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Asymmetric Induction in [3 + 2] Dipolar Cycloaddition Reactions of
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Dennis P. Curran*! and Scott A. Gothe
Department of Chemistry
University of Pittsbur%\
Pittsburgh, PA 15260, USA
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Abstract: The dipolar cycloaddition reactions of {a-oxyallyl)silanes 12a-g with 2 2-dimethylpropanenitrile
oxide and benzonitrile oxide have been studied. Mixtures of anti (14a-g and 168-g) and syn (15a-g and
17a-g} A -isoxazolines are formed, The direction and magnitude of asymmeiric induction depends on the
allylic oxygen substituent: a free Rydroxy provides a modest excess of the syn diastereomer, a silyl ether
shows good selectivity for the anti diastereomer, and various acyl derivatives show low diastereoselecnivity.
The significance of these results is discussed in terms of two current models for asymmetric induction.

The magnitude and origin of stereoselectivity in the cycloaddition reactions of nitrile oxides with
acyclic a-chiral alkenes have been the subject of much experimental and theoretical study.23 The trends
which have emerged are summarized in Scheme 1. The cycloaddition reactions of nitrile oxides with
terminal alkenes whose allylic substituents differ by size (1) favor the formation of diastereomer 2 over 3.
The magnitude of this preference depends on the relative sizes of the medium (M) and large (L) groups
(when S = H) and ranges from negligible (M = Me, L. = Et; 1/1) to modest (M = Me, L = 1-Bu, 4/1). The
important subset of reactions where the medium group is alkoxy (alkene 4) follows the same trend,
although with improved stereoselectivity. For synthetically useful R groups, the anti diastereomer §
typically predominates over the syn counterpart 6 by a ratio of about 3/1. When R = +-Bu, the ansi isomer
is formed exclusively. The anti/syn ratio in these cycloadditions varies remarkably little with steric or
electronic changes in either the nitrile oxide substituent (R") or the oxygen substituent (R").
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The transition state model of Houk successfully interprets these trends.3 Taking into account the need
to stagger the forming bonds, this model depicts the transition state for the nitrile oxide cycloaddition as 7.
Allylic substituents can occupy anti, inside, or outside positions. According to the Houk model, the major
product arises from a transition state (TS) in which the largest group occupies the anti position, the
medium group occupies the inside position, and the smallest group occupies the outside position. The
minor product is assumed to result primarily from a TS in which the locations of the medium (inside) and
small (outside) groups are reversed. As in the Felkin-Anh model for nucleophilic additions to carbonyls
the owsside position is more sterically demanding than the inside due to the angle of approach of the nitrile
oxide oxygen. Superimposed on these steric preferences are the hyperconjugative electronic character-
istics of the substituents. Since it is usually assumed that such nitrile oxide cycloadditions are mildly
clectrophilic in character, donating allylic substituents should prefer the anti position (to maximize
donation of electron density to the alkene) while withdrawing substituents should prefer either the inside
or outside positions (to minimize electron withdrawal).
Assuming that a trimethylsilyl group of a chiral allylic silane$ should show a healthy preference for
the ansi position for both steric and electronic reasons, we previously studied the cycloaddition reactions of
3945
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quite low although the major product $ was that predicted by the Houk model. Afier separation, reductive
cleavage, and Peterson elimination, each cycloadduct gave a unique B,y-unsanirated alkene stereoisomer,
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We now report the results of a systematic study of the cycloaddition of nitrile oxides with

{o-oxyallylisilanes and we discuss the factors which may influence these and related cycloaddition
reactions in terms of current stereochemical models.

Results and Discussion

The needed dipolarophiles were synthesized as outlined in Equation 1. {(o-Hydroxyallyl)silane 12a
was prepared by a modification of the known "retro-Brook” rearrangement of 11 {see Experimental).?
Standard hydroxy derivatization procedures provided 12b-g (see Table 1). Cycloadditions of in situ
generated 2,2-dimethylpropane- and benzonitrile oxide with 12a-g were conducted by the Huisgen
method under standard conditions {oxime chioride 13, ether, 1.1 equiv BN, 25 °C, 24 h), In the
reactions of 12a-g with 2,2-dimethylpropanenitrile oxide, cycloadducts 16 and 17 were the major
products, alongside recovered 13 and di-t-buty] furonan (resulting from nitrile oxide dimerization). In
the case of benzonitrile oxide, small amounts of 2/1 adducts® were also obiained along with 14, 18, and
diphenyl furoxan. The formation of furoxans and 2/1 adducts in these cycloadditions is a strong indication
that dipolarophiles 12a-g (especially 12b) are less reactive than the corresponding (unbranched) allyl
silanes or aliyl alcohols.
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The results of this series of cycloaddition experiments are collected in Table . Several imporiamt
trendds can be highlighted, With one possible exception {entry &), the ansifsya ratio varies litde as 2
function of the substituent on the nitrile oxide. While the alcohol 12a shows a modest preference for syn
addition, the derived silyl ether 12b shows 3 very good preference for ansi addition, Indeed, the
selectivities observed with 12b rank with the highest previously observed selectivities in related
cycloadditions. A variety of acylated derivatives 12e-g exhibit very low selectivities. In a sequence
designed to probe electronic effects (132-f), there appears to be g slight increase in syn selectivity with
more elecironegative acy! substituents,

The structures of the diastersomers were
assigned by standard methods, The amii dia-
stereomer 14b was separated from the minor sya
product 155 and #s structure was determined by
a single crystal x-ray analysis. The conformation
of this product is relevant to the subsequemt
discussion, and an ORTEP plot of this structure is
provided in Figure 1.9 The structures of the
other products were all assigned by chemical or
spectroscopic corrslation with 14b.
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Table 1
Cycloaddition Reactions of 2,2-Dimethyipropone- and Benzonitrile Oxide with 12a-g
_OH 2u—ol N—0O
/\o(:m’ ’ nic: = " 3' LA SE R/k/g\;/SIE!;
i OR syn 6R
12b-g 13 14 R= Ph 1SR'= Ph
R'= Ph, t-Bu 16 R'=t-Bu 17 R'= t-Bu

Entry R anti (14)/syn (15)  %yield anti (16)/syn (17) %yield
a H 2773 75% 24176 98%
b SiMeyr-Bu 94/6 40% 92/8 20%
¢ COCH; 42/58 82% 40/60 82%
d COCHs 51/49 75% 52/48 63%
e COCetip-OCH; 55/45 88% 63/37 64%
f COPh 57/43 79% 53/47 65%
8 COCgHyp-NO, 35/65 35% 37/63 59%

Since nitrile oxide cycloadditions of this type are usually regarded as mildly electrophilic in
character, the preferred location of allylic substituents to maximize electron donation (or minimize
electron withdrawal) is often considered as an important factor.!0 However, Vedejs and McClure have
cautioned that past interpretations of asymmetric induction in other electrophilic additions (especially
osmylation) to alkenes have overemphasized the hyperconjugative role of the substituents.!! Two
observations mitigate against the attribution of observed stereochemical control to the hyperconjugative
donor properties of the allyl silane. First, the cycloadditions of the alkyl- and silyloxy-substituted allyl
silanes strongly parallel those of the related isopropyl derivatives studied by Houk and Jiger.225 The
isopropyl, ¢-butyl, and silyl derivatives are compared in Eq 2.2 In each case, the silyl derivative is less
selective than its ¢-butyl counterpart and about the same as isopropyl.!3 Second, if the allyl silane functions
as an electron donor, an increase in the rate of cycloaddition is predicted by standard FMO arguments.
However, in a simple competition experiment, 1-hexene and allyl tnmethylsilane were found to be
essentially equally reactive towards benzonitrile oxide.

Eq. 2
cHy N—2Q oS! ACNO s
gl /k)\(“ -~y -_— A.)\/\("
R A R
CHy os|
mlifyn alifsyn
R=iPr 657% R=i-Pr 919 (Si=SiMe,Ph)
R=TMS 65735 R=TMS 8812 (Si=SiMey)
R=1-Bu 71/ R=TES 92/8 (Si=SiMeyt-Bu)

R=1-Bu >95/5 (Si= SiMe,or SiMe,t-Bu)

We feel that our past and present results on the cycloaddition of substituted allyl silanes with nitrile
oxides are best understood in terms of the Houk steric model.2b< Six possible staggered transition states
can be constructed. Four of these are shown in Figure 2 [the other two which place the smallest group (H)
in the position favored by the largest group (ant) are assumed to be unimportant]. The major product is
predicted to arise from transition state 18A which places the (large) trialkylsilyl group anii, the (medium)
alkyl or oxy group inside, and the (small) hydrogen outside. Further circumstantial support for this
assignment comes from the striking resemblance of the x-ray structure of the major product 14b
(Figure 1) 1o TS 18A.14 The minor product is predicted to arise mainly from 20S in which the locations
of the medium and small groups are reversed. However, depending on the size of the substituents, it may
be energetically feasible to reverse the positions of the large and medium groups, generating the transition
states 19A and 218, of which the latter should be favored (small group owsside). Thus, to the extent that
TSs 19A and 218 are important, the anti-selectivity should be eroded.
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Although the selectivity is very low, TS 18A correctly predicts the predominant diastereomer in the
cycloadditions of the butenyl silanes 8 (R = Me). Substitution of silyloxy for methyl results in a significant
increase in anti selectivity; however, this increase is not unique to silicon (see Eq. 2). This trend seems at
first surprising if one assumes that the anti/syn ratio is increased by favoring TS 18A at the expense of
20S. Since silyloxy is smaller than methyl, the size difference of the medium relative to the small
substiuent (H) is decreased. Houk and Jéger have attributed this increased selectivity to lone pair
repulsions in TS 208 when silyloxy is outside. This has been termed the “inside alkoxy effect.”? A second
possible origin for the increase in anti selectivity is that substitution of silyloxy for methyl actually
increases the size difference between medium and large groups. Thus transition states 19A and 218
(which place the medium group in the anti position) should be disfavored relative to 18A and 208 (which
place the large group in the anti position). As indicated above, this should result in increased anti
selectivity. 15
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That the free alcohol 12a exhibits syn selectivity is also not susprising. This has been interpreted as
due to a hydrogen-bonding effect which lowers the energy of the OH-outside transition state (see 228).16
Solvent effects have supported this proposal; the syn selectivity is eroded as the H-bond acceptor capability
of the solvent is increased. As shown in Table 2, a survey of several solvents in the cycloaddition of 12a
again supports this analysis. However, in the series of allyl alcohols shown in Eq. 3,!7 there is no obvious
relationship between the syn/ansi selectivity and the size of the allyl substituent.

Eq. 3
Table 2 ACNO e ©
Sovent Effects the Formation of 140/15a %‘\T/% AN . P:on

Solvent Anti(i4a)/Syn (15a) R OH
CeHlg 17/83 antiisyn
CsHig 21779 § = CH3H %
En0 2575 Rovpem A8
DMF 58742 F=TES 3070

The reason for the decreased ansi selectivity observed for all the acylated derivatives 12¢-g relative
to 12b is also not easily understood although a tentative steric argument can be advanced.!® Electronic
effects may also contribute, In view of the small changes in the sys/anti ratio as a function of the electronic
nature of the acyl group (12e-g), we do not offer an interpretation.

We conclude our discussion with a brief comment on the applicability to dipolar cycloaddition
reactions of the Kahn-Hehre reactivity model for electrophilic additions.’® This model does not attempt 1o
directly evaluate the relative transition state energies (as in the Houk model) but takes a fundamentally
different approach, The product distributions are predicted by considering the accessible ground state
conformations of the alkene, and the relative reactivities and diastereofacial selectivities of each
energetically significant conformer. These reactivities are estimated by sophisticated electrostatic
potential calculations which explicitly disregard all steric effects. The staggering of bonds in transition
states cannot be important in this model since it is not a transition state model. According to the Curtin-
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Hammet principle,? the Kahn-Hehre reactivity model is valid to the extent that the electrostatic potential
calculations reflect the rate constanss for the reactions of the individual ground state conformers.?!

Kahn and Hehre have applied their model to the electrophilic additions of butenyl silane 23
(Figure 3).19% They have calculated that there are two important ground state  conformers 23a and 23b,
that 23a is lower in energy than 23b, and that 23a and 23b have approximately equal reactivity and
opposite facial selectivity. According to this model, electrophilic reactions with allyl silanes should occur
predominantly via 23a. While a variety of electrophilic additions to allyl silanes are successfully
interpreted, this model does not predict the formation of the correct major diastereomer 9 in the nitrile
oxide cycloaddition with 8 (See Scheme 2).22

Figure 3
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This failure to predict the correct diastereomer is by no means an indictment of the Kahn-Hehre
model, especially in view of the small energy differences involved and the fact that true electrophilic
additions (protonolysis, bromination, etc.) must show a greater concentration of positive charge on the
carbon P to silicon than in this cycloaddition reaction (that is, electronic effects are more important).
However, the reactivity model has already been extended to interpret diastereofacial selectivities in Diels
Alder reactions.!% The present results indicate that such extensions of this model to cycloadditions and
other pericyclic reactions should be approached with caution.

Experimental

General: All reactions were run under an argon atmosphere. Solvents were dried as follows: E120, and benzene, distilled
from Na/benzophenone; Et3N, distilled from CaHy. Flash and medium pressure (MPLC) liquid chromatography were
performed with Kieselgel 60 (230-400 mesh). Medium pressure chm:?\phy was also done on pre-packed EM Lobar
LiChroprep S/60 colurons. Thin la chmmhy was performed on Merck silica gel 60 pre-coated plates. All melting
points are uncorrected. Proton were a1 300 MHz.

1-Triethylsily)-2-propen-1.0l (12s).7.23

To a solution of tricthylallyloxysilane 11 (0.25 g, 1.4 mmol) in tetrahydrofuran (5 mL) at -78 “C was added sec-butyllithium
(1.22 mL, 1.6 mmol, 1.3 M in cyclobexane) dropwise, such that the temperature of the reaction mixture never exceeded —68
°C. The reaction was allowed to stir for 1.5 h, and poured rapidly into 1:1 dicthyl ether/aqueous NH¢C1 (100 mL). The two
phases were se , and the aqueous layer was extracted with diethyl ether (3 x 35 mL). The organic extracts were
combined, dried over MgSOy, filtered, and concentrated to give a yellow liquid. Purification by flash chromatography (20:1
hemw/cthjyl acetate) yielded 0.244 g (98%) of (12a): IR (neat) (be) 2955, 2913, 2878, 1717, 1630, 1458, 1416, 1240,
1097, 1013, 901, 841 cm-!; 'H NMR (CDCl3) § 6.07 (ddd, 1H, J = 17.2, 10.7, 5.2 Hz), 5.09 (dt, 1H, ] = 17.2, 1.8 Hz),
4,97 (dt, 1H, J = 10.7, 1.8 Hz), 4.18 (dt, 1H, J = 5.2, 2.3 Hz), 0.97 (1, 9H, J = 9.0 Hz), 0.63 (q, 6H, J = 9.0 Hz).

General cycloaddition procedure: sys and amti-5-(1-Triethylsilyl-1-hydroxymethyl)-3-phenyl-A2-
isoxazoline (14a and 15a).

1-Triethylsilyl-2-propen-1-o0l (22.6 mg, 0.13 mmol) and phenyl hydroximoyl chloride (20.5 mg, 0.13 mmol) were added
with stirring to dry diethyl ether (1 mL). Triethylamine (20 pL., 0.15 mmol) was then added dropwise with vigorous stirring.
The reaction was allowed to stir for 23 h at 25 *C. The resulting ipitate was then filtered, and the filtrase was concentrased
wgidd a yellow hﬂmd Purification of the crude product by flash chromatography (9:1 hexane/cthyl acetate) yiclded 28.7 mg
(75%)of s ow oil, which was a 1.3 anafi/syn mixture of diastereomers 14a/15a: IR (thin film) 3427 (br), 2953, 2911,
2876, 1497, 1456, 1447, 1358, 1240, 1017, 912, 835, 760, 735, 692 cm-!; 'H NMR (CDCl3), 14a § 7.67 (m, 2H), 7.40
(m, 3H), 4.87 (1d, 1H, J = 10.6, 2.0 Hz), 4.01 (brs, 1H), 3.47 (dd, 1H, J = 16.2, 10.6 Hz), 3.21 (dd, 1H, J = 16.2, 10.6
Hz), 1.80 (d, 1H, J = 1.0 Hz), 1.03 (t, 6H, J = 7.8 Hz), 0.70 (q. 9H, J = 7.8 Hz), 15a § 7.65 (m, 2H), 7.36 (m, 3H), 4.91
(ud, 1H, ] = 9.4, 4.7 Hz), 3.49 (d, 1H, J = 1.2 Hx), 3.3-3.5 (dd. overlapped by anti diastereomer, 1H), 3.33 (dd, 1H, ) =
9.4, 8.5 Hz), 1.6 (br s, 1H), 1.01 (1, 6H, J = 7.8 Hz), 0.70 (q, 9H, J = 7.8 Hz), MS m/e 262 (M*), 159, 145, 130, 115,
103, 87, 75 (base), 59; HRMS cakculawed for Cy4H20NO?Si, 262.1263; observed, 262.1263.

syn and anti-5-(1-Triethylsilyl-1-hydroxymethyl)-3-rert-butyl-A-isoxazoline (16a and 17a).

following the general cycloaddition procedure with 1-tricthylsilyl-2-propen- 1-ol (12.4 mg, 0.07 mmol), tert-butyl
hydroximoy! chloride (9.8 mg, 0.07 mmol), diethyl ether (0.5 mL), and triethylamine (10 uL, 0.08 mmol) (16 h).
Purification of the crude product by flash chromatography (9:1 hexanc/cthyl acciate) yielded 19.2 mg (98%) of a yellow
oil, which was a 1:3 ansi/syn mixture of diastereomers 16a/17a: IR (thin film) 3416 (br), 2957, 2876, 2910, 1678, 1460,
1366, 1252, 1009, 884, 735 car-!; 1H NMR (CgDg) 5 4.41-4.57 (m, 2H, [H-S, anni and syn)), 3.78 (d, 1H, J = 2.5 Hz, [H-
S, aati]), 3.22 (4, 1H, ] = 5.4 Hz, [H-5', syn]), 2.97 (dd, 1H, J = 17.1, 9.5 Hz, (H4, anti]), 2.68 (dd, 1H, ] = 17.1,9.0
Hz, [H4, :{n]). 2.51 (dd, 1H, J = 17.1, 10.8 Hz, [H-4, anti]), 2.39 (ddd, 1H, J = 15.8, 11.3, 2.3 Hz, (H4, syn)), 0.84-
1.1 (m, 12H, [overlapping t, anti and syn]), 1.04 (s, 18H, (anti and syn)), 0.4-0.7 (m, 18H [overlapping g, anti and syn]);
MS N:d, 2224422 (lg‘l;_l) 168, 131, 115, 103, 87, 83, 75, 57 (base), 47, HRMS calculated for Cj2H24N 0384, 242.1576;
observ . .
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syn and ansi-8-1-Trimethyisityl-1-(trimethylsiiyljoxymethyi}-J-phenyl-Adfsoznzoline. {see By, 2)
Prepared following the general cycloaddition procedure with o-wimethylsilyloxyallylrimethyisilane (182 mg, 0.9 mmol),
pheny! hydroximeoy] chloride (128 mg, 0.8 mmol), diethy! ether {2 mlL), and wicthylamine (0.125 mi, 0.9 mmol) (16 k).
Purification was effected by MPLO (15:1 hexsnefethyl xmm%giﬁeﬁng 0.833 g {30%) as & 7.3:1 aniiiyyn miznuwe of
dinsterspmers: IR (thin fim) 2085, 2812, 1570, 1499, 1360, 1250, 1038, 245, G09, 843, 762, 693, 688 cro-!; 1H NMR
(COCI and 8 7.67 (o, 2H), 7.40 (m, 31, 4.81 {d, 18, 7 = 10, 1.3 Hz), 3,51 (4, 18, § < 1Ha), 3.41 (44, 1H, ] = 162,
102 Mz}, 3.09 (dd, 1M, J = 16.1, 10.8 Hz), 0.09 (3, 9H), 0.07 (s, 98D, syn 5 7.65 (m, 2H), 7.40 (m, 34, 4.82-5.01 {m,
1H over by antd), 3.74 {4, 1H, ] = 1.2 Hz), 3.37-3.49 (dd, 1H overls by ant), 3.03-3.15 (44, 1H overlapped by
anti}, 0.09 (s, 9D, 0.07 (s, 9HD; MS mie 321 (M*), 308, 231, 147, 130, 113, 73 (base), 39, HRMS caloulated for
CysHogNOn8ip (M* ~CH3), 306.1346; observed, 3061346,

syr end anti-5-{1-Triethylsilyl-1-aceioxvmethyl)-3-phenyl-Al-dsonnzeline {14 and 15¢).

Prepared following the gevers! cycloaddition procedure with Liviethylsilyl-1-acetoxy-2-propene (35.4 mg, 0.17 mumol),
phenyl hydroximoy! chloride (38.95 rog, 0.25 munol), diethyl ether (2 ml), and wiethylamine {41 1L, 0.34 sunol) (29 h).
Concentration of the filrate vielded 45.6 mg (82%) of & 1:1 mixtwre of dissterecroers (determined by 1H NMR) which was
inseparable by g:hmm@gmgiw: IR (thin film) 29535, 2912, 3877, 1730, 1695, 1456, 1447, 1419, 1368, 1233, 1160, 1012,
950, 913, 781, 722, 693, 868 i:m*; P NMR (CDCI3) 8 7.67 {m, 4H, {anti and syn]), 7.40 fm, 6H, [antl and sva]) 530 (&,
1H, J = 4.5 He, [H-8, and]) 3.13 {4, 1H, J = 3.6 He, {H-5, syn]), 4.81-5.0 {m, 34, [H-5, andd and syn]), 3.20-3.38 (m,
3H, [H-4, antl snd synl), 2.72-3.05 (m, 2H, [H-4, anti and synd), 203 (s, 3H, [OAch 2.01 (s, 3H, 104Ach 0.9-1.08 (m,
12H, lovedapping t, anti and sya]), 0.45-0.50 (m, 18H, {overlapping g, antl and synl); MS ave 333 (M4+) 304 (hase}, 290,
74, 262, 244, 159, 145, 131, 115, 103, 72, 4%; HRMS calculated for CigHyNOsSi, 333.1760; observed, 333.1761.

syn and enti-8-11-Triethyisityl-1-acetoxymethyl})-3-fers-butyl-Al isoxazoline (18c snd 17ch
Prepared following the genersl cycloaddition provedure with I-triethyisilyl- L-acetoxy-2-propene (14 mg, 0.07 mmol), fert-
butyl hydroximoyl chioride (8.8 mg, 0.07 muol), diethyl ether (0.5 mb.), and micthylamine (1 pl, 0.07 meool) (17 B).
Concentration of the filirawe yielded 18 myg (82%) of an spproximately 101 mixnse of diastereomers which was inseparable by
chrmzogaphy: IR (thin film) 2958, 2914, 2877, 1733, 1479, 1460, 1368, 1266, 1235, 1020, 878, 736 cml; 1B NMR
(CDCI3) 0 5.14 (4, 1H, J = 4.5 Ha, [H-5 anti]), 5.01 (d, 1§, J = 3.6 Haz, [H-5 syn]), 4.60-4.80 (m, 28, (H-5, ant and
synl), 2.8-3.08 (m, 3H), 2.61 {dd, 1H, J = 167, 8.6 Hz), 2.09 s, 3, [OAch), 2.01 G, 3K, [DAch, 1.2 {5, OH, [1-Bul),
118 (s, 95, {-Buj), 0.93-1.02 (w, 13H, {w&ri&gp&u% t, anti and syn}}, 0.38-0.72 (m, 18H, [overlapping g, anti and syal)
MS mie 313 (M*), 284, 270, 284, 242, 171, 145, 125, 113, 83, 72, 57 {base), 43; HRMS calculawed for CygH 3 NO3SS,
313.2073; observed, 3132073,
sya gnd gnti-8-[1-Triethyisilyl-L-(methoxycarbonyloxyimethyil-3-phenyi-Ad-lsoxazoline (14d and 158).
Prepured following the general cyclonddition procedwre with methyl-(1-wiethylsilylprop-2-enyl) carbonate (3.9 mg, 0.02
wmol), phenyl hydroximoy! chioride (2.7 mg, (.02 mmol), diethyl ether (0.1 , and wiethylamine (3 ul, 0.02 yomoel} (17
). Concentration of the filtrste vielded 4.3 mg (75%) of a yellow liguid which was dissolved in CDCl3 o obisin an NMR
ratio of products (101, synfand) - 1H NMR 8 7.49-7.57 {m, 4H, [Ph, syo and anti]), 7.31-7.4% (m, 6H, [Ph, syn and anti]}
339 d, 1H, ] = 5.4 He, [H-5 and]), 526 (4, 1H, 1 = 37 He, (H-3 sy}, 4.87-5.02 (m, 2H, [H-5, syn and antil}, 3.27-
3.37 (m, 2H, [overlappiog dd, H-4 syn and antil), 2.80-3,10 (m, 2K, {ovesiapping dd, H-4 syn and and]), L61 (brs, S8,
[OCH; syn and and]), 8.5-1.1 (br m, 30 H, [TES, svn and antil).
gz@mﬁ gﬁ;’;g-iﬁ«’gﬂezhy%sﬁya*§~ime&hmymrh%yimy}méghg§}«3»&35*&»@3mﬁw&&ssm&mﬁém

an .
Prepared following the general cycloaddition procedure with methyl-{1-wiethylsilviprop-2-enyl) carbonsis (3.9 mg, 0.
wmenol), sere-butyl hydroximoyl chloride (2.3 mg, 8.00 munol), diethy! ether (0.1 mL), snd zﬁg:?:};gamém {3 ;ﬁi ﬁ.&%ﬁ@gﬁ%
(17 h). Concentration of the filirate yielded 3.4 mg (63%) of 2 yellow liguid which was dissolved in CDCly to obtsin s
NMR ratio of ucts (1:1.2 syadantly 1H NMR & 5.21 (4, 1H, J =34 Hz, [H-5 antid), 5.24 (@, 1L, ) = 3.6 He, (H-5
syn]), 4.71-4.80 (m, 2H, [H-5 syn and ant}), 2.86-3.02 (m, 2H, {overlapping dd, H-4 syn and anti]), 2.56-2.70 (m, 24,
{overlapping dd, H-4 syn and and]), 1.60 (br s, 68, (OCH3 syn and anii]), 132 (s, 9H), 1.49 (s, 9, 0.86-110 ¢m, 188,
{TES syn and smai]), 0.5-0.82 (m, 6H, [TES syn and anti]).

g{gﬁmé ém?ég}-i 1-Triethylsilyl-1-{tert-Dutyldimethyisilyloxyimethyl)-3-phenyl-A2-isoxazoline
a5 A
Propared fﬁﬁmgmg the genersl cyclonddition procedure, o-tert-butyldimethylsilyloxyallyledethylsiiane (37.6 g, §.13 mmol),
phenyl hydroximoy! chioride (20.3 mg, 0.13 mmol), and wisthylamine (20 ul., 0.15 mmol) (17 1), Pusificarion of the crude
product by flash chromatography (25:1 hexansfethy! soetaie) yislded 21.2 mg (0%} of & 13.7:1 anti/syn mixture of
diastereomiers. Further purification of 14b for X-my analysis was effecied by reerysinliization Som methano! (g 7574 °Cx
IR {(thin film) 2935, 2932, 2878, 1472, 1462, 1358, 1252, 1103, 1059, 1005, 988, 912, 835, 777, 760, 715, 651 el H
NMR (CDCl3) anii § 7.67 (m, 2H), 740 (m, 3H), 4.80 (&, 1H, J = 11.4 Hz), 4.11 (5, 1H), 3.46 (dd, 1H, ] = 16.1, 11.4
Hz), 3.08 (dd, 1H, J = 160, 10.5 Hz), 103 (1, OH, J = 7.8 Hz), 0.81 (s, 9H), 0.85 (g, 6H, ] = 7.8 Hz), 0.09 (3, 34D, .04
{8, 3H); syn é 7.68 (m, 2H), 7.39 (m, 3H), 4.91 (ddd, 1H, J = 10.6, 0.3, 7.1 H), 373 ¢4, 1M, I = 7.1 Ha2); 323 {dd, 1H,
J=16.5, 9.3 Hz), 3.09 (dd, 1H, J = 16,5, 10.6 Ha), 1.02 ¢, 94, ] = 7.8 Hz), 0.84 (s, 9H), 0.68 (g, 6H, J = 7.8 Hz), 0.16
{s, 3H), 0.08 (s, 3H) MS mie 376 (M*®), 348, 233, 216, 189, 161, 113, 87, 73 (base); MRMS calculsted for
Cantza0OnNSin, 376.2128; observed, 376.2128 (any).
;gg}mﬁ g:g%«ﬁ)%{l»’frmhymikﬁm1»{m*&bmy%ﬂémeiﬁsyisﬁy%}m:;rmemyﬂ«&xam«bmﬁw&z*émmzaiim

snd 17hh
Prepaved following the general cyclonddition procedure with a-ser-butyldimethylsilyloxysilylwiethylsilane {37.6 mg, 0.13
tmol), sers-buty! hydroximoyi chloride {19.6 mg, 0.15 mol), and wiethylamine 20 UL, 0,15 wevol} €17 B). Purification of
the crude product by flash e?mmzegx?hy {25:1 hexancfeshy! scetate) yvielded 10.1 mg (20%) of 2 12.1:1 anti/sys mixture of
diastersomers: IR (thin film) 2057, 2876, 1559, 1458, 1364, 1232, 1103, 1039, 1011, 980, 891, 864, 835, 777 o-): 1H
NMR {(CDCla) anl 8 4.57 (dr, 1H, 3 = 121, 1 H2), 4.03 (brs, 1H), 3.08 (8d, 1M, I = 162, 12.1 Ha), 265 (dd, 1M, § =
16.5, 10.4 Hey, 119 (s, 9H), 097 (5, 94, I = 7.9 Ha), (.89 (5, 9H), 0.60 {q, 6H, J = 7.9 Hz), 0.08 (5, 3H), 0.04 (g, 3D
syn & 4.65 (dad foverlapped by anti dif, 1H, J= 11, 9.5, 7.1 Hz), 3.81 (br s, 1H), 3.09 (dd, 1H, {overlapped by anti]), 2.68
{dd, 1H, loverla by anti}}, 1.21 {s, 98D, 0.96 (1, OH, [overlapped by sauil), 0.91 (s, 9HD, 0.58 {g, 6H, 7 = 7.8 Hz),
0.06 (s, 3H), 0.03 (s, 3H), MS we 328 (M%), 253, 242, 197, 161, 140, 115, 103, 87, 75, 57 (base); HRMS calculsted for
CigHaaNO9Shy, 328.2128; observed, 328.2128,
syn and eni-S-(1-Triethylsiiyl-t-benzoylosymethyi)-3-phenyi-Ad.soxazcline (147 and 130,
Prepared following the general @gcﬁmédiﬁaﬁ procedure with 1-tricthylsilyl-1-benzovioxy-2-propene (32.6 myg, 0.13 mmol),
phenyl hydroximoyl chiceide (20.5 rog, 0.13 mumol), and wiethylamine (20 pil, 0.15 mumol) (18 B3, Concentration of the
filerate yielded 41.2 mg (79%) of 8 1.3:1 eani/syn mixture of diastereomers: IR (thin film) 2955, 2012, 2877, 1721, 1452,
1313, 1266, 1107, 1098, 1010, 710 ok TH NMR (CDCIs) ansi and sy5 8 7.96 {m, 4H [anti and syn benzoates]), 7.63-
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7.29 (m, 16H [anti and syn aromatics]), 5.49 (d, 1H, J = 5.0 Hz, [H-5' anti]), 5.37 (d, 1H, J = 2.8 Hz, [H-5' syn]), 5.10-
5.00 (m, 2H, [H-S ant and syn]), 3.51-3.28 (m, 3H, (H-4 anti and syn and H-4a anti]), 3.05 (dd, 1H, J = 16.7, 8.7 Hz, (H-
4 syn)), 1.04 (m, 12H, [overlapping t]), 0.77 (m, 18 H, [overlapping q)).
syn and anti-S-(1-Triethylsilyl-1-benzoylox mthyl)-&un-lgntyl-A’-bonullu (16f and 170).
Prepared following the general cycloaddition with 1-triethylsilyl-1-benzoyloxy-2-propene (32.6 mg, 0.13 mmol),
tert-butyl hydroximoy! chloride (19.6 mg, 0.13 mmol), and tricthylamine (20 pL, 0.15 mmol) (20 h). Punfication of the
crude product by flash duomnognmy (25:1 hexane/ethy! scetate) yielded 32.3 mg (65%) of & 1.1:1 aati/sya mixture of
diastercomers as a clear oil which soli upon standing at 0 °C: IR (thin film) 2955, 2910, 2876, 1715, 1451, 1314, 1266,
1109, 1025, 761, 711, 692 cor!; H NMR (CDCl3) anai and syn § 7.26-7.67 (m, 10H, [anti and syn aromatics)), 5.50 (d,
1H, ] = 5.9 Hz, [H-5' anti)), 5.38 (d, 1H, J = 3.6 Hz, [H-5' syn)), 5.12-5.01 (m, 2H, [H-5 anti and syn]), 3.52-3.18 (m,
3H, [H-4 anti and syn and H-4a anti)), 3.06 (dd, 1H, J = 16.0, 8.0 Hz, (H-4 syn]), 1.09-0.94 (m, 12H, (ovcrlnpgmg ).
0.83-0.64 (m, 18 H, { ing q]); MS mse 346 (M*-Et), 290, 274, 158, 105 (base), 87, 77, 57; HRMS calkculated for
Ci9H28NO;3Si, 346.1838; 346.1837.
syn and nﬁ-s-[I-Triethylsilyl-l-(p-mcthoxybenzoyloxy)methyl]J-phcnyl-A’-honwline
(14¢ and 15e).

ared following the general cycloaddition procedure with 1-triethylsilyl-1-p-methoxybenzoyloxy-2-propenc (10.0 mg,
0.03 mmol), phenyl hydroximoyl chloride (3.1 mﬁ,.o.()} mmol), diethyl ether (0.25 mL), and triethylamine (5 pL, 0.04
mmol) (18 h). Punfication of the crude product by flash chromatography (25:1 hexane/ethyl acetate) yielded 12.2 mg (88%)
of a 1.2:] anri/syn mixture of diastereomers: IR (thin film) 2955, 2876, 1705, 1605, 1510, 1256, 1167, 1100, 1026, 760,
693 cor!; 'H NMR (CDCl3) anti and syn § 8.05-7.94 (m, 4H. (syn and anti benzoates)), 7.64-7.27 (m, 10H, [syn and and
phenyls]), 6.98-6.80 (m, 4H, [syn and anti benzoates)), 5.44 (d, 1H, J = 5.4 Hz, [H-5’ anti]), 5.34 (d. 1H, J = 3.6 Hz, [H-
$' syn]), 5.10-4.98 (m, 2H, [H-S syn and andi]), 3.86 (s, 3H, {OMe)), 3.80 (s, 3H, [OMe]), 3.51.3.27 (m, 3H, [H-4 and
and sgn and H-4a anti}), 3.05 (dd, 1H, J = 18.0, 9.0 Hz, [H-4 syn]), 1.08-0.96 (m, 12H, [overlapping t, syn and ant)),
0.82-0.62 (m, 18H, [overlapping q, syn and anti)); MS m/e 425 (M*), 396, 274, 262, 237, 135 (base). HRMS calculated for
C24H31NO4Si, 425.2022; observed, 425.2022.
syn and anti-5-[1-Triethylsilyl-1-(p-methoxybenzoyloxy)methyl]-3-tert-butyl-A2-isoxazoline
(16e and 17e).
Prepared following the general cycloaddition procedure with 1-triethylsilyl-1-p-methoxybenzoyloxy-2-propene (10.0 mg,
0.05 mmol), tert-butyl hydroximoyl chloride (4.4 mg, 0.03 mmol), dicthyl ether (0.25 mL), and triethylamune (5 uL, 0.04
mmol) (18 h). Purification of the crude product by flash chromatography (25:1 hexane/ethyl acetate) yielded 8.4 mg (63%) of
a 1.7:1 anti/syn mixture of diastereomers: IR (thin film) 2957, 2876, 1709, 1607, 1510, 1458, 1256, 1167, 1100, 1007, 729
cm-1; 1H NMR (CDCl3) aasi and syn § 8.05-7.94 (m, 4H, [syn and anti benzoates)), 6.98-6.90 (m, 4H, [syn and anti
benzoates]), 5.31 (d, 1H, J = 6.3 Hz, [H-5' anti)), 5.21 (d, 1H. J = 4.0 Hz, (H-5' syn]), 4.91-4.77 (m, 2H, [H-5 syn and
anti}), 3.86 (br s, 6H, [OMe]), 3.10-2.91 (m, 3H, [H-4 syn and anti and H-4a and)), 2.69 (dd, 1H, J = 18, 17.2 Hz, [H-4
syn)), 1.38 (s, 9H, (1-Bu syn}), 1.18 (s, 9H, (¢-Bu anti}), 1.06-0.97 (overlapping t, 12H, ] = 8.0 Hz, [syn and anti]), 0.80-
0.62 (overlapping q, 18H, J = 8.0 Hz, [syn and anti]); MS m/e 405 (M*), 376, 306, 277, 237, 217, 135 (base), 115, 72, 57,
HRMS cakulated for CogH3gNO4 (M - Et), 376.1943; observed, 376.1929.
syn and anti-S-[1-Triethylsilyl-1-(p-nitrobenzoyloxy)methyl]-3-phenyl-Al.isoxazoline (14g and 15g).
Prepared following the general cycloaddition procedure with 1-tricthylsilyl- 1-p-nitrobenzoyloxy-2- (38.6 mg, 0.13
mmol), pheny! hydroximoyl chloride (20.5 msg. 0.13 mmol), and wiethylamine (20 uL, 0.15 mmol) (17 h). Purification of
the crude product by flash chromatography (15:1 hexane/ethyl acetate) yielded 32.4 rog (55%) of a 1:1.8 ana/syn mixture of
diastereomers as a crystalline solid: IR (thin film) 2953, 2874, 1717, 1526, 1354, 1318, 1269, 1117, 1103, 908, 720 cmo-};
TH NMR (CDQ13) anti and syn 8 8.06-8.20 (m, 8H, [ant and syn)), 7.63 (m, 2H), 7.56 (m, 2H), 7.41 (m, 3H), 7.33 (m,
3H), 5.57 (d, 1H, ] = 4.0 Hz, [H-§' and)), 5.38 (d, 1H, J = 3.0 Hz, [H-5 syn])), 5.03-5.09 (m, 2H, [H-5 ant and syn)),
3.33-3.54 (m, 3H, [H-4 anti and syn and H-4a anti]), 3.02 (dd, 1H, ] = 16.4, 8.1 Hz, [H-dN!‘ynl). 1.0S (overlapping t, 12H,
J = 7.9 Hz, [anti and syn}), 0.79 (m, 18H, [overlapping q. anti and syn]). MS m/e 440 (M*), 411, 381, 274, 252 (base),
206, 150, 120, 104, 87, 77, 59 HRMS cakulated for C23H28N205Si, 440.1768; observed, 440.1767.
syn and anti-S-[1-Triethylsilyl-1.(p-nitrobenzoyloxy)methyl]-3-fert-butyl-A2.isoxazoline (16g and 17g).
Prepared following the general cycloaddition procedure with |-triethylsilyl-1-p-nitrobenzoyloxy-2-propene (38.6 mg, 0.13
mmol), tert-butyl hydroximoy! chloride (19.6 mg, 0.13 mmol), and tricthylamine (20 ul., 0.15 mmol) (17 h). Purification of
the crude product by flash chromatography (25:1 hexane/ethyl acetate) yielded 32.9 mg (59%) of a 1:1.7 anfi/syn mixture of
diastereomers as a clear viscous oil: IR (thin film) 2959, 2876, 1719, 1528, 1347, 1320, 1269, 1102, 1015, 720 cr!; 'H
NMR (CDCl3) ani and syn 8 8,13-8.31 (m, 8H, (anti and syn)), 5.43 (d, 1H, J = 5.0 Hz, [H-5' anti)), 5.27 (d, 1H, ] = 2.8
Hz, [H-5' syn]), 4.80-4.93 (m, 2H, (H-5 anti and syn]), 2.91-3.11 (m, 3H, [H-4 ant and syn and H-4a and)), 2.65 (dd,
1H, J = 17.1, 7.4 Hz, [H4 syn)), 1.16 (s, 9H), 1.02 (s, 9H), 1.00 (overlapping t, 12H, J = 7.3 Hz), 0.74 (overlapping q,
18H, ] = 7.3 Hz); MS m/e 420 (M*), 391, 252, 150, 120, 104, 87, 75, 69, 57 (base); HRMS calculated for C21H32N20s51,
420.2080; observed, 420.2081.
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