIxTHF 95 71
11g R=Ph, R; =Br, R = Me 6 Sm(OTfp 2.0 2:1 CHCIxTHF 90 5:1
12a R = j-Pr, Ry = Me, Ry = Et .
12g R o iPr Rl B R22= Mo 7 MgBr 20 CHCI 43 11
13g R = COzEt, Ry =Br, R, = M . . . .
142 R= cogt.Bu,h1 :rMe‘zp:z2 :eEt a Reactions were run fo4 h using Lewis acid, BssnH, and EB/O,.
14g R = CO,t-Bu, Ry = Br, R, = Me blsolated yields for column purified materiafsProduct ratios were

determined by*H NMR integration (400 MHz).
entry substrate radical precursor product yieldf (%) ratio? (syn:anti)

1 4 6a 5a 80 181 fumarate substrate8 and 10 are orders of magnitude more
2 7 6a 1la 80 21 reactive than their crotonate or cinnamate analogt¥&jomo-
3 8 6a 12a 23 (71y 21 ethyl radical additions to the fumarat@sand 10 proceeded
4 10 6a 1l4a 85 11 .. . .
5 4 69 59 70° 117 cleanly and efficiently, giving products uncontaminated by
6 7 69 11g 2004 1:2 starting material or ethyl addition. However, as observed with
7 8 69 12g  <5(95F _ thesecbutyl radical, the more reactive fumarate acceptors gave
8 9 6g 13 95 1;2 much reduced diastereoselectivity (compare entry 5 with entries
9 10 69 14g 95 1:4

8 and 9).
aReactions were run fo4 h using Yb(OTf), BusSnH and E{B/O; in Past results on optimizing chloromethyl radical addition to

2:1 CHzC|22THF unless ot_h_erwise notebl30% ethyl addition, separation fumarate Substrates indicated that Sm(QWﬁS the Opt|ma|
problems.c 50% ethyl additiond Isolated product as lactongRecovered . . . o
starting materialf Isolated yields for column purified materiaBProduct Lewis acid for halogenated radical additions to these types of
ratios were determined b4 NMR integration (400 MHz). substrated® With this information in hand, a brief study of the
effect of the Lewis acid on the diastereoselectivity of bromoethyl
multiple initiation cycles and large excesses of reagents in orderradical addition to fumarates was undertaken (Table 3, eq 4). It
to get high yields. Also, the product bromide3gis prone to  was again found that Sm(OEfgave the highest diastereo-
radical reduction by excess tributyltin hydride and triethylborane, selectivities (8:1) when using substrdt® doubling the result
resulting in substantial amounts of a conjugate ethyl addition previous|y obtained using the stronger Lewis acid Yb(@Tf)
(R = H) a side product. Finally, the presence of trace amounts (Table 3, entries 2 and 3). The effect of increasing temperatures
of unreacted starting material and ethyl addition side product on the double diastereoselective additions was also studied. As
(Ry = H) made chromatographic purification of halogenated expected, increasing reaction temperatures fren8 to 0°C
products5f and 5g difficult. or room temperature for the reaction shown in eq 4 with
The influence of the radical acceptor substituent R on Sm(OTfy as a Lewis acid resulted in complete erosion of
diastereoselectivity is shown in Table 2 (eq 3). Increasing the selectivity from 8:1 to 1:1.
size of R (R= Ph,i-Pr; entries 2, 3) did not significantly affect Table 4 shows a series of reactions in which prochiral
the selectivity for the addition of theecbutyl radical'* It is methoxyalkyl radicals add to nonterminal alkeAésVe have
noteworthy that the larger substituents also decreased thefound that methoxyalkyl bromidek6 are readily prepared from
reactivity of the acceptor toward radical additions (entries 3 and acetals via reaction with acetyl bromide (eq!$)o it was

7) In addition, ianeaSing the reactivity of the aCCGptor alkene re|ative|y easy to Systematica”y vary the size of ﬂ'ﬁgﬁ)up
by using the fumarate-derived substrates correspondingly re-

duced the selectivity (entry 4; compare entry 4 with entry 1 CH30.__Rs 0 Br._ Rz
. . + —— + (5)
and entry 5 with entries 8 and 9). E;Ha Br)l\ OCHz  CHsO
Since the bromoethyl radical had shown higher selectivity 15 16

than thesecbutyl radical in Table 1, we also screened its ability

to add to alkeneg—10. It was observed that the substrate The a-bromoalkyl ethersl6 were conveniently prepared and
reactivity followed the order R= CO,Et, CO-t-Bu > Me > used in situ (eq 6), since their formation was quantitative and
Ph > i-Pr (in previous work we have likewise found that the the a-bromoalkyl ethersl6 were sensitive to workup. The

(14) We have attempted to add the radical derived form 3,3-dimethyl-2- (15) Sibi, M. P.; Ji, JAngew. Chem., Int. Ed. Engl997, 36, 274.
iodobutane, but alkylation occurred #20% yield, presumably due to steric (16) (a) Reference 15. (b) Sibi, M. P.; Liu, P.; Ji, J.; Chen, J. Hajrd, Srg.
hindrance, and we were unable to determine the selectivity. Chem.,in press.
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Table 4. Steric Effect of a-Alkoxy Radicals on

Diastereoselectivity?
Rq
16
ﬁ\ iﬂ B/LRZ i i R
\/ OMe

BU3SnH, Yb(OTf)g, 1 /

EtsB, Oy, -78 °C, 4 h
THF-CHzClz 1:2 18a=5e R =Me, Ry = Me

4 R=Me 16a Ry = OMe, Ry = Me 18b R=Me, Ry =iPr
7 R=Ph 16b Ry = OMe, Ry = /-Pr 18¢c R=Me, Ro=tBu
17 R=tBu 16c Ry = OMe, Rz = tBu 19a R =Ph, Ry=Me
19¢ R=Ph, Ry =tBu
20a R = t-Bu, Ro = Me
entry substrate radical product ratio® (syn:anti) yield® (%)
1 4 16 18 1.2:1 88
2 4 16b 18b 2.3:1 90
3 4 16¢ 18c 6:1 89
4 7 16a 19a 1.5:1 94
5 7 16¢ 19c 6:1 90
6 17 16a 20a 5.5:1 35

aThe general procedure described was followed. Preparative reactions
were conducted using 5 equiv of freshly prepared bromoalkyl ether, 5 equiv
of BuzSnH, 0.1 equiv of Yb(OT#, and 2 equiv of EB. P Isolated yields
for column purified materials: Product ratios were determined Hy NMR
integration (400 MHz)d Table 4, entry 1, corresponds to Table 1, entry 5.
Note thatl6a= 6e and18a= 5e

Table 5. Effect of Lewis Acids on Yield and Diastereoselectivity
for a-Alkoxy Radical Additions?
i /ﬁ\ﬁ BusSnH, Lewis acid,
Et3B, 05, -78°C, 4 h
Q7 N7 S CHg + H3C%)< THF-CH4Cly 1:2
\_/ Br

4 16¢
X W
o° N (7}
/ OMe
18c
entry Lewis acid diastereoselectivity® (syn:anti) yield® (%)
1 none 1:1 10
2 Yb(OTf); 6:1 8g!
3 Er(OTf) 4:1 95
4 Gd(OTfy 2:1 85
5 Sm(OTfy 4:1 90
6 Pr(OTfs 1:1 45
7 Y(OTf)3 2:1 90
8 Sc(OTfy 1.5:1 90
9 La(OTf) 1:15 30
10 Yb(OTf) (0.1 equiv) 6:1 89
11 MgBr(OEb) 1:1.2 96
12 ZrCly 1:3 8%
13 TiCly <10

a2 The general procedure described was followed. Preparative reactions

methyl acetate side product was a harmless bystander in theyere conducted using 5 equiv of freshly prepared bromoalkyl ether, 5 equiv

radical reactions. A control reaction also showed tharomo-
alkyl ether16c (R, = t-Bu) is stable to Yb(OTH in solution
for over 10 h at room temperature, confirming that cations are
not involved in the addition reaction under our low-temperature
reaction conditions. Alkoxyalkyl radicals derived frott
showed high reactivity toward conjugate addition because of
the methoxy substituent, so yields in the addition reaction were
generally high (Table 4, entries-b), except when the R group
on the alkene became very large (entry 6).

In the addition of alkoxyalkyl radicals, the syn isomer was
consistently preferred over anti (Table?)ncreasing the size
of the R, group on the radical increased the diastereoselectivity
in additions to both crotona# (entries -3) and cinnamat&
(entries 4 and 5). Increasing the size of the R group on the alken

also increased the selectivity (compare entries 1, 4, and 6). Good,I

selectivity was observed only with a very large substituent on
either the radical (entries 3, 5) or on the alkene (entry 6).

(17) The addition ofx-alkoxy radicals to acrylates has been reported. Intermo-
lecular addition: (a) Nishiyama, Y.; Yamamoto, H.; Nakata, S.; Ishii, Y.
Chem. Lett1993 841. (b) Giese, B.; Hoch, M.; Lamberth, C.; Schmidt,
R. R.Tetrahedron Lett1988 29, 1375. (c) Bimwala, R. M.; Vogel, Rl.
Org. Chem.1992 57, 2076. (d) Kessler, V. H.; Wittmann, V.; Kock, M.;
Kottenhahn, MAngew. Chem., Int. Ed. Endl992 32, 902. (e) Garner,
P. P.; Cox, P. B.; Klippenstein, S, J. Am. Chem. S0d.995 117, 4183.

(f) Garner, P.; Leslie, R.; Anderson, J. I..Org. Chem1996 61, 6754.
(9) RajanBabu, T. VAcc. Chem. Red.991, 24, 139. (h) RajanBabu, T.
V.; Nugent, W. A.J. Am. Chem. S0d.994 116, 986.

(18) For conversion of a dimethyl acetal to@sthloroacetal, see: Lokensgard,
J. P.; Fischer, J. W.; Batrz, W. J. Org. Chem1985 50, 5609.

(19) Alkoxyalkyl radicals are “nucleophilic”. See: Giese,®adicals in Organic

Synthesis: Formation of CarberCarbon BondsPergamon: Oxford, 1986;

Chapter 2. Giese, B.; Dupuis, J.; Hasskerl, T.; MeixnefTelrahedron

Lett. 1983 24, 703.

The relative stereochemistry was established by conversion of préfucts

and18cto known lactones (TMSI, CDG). Denmark, S. E.; Forbes, D. C.

Tetrahedron Lett.1992 33, 5037. We thank Prof. Scott Denmark for

providing us spectral data for the lactone derived fraB8c In 4,5-

disubstituted lactones, the chemical shift of the-8 is consistently upfield

in the trans compounds relative to the cis, and this relationship was used

to assign the lactones derived frob8c See: Fang, J.-M.; Liao, L.-F;

Hong, B.-C.J. Org. Chem1986 51, 2828. Ueno, Y.; Moriya, O.; Chino,

K.; Watanabe, M.; Okawara, M. Chem. Soc., Perkin Trans1986 1351.

Carretero, J. C.; Rojo, Jetrahedron Lett1992 33, 7407 and references

therein.

(20)

[S)

of BusSnH, 1 equiv of Lewis acid (unless otherwise noted), and 2 equiv of
EtsB. P Diastereomer ratios were determined*syNMR integration (400
MHz). ¢ Chemical yields were determined Bif NMR integration (400
MHz, pentachloroethane as an internal standard) and Glsdlated yields.
¢No THF cosolvent.

Table 5 shows results in which the addition of the methoxy-
alkyl radical derived fromil6c to crotonate4 was conducted
using several different Lewis acids for activation of the acceptor.
The diastereoselectivity is surprisingly sensitive to the Lewis
acid (Table 5). We do not have a full explanation for the
complex relationship between selectivity and Lewis acid
structure, but some of the results are interesting. While simple
Yb(OTf); gave 6:1 selectivity (entry 2), other Lewis acids tested
showed lower syn selectivity or even anti selectivity. Among
the metal triflates tested, it is interesting that Yb(QT®
ntermediate in both Lewis acid strength and ionic radius (entries
2—9), so there is no simple correlation between diastereo-
selectivity and either Lewis acid strength or size. Magnesium
bromide and zirconium tetrachloride actually give anti selectiv-
ity, although the selectivity is low (entries 11, 12). Ytterbium
triflate could be used catalytically (entry 10). The very strong
Lewis acid titanium tetrachloride provided only trace amounts
of product, due to incompatibility with the reactants (entry 13).

Results from a series of reactions in which Lewis basic
additives were added to Yb(OTfjor the formation of product
18care presented in Table 6. Lewis basic additives have been
found to effect a number of lanthanide-mediated reactténs,
and the formation ol 8creflects a sensitive case study for the

(21) For the use of additives in rare earth Lewis acid-mediated reactions, see:
(a) Shibasaki, M.; Vogl, E. M.; Groger, HAngew. Chem., Int. EA.999
38, 1570. (b) Saito, T.; Kawamura, M.; Nishimura, JFetrahedron Lett.
1997 38, 3231. (c) Mikami, K.; Kotera, O.; Motoyama, Y.; Sakaguchi, H.
Synlett1995 975. (d) Kobayashi, S.; Hachiya,J. Org. Chem1994 59,
3590. (e) Kobayashi, S.; Araki, M.; Hachiya,J. Org. Chem1994 59,
3758. (f) Kobayashi, S.; Ishitani, H. Am. Chem. S0d.994 116, 4083.
(g) For a review on lanthanide coordination with macrocyclic ligands, see:
Alexander, V.Chem. Re. 1995 95, 273. Modification of lanthanide
reactivity and or structure by addition of ligands: (h) Aspinall, H. C;
Dwyer, J. L. M.; Greeves, N.; Mclver, E. G.; Wooley, J.@ganometallics
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Table 6. aEffect of Additives to Yb(OTf)s for a-Alkoxy Radical selectivity at thg3-carbon is completely controlled@5:1) in
Additions the conjugate additio?f. These reactions also demonstrate that
BusSnH, Yb(OTf)s, absolute as well as relative stereochemistry can be controlled
/?L EEE&Z 78°C, 4h in the addition of prochiral radicals to chiral olefins.
y HsC “CHClp 1:2
({ N CH3 + Lewis basic additive

Br

N
=
4 16¢ o\_/N > CHs HSC%X Eylons
j)L Ha |/ Br glycol (1 eq)
(8) Ph CHoClo: THF 2:1
(i N -78 °C
21 16c

Yb(OTH3 (1 eq)

OMe
18¢ ji GHs j\ CHs

entry additive (equiv)° Yb(OTf); (equiv)  diastereoselectivityd (syn:anti) o~ N . q N ; ©)

1 none 1 6:1 \—’ pn  OCHs w, Ph  OCHj

2 NE&(3) 1 5:1 ' Il

3 DMSO (3) 1 8:1 Ph Ph .

4 HMPA (3) 1 10:1 syn-22 anti-22

5 HNCH,CH,OH (1) 1 6:1 syn:anti

6 HOCHCH,OH (1, 2 or 3) 1 10:1 14:1,85%

7  HO(CHCH,0O)H (1) 1 8:1

8 HO(CH.CH,O)sH (1) 1 10:1 Discussion

9 HO(CHCH,0)H (1) 1 14:1 . . . )
10 HO(CHCH,0)H (1) 1 11:1 Prochiral alkyl radicals add to electron-deficient alkenes with
11 12-C-4(1) 1 9:1 low levels of diastereoselectivity (Tables 1 and 2). It appears
ié iggg EB i gfi as though steric factors alone are unable to afford substantial
14 HOCHCH.OH (0.2) 01 101 diastereoselectivity in the additions of these nucleophilic alkyl

radicals to electrophilic alkenes. Radical additions are normally
2The general procedure described was followed. Reactions were understood to proceed via early transition states, so it is not

conducted using 5 equiv of freshly prepared bromoalkyl ether, 5 equiv of i ; ;
BusSnH, 1 equiv of Lewis acid (unless otherwise noted), the additive (see surprising that early bond formation makes these reactions

table), and 2 equiv of BB. ® Number of equivalents relative to substrate. ~ relatively insensitive to steric factors. The preferred syn products

‘;\l\lf\jlgdg S\{er? genera"thO% as d(fttermineddlbb)g/ ’i\lshal'gltiotrl or ?LC(ESO likely arise predominantly via the transition st&&shown in
. lastereomer ratios were adetermine Integration : f . P
MHz). Figure 1, where gauche interactions are minimized compared

to 23 or 24, also leading to syn products. Ordinarily the largest
effect of additive$? In all cases the chemical yields exceeded substituents on a forming bond orient themselves anti to each
90%. Addition of HMPA or ethylene glycol increased the syn other, just as they do relative to ethane, so if R acts as the largest
selectivity for 18c from 6:1 to 10:1 (entries 4, 5). With  substituent on the alkene carbon (as opposeg@HCOX),
tetraethylene glycol the selectivity increased to 14:1 (entry 9). 25 represents the situation where the “large” groups R and R
Our observations suggest that oxygenated Lewis bases influencere anti to each other. Transition st@® also explains why
the selectivity but that amines have minimal influence. This is increasing the size of R decreases the reactivity of the acceptor
in keeping with the known oxophilicity of lanthanides. However, but does not provide substantially increased levels of selectivity,
we are uncertain exactly how these additives impact the due to unfavorable interactions with the methyl group on the
stereoselectivity. A modest accelerating effect was also observedadical. A similar argument can be used to explain the decreasing
in reactions using Lewis basic additives. This may suggest that reactivity when bulky Rgroups are introduced. The minor anti
a later transition state may not be the sole contributor for product may arise from a similar transition st2@where the
enhanced selectivity. It is possible that coordinating additives methyl and the Rgroup are interchanged, and which experi-
suppress a minor competing chelation pathway. While we do ences similar gauche interactions. The early transition state
not have a clear explanation for these results, they may providecombined with the modest effective difference in size between
some clues regarding the interaction of ytterbium triflate with R and the=CH(CO)X groups on the acceptor carbon may limit
additives that may provide insight toward the development of the energy discrimination betwe®3 and 26.

improved rare earth Lewis acid cataly3ts. In the case of methoxyalkyl radical additions (see Table 4),
The addition of the radical derived from6c to the chiral we had originally thought that chelation of the methoxy group
substrate21 (eq 9) was also examined. We have previously to the Lewis acid might result in high selectivity (transition states
shown that isopropyl radical addition 21 occurs with~25:1 27 or 30, Figure 2). However, our results with ytterbium triflate
diastereoselectivity? Radical addition ofl6cto 21 gave22 as as Lewis acid show that the major diastereomer actually results

a 14:1 mixture of syn/anti compounds, with no trace of the other from an open transition state in which the methoxy substituent

two diastereomers. These experiments show that the facialon the radical is not complexed to substrate-bound Yb(£Tf)

Although the substrate itself is chelated to the Yb(QTfhe
1998 17, 1884. (i) Aspinall, H. C.; Greeves, N.; Mclver, E. Getrahedron i i i H i i
Lett. 1998 39, 9283. (j) Greeves, N.; Aspinall, H. C.; Browning, A. F.; mcommg methoxyalk_yl radical is no_t'_ We believe the maJF’r
Ravenscroft, PTetrahedron Lett1994 35, 4639. (k) Lacote, E.; Renaud,  diastereomer forms via an open transition state for the following
P. Angew. Chem., Int. EA.998 37, 2259. ; R R iy

(22) In contrast, addition of Lewis basic additives for the formatio®aflid reasons. First is the impact of additives on the reacioh
not lead to improvement in selectivity.

(23) NMR experiments involving Y(OT§)in acetonitrile have shown that (24) The absolute stereochemistry at fhxearbon is based on analogy from
ethylene glycol binds preferentially over substéasnd indicate that yttrium our previous work involving conjugate radi cal additions to chiral substrate
can accommodate two or three ethylene glycols. 21 (ref 3a).
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H H H H
O Me H OH Ry O R, Me O Me Ro
X R X R X R X R
H R, H Me L H H
23 syn 24 syn 25 syn 26 anti
Figure 1.
M M
N Me “_Me
T H H H N TOH
|b 0. H O H Ro Ro OMe [e.') O Ry
R R X R R
H Ry H OMe Hof H
27 syn 28 syn 29 syn 30 anti
Figure 2.
H H H H
O CI Me O H cl O Me H Q Me, ci
X R X R X R X R
H o # H Me H C H H
31 anti 32 anti 33 anti 34 syn
Figure 3.

16c— 18c(see Table 6). Additives such as HMPA and ethylene electronic effects, and effects of this type are probably key to
glycol are strongly coordinating bases with high affinities for the high selectivity associated with addition of samarium ketyl
lanthanides. If syn product resulted from a chelated transition radicals to alkene® The stereoelectronic effects are probably
state, we expected that these additives should disrupt chelatiormuch smaller in the case of methoxyalkyl radicals than in
and reduce the syn/anti selectivity, but exactly the opposite samarium alkoxy radicals (samarium ketyls) because the oxygen
occurred. Second, a chelated transition state leading to synhas greater negative charge density in the latter. Thgréup
products must proceed via transition st&® This chelated and the carbonyl carbon have a pseudo syn pentane relationship
transition state appears severely hindered because th® & in 29, but because of the early transition state and the trigonal
suffers two gauche interactions, and this should intensify as the (planar) geometry of the--carbon, we suggest that the inside
sizes of R and Rincrease. However, increasing the size of either position is not significantly encumbera.
R or R; gave enhanced syn selectivi§yThird, complexation Haloalkyl radicals add with remarkably high anti selectivity,
of a methoxyalkyl radical to a Lewis acid should reduce its especially in additions to crotonate Of the three projections
nucleophilicity, so it is not surprising that alkoxyalkyl radicals 31—33 that would lead to the anti product, transition stafe
that are not bound to a Lewis acid are the reactive spéties.  seems the best, sin@2 and 33 would likely experience more
is possible that the anti product, which is modestly preferred allylic strain and more severe gauche interactions (Figure 3).
when zirconium tetrachloride or magnesium bromide was used In contrast to alkyl and alkoxyalkyl radicals, haloalkyl radicals
as Lewis acid, does result from a transition stagin which are relatively electrophilic and much less reactive, so that the
the methoxy group is chelated to the Lewis acid. transition state is probably relatively late. As is to be expected,
Given an open transition state for the usual addition of reactions involving a later transition state are much more
methoxyalkyl radicals, transition sta?®, where gauche inter-  sensitive to both steric and electronic factors.
actions are minimized and in which the large groups R and R~ What is surprising is that the haloalkyl radicals give anti
are anti to each other, again seems best, especially when R selectivity, whereas alkyl and methoxyalkyl radicals give syn
methyl. In terms of steric volume, the methoxy group is smaller
than even a methyl group, and obviously much smaller than
tert-butyl 27 That transition stat@8 is not the source of the syn
products is evident from the dependence of diastereoselectivity 28 / | s
on R. As R gets largeg8 should be increasingly destabilized, ~  ajetive addiion bylec (5:1). which snould proceed vae o -
but experimentally enlarging R increased rather than decreased?26) The involvement of an open transition state is not all that surprising. Even
. . in the absence of additives, the methoxy group is less basic than the
the syn selectivity (Table 4, compare entries 1, 4 and 6). That cosolvent THF, especially since the basicity of the oxygen atom is reduced
transition state29 is operative is also consistent with the by electron donation to the radical. Also, if a methoxyalkyl radical was
observation that syn product is preferred in all cases, and that

(25) On the other hand, the;Broup has a syn pentane-type arrangement relative
to the carbonyl group in transition sta®8. While R, would also suffer
syn pentane relationships with R wher=RMe (Table 1, entries 4, 5), it
is possible that when R Me the syn product arises from transition state
28, and when R= Me the syn product arises from transition st2@eWhile

coordinated to a Lewis acid, the radical should be less nucleophilic and
less reactive toward alkene addition.
lectivity incr when the size of either R aririr (27) TheA values for—Cl, —OCHs, —CH=CH,, —CHa, —CH(CHg),, —C¢Hs,
selectivity C.eased en the size of eithe G ease(.j and —C(CHy); are 0.5, 0.6, 1.7, 1.8, 2.1, 2.9, and4.5, respectively.
(Table 4, entries 3, 4 and 6). The preference for transition Stereochemistry of Organic Compountiel, E., Wilen, S., Eds.; Wiley:
H New York, 1993.

state29 may .also hgve a ;tereoelectronlc component29n  (28) Beckwith, A, L. J Tetrahedronl981, 37, 3073.

the oxygen lies anti relative to the alkene. Analogous anti (29) An alternate explanation is that due to incipient syn pentane interactions,
; ; ; ; ; the inside position is the most hindered, and that syn product is formed via
rela_tl_onShlps of oxygen SUbStl_tuentS to a”“?”es in radical 28 When R = t-Bu, however, an even more severe syn pentane interaction
additions have been noted previously and attributed to stereo-  occurs with R.
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selectivity. TheA values for—Cl and—OCH; are very similar, be of limited synthetic value, but the results are of fundamental
so if steric factors are the only consideration, haloalkyl and interest. The alteration of the environment (reactivity) of the
methoxyalkyl radicals should both prefer the same isomer, lanthanide Lewis acids with achiral additives detailed in this
whether syn or anti. Why do haloalkyl radicals add ¥4arather work suggests a potential and simple route for selectivity
than via34? Clearly, the differing outcomes between haloalkyl enhancements in radical reactions.

and methoxyalkyl radicals have an electronic basis. The less Overall, our results show that additions of prochiral radicals
reactive haloalkyl radicals add with much later transition states. to prochiral alkenes via open transition states are not uniformly
Under these condition84 may be destabilized due to develop- highly diastereoselective. The selectivity is only slightly higher
ing syn pentane interactions between the methyl group and thethan observed in anionic nucleophilic addition @falkoxy-
carbonyl carbon. Another possible explanation is that transition lithiums, for exampl€® To be highly diastereoselective, it
state 31 benefits from favorable dipole/dipole interactions appears that intermolecular addition of achiral prochiral radicals
(attractive interaction of the halogen with the carbonyl carbon to prochiral alkenes will require either strong stereoelectronic
or the Lewis acid). The same dipolar advantages do not apply effect$C or chelation control to provide sufficient organization.
in the reaction of alkoxyalkyl radicals because the much earlier ) )
transition state and the shorterO bond length make too great Acknowledgment. This work was supported by the National

a spatial distance for significant dipole/dipole interactions. !nstitutes of Health (GM-54656). T.R.R. thanks NSF and the

Further, unlike chlorine and bromine, the methoxy group is a ACS Division of Organic Chemistry for graduate fellowships.
strong z donor to the radical, so that the-© bond has  We thank Megan Kirsch, Mei Liu, and Sarah Steffl for technical

drastically reduced or even reversed dipolar character. assistance.

Conclusions Supporting Information Available: Characterization data for
compounds and experimental procedures (PDF). This material

In this work we have examined factors that are fundamental is available free of charge via the Internet at http://pubs.acs.org.

to understanding reactions between two prochiral fragments. We
have shown that alkoxyalkyl and haloalkyl radicals add to JA017510T
enoates with moderate to good diastereoselectivity, and the
methodology could have synthetic potentiaI. The diastereo- (30) Fukuzawa, ref 10a, gets highly syn-selective addition of samarium ketyl

L, . ) . radicals to crotonate esters. Stereoelectronic and/or chelation plays a major
selectivity in our study using alkyl radicals is modest, and may role in these reactions.
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