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Abstract: A variety of metalated tosylhydrazone salts derived from benzaldehyde have been prepared
and were reacted with benzaldehyde in the presence of tetrahydrothiophene (THT) (20 mol %) and
Rh2(OAc), (1 mol %) to give stilbene oxide. Of the lithium, sodium, and potassium salts tested, the sodium
salt was found to give the highest yield and selectivity. This study was extended to a wide variety of aromatic,
heteroaromatic, aliphatic, o,5-unsaturated, and acetylenic aldehydes and to ketones. On the whole, high
yields of epoxides with moderate to very high diastereoselectivities were observed. A broad range of
tosylhydrazone salts derived from aromatic, heteroaromatic, and o,(-unsaturated aldehydes was also
examined using the same protocol in reactions with benzaldehyde, and again, good yields and high
diastereoselectivities were observed in most cases. Thus, a general process for the in situ generation of
diazo compounds from tosylhydrazone sodium salts has been established and applied in sulfur-ylide
mediated epoxidation reactions. The chiral, camphor-derived, [2.2.1] bicyclic sulfide 7 was employed (at
5—20 mol % loading) to render the above processes asymmetric with a range of carbonyl compounds and
tosylhydrazone sodium salts. Benzaldehyde tosylhydrazone sodium salt gave enantioselectivities of 91 +
3% ee and high levels of diastereoselectivity with a range of aldehydes. However, tosylhydrazone salts
derived from a range of carbonyl compounds gave more variable selectivities. Although those salts derived
from electron-rich or neutral aldehydes gave high enantioselectivities, those derived from electron-deficient
or hindered aromatic aldehydes gave somewhat reduced enantioselectivities. Using a,f-unsaturated
hydrazones, chiral sulfide 7 gave epoxides with high diastereoselectivities, but only moderate yields were
achieved (12—56%) with varying degrees of enantioselectivity. A study of solvent effects showed that,
while the impact on enantioselectivity was small, the efficiency of diazo compound generation was influenced,
and CH3CN and 1,4-dioxane emerged as the optimum solvents. A general rationalization of the factors
that influence both relative and absolute stereochemistry for all of the different substrates is provided.
Reversibility in formation of the betaine intermediate is an important issue in the control of diastereoselectivity.
Hence, where low diastereocontrol was observed, the results have been rationalized in terms of the factors
that contribute to the reduced reversion of the syn betaine back to the original starting materials. The
enantioselectivity is governed by ylide conformation, facial selectivity in the ylide reaction, and, again, the
degree of reversibility in betaine formation. From experimental evidence and calculations, it has been shown
that sulfide 7 gives almost complete control of facial selectivity, and, hence, it is the ylide conformation and
degree of reversibility that are responsible for the enantioselectivity observed. A simple test has been
developed to ascertain whether the reduced enantioselectivity observed in particular cases is due to poor
control in ylide conformation or due to partial reversibility in the formation of the betaine.

Introduction have recently reported a catalytic and asymmetric process for
carbonyl epoxidation that operated under neutral conditions and
The reaction of sulfur ylides with carbonyl compounds to employed substoichiometric amounts of a sulfide and metal
give epoxidesprovides a complementary method to oxidation catalyst (Scheme £)To achieve good yields, slow addition of
of alkenes for the preparation of these valuable synthetic the diazo compound was required to avoid reaction of the metal
intermediates. Although sulfur ylide reactions have traditionally carbene with the diazo compound, which, in this case, would
operated with stoichiometric amounts of sulfonium salts, we furnish stilbenes.
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Scheme 1. Catalytic Process for Sulfur Ylide Mediated
Epoxidation
RAG—C Cu(acac)
ACHO R4*R,*S—CHPh 2 N,CHPh
Q A
Ph” Cu=CHPh N2
32-73% Yield 0o
68-94% ee S~

trans:cis 70:30-98:2 0.2 eq.

However, a limitation of this methodology was the need to

ically, warming a suspension of the tosylhydrazone &aif

the presence of a PTC (to aid passage from the solid to liquid
phase) allowed generation of the diazo compound at moderate
temperature, and this process was compatible with our estab-
lished epoxidation procedut® Furthermore, the necessity for
slow addition of the diazo compound, which had previously
required syringe pumps, now needed nothing more sophisticated
than a thermostat: to generate the diazo compound very slowly,
reactions were performed at 3G and required 2 days to reach
completion, while generation could be carried more rapidly at
40 °C over a shorter period of time (between 3 and 24 h). An
additional advantage of this in situ process is that it is much

synthesize and handle diazo compounds, which, because they"°"e efficient than the ex situ process: less diazo precursor is

are invariably toxic and unstabfeljmited the practicality of

the process. We therefore considered the possibility of generat-oPtained.

ing the diazo compound in sfiwand coupling this reaction to
our established epoxidation process (Scheme 2).

Scheme 2. In Situ Generation of Diazo Compounds and
Subsequent Use in Epoxidation
Na" 1 mol% Rhy(OAC),

PTC 20 mol% sulfide

R ——

Q

Ph

PR SN, ‘ R

RCHO

required, and higher yields and higher trans selectivities were
Indeed, considering the number of steps and the
potential for unwanted side reactions in the cascade prééess,
the efficiency is remarkable. This improvement in efficiency is
a consequence of adding the diazo compound a molecule at a
time instead of a drop at a time and results in even lower
concentrations of the diazo compound. Thus, the previously
dominant side reaction between the metal carbene and diazo
compound to furnish stilbenes is minimized.

In this paper, we describe our extensive studies to map out
the scope and limitations of the process. We were interested in

Diazo compounds can be generated from their CorreslC’Ondingdetermining which classes of carbonyl compounds and which

tosylhydrazone salts, for examplg, by photolysis® vacuum
pyrolysis? thermolysis of a suspension in a suitable solfent,
or thermolysis in a biphasic medium (organic/aqueous) in the
presence of a phase transfer catalyst (PT&though none of

these conditions could be coupled to our established epoxidation
process, we discovered that a combination of certain elements

from the latter two processes was ultimately successful. Specif-

(1) (a) Johnson, A. W.; Lacount, R. B. Am. Chem. Sod.961, 83, 417. (b)
Corey, E. J.; Chaykovsky, MJ. Am. Chem. Socl965 87, 1353. (c)
Aggarwal, V. K. InComprehensie Asymmetric Catalysis;|Dacobsen, E.
N., Pfaltz, A., Yammoto, H., Eds.; Springer-Verlag: Berlin, 1999; pp-679
693. (d) Li, A.-H.; Dai, L.-X.; Aggarwal, V. KChem. Re. 1997, 97, 2341.
For recent examples of asymmetric sulfur ylide epoxidation, see the
following publications and references therein: (e) Furukawa, N.; Sugihara,
Y.; Fujihara, H.J. Org. Chem.1989 54, 422. (f) Durst, T.; Breau, L.;
Ben, N.Phosphorus, Sulfur and Silicat®93 74, 215. (g) Li, A.-H.; Dai,
L.-X.; Hou, X.-L.; Huang, Y.-Z.; Li, F.-W.J. Org. Chem1996 61, 489.

(h) SolladieCavallo, A.; Roje, M.; Isarno, T.; Sunjic, V.; Vinkovic, V.
Eur. J. Org. Chem200Q 1077. (i) Zanardi, J.; Leriverend, C.; Aubert, D.;
Julienne, K.; Metzner, Rl. Org. Chem2001, 66, 5620. (j) Winn, C. L.;
Bellenie, B. R.; Goodman, J. M.etrahedron Lett2002 43, 5427.

(2) (a) Katsuki, T. InComprehensie Asymmetric Catalysis;IDacobsen, E.
N., Pfaltz, A., Yammoto, H., Eds.; Springer-Verlag: Berlin, 1999; pp-621
648. (b) Jacobsen, E. N.; Wu, M. H. I@omprehensie Asymmetric
Catalysis It Jacobsen, E. N., Pfaltz, A., Yammoto, H., Eds.; Springer-
Verlag: Berlin, 1999; pp 649677. (c) Wang, Z.-X.; Tu, Y.; Frohn, M.;
Zhang, J. R.; Shi, YJ. Am. Chem. S0d997 119, 11225. (d) Enders, D.;
Zhu, J.; Raabe, GAngew. Chem., Int. Ed. Engl996 35, 1725.

(3) (a) Aggarwal, V. K.; Ford, J. G.; Fonquerna, S.; Adams, H.; Jones, R. V.
H.; Fieldhouse, RJ. Am. Chem. Sod.998 120 8328. (b) Aggarwal, V.
K.; Ford, J. G.; Thompson, A.; Jones, R. V. H.; Standen, M. CJ.FAm.
Chem. Soc1996 118 7004. (c) Aggarwal, V. KSynlett1998 329.

(4) Regitz, M.; Maas, G.Diazo Compounds: Properties and Synthesis
Academic Press: London, 1986.

(5) For other examples of generating and using diazo compounds in situ, see:
(a) Barrett, A. G. M.; Braddock, D. C.; Lenoir, I.; Tone, Bl.Org. Chem.
2001, 66, 8260. (b) Wurz, R. P.; Charette, A. Brg. Lett.2002 4, 4531.

(c) May, J. A.; Stoltz, B. MJ. Am. Chem. So@002 124, 12426.

(6) Lemal, D. M.; Fry, A. JJ. Org. Chem1964 29, 1673.

(7) Creary, X.Org. Synth.1986 64, 207.

(8) (a) Farnum, D. GJ. Org. Chem.1963 28, 870. (b) Jonczyk, A.;
Wilostowska, JSynth. Commurl.978 8, 569. (c) Jonczyk, A.; Wlostowska,
J.; Makosza, MBull. Chem. Soc. Beldl977 86, 739. (d) Kaufman, G.
M.; Smith, J. A.; Vander-Stouw, G. G.; Shechter, H.Am. Chem. Soc.
1965 87, 935. (e) Powell, J. W.; Whiting, M. CTetrahedron1959 7,
305. (f) Bamford, W. R.; Stevens, T. S. Chem. Socl1952 4735. (g)
Bayless, J. H.; Friedman, L.; Cook, F. B.; ShechterJHAm. Chem. Soc.
1968 90, 531. (h) Friedman, L.; Shechter, Bl. Am. Chem. Sod959 81,
5512.

(9) Wulfman, S.; Yoousefian, S.; White, J. Bynth. Commuri978 8, 569.

classes of diazo precursors could be employed for the prepara-
tion of epoxides. Having established this, we were then keen
to determine which coupling partners could be used with chiral
sulfides for asymmetric epoxidation. Furthermore, determining
the scope of the diazo precursors for epoxidation has consider-
ably greater ramifications because we have shown that the in
situ generation of diazo compounds can also be applied to other
reactions: aziridination of imin€'$2 cyclopropanation of both
electron-deficiert#2 and electron-rich alkenég? [3+2] cy-
cloadditions with alkenes and alkynes to give pyraz&iasittig
reactions;* and aldehyde homologatiéhThus, diazo precursors
that can be employed in epoxidation reactions are also likely
to succeed in these other processes.

Results and Discussion

Effect of the Counterion and Metal Catalyst. Initial
investigations centered around the nature of the counterion of
the tosylhydrazone salt and the metal catalyst (Table 1). This
study showed that all counterions could be employed, although
the diastereoselectivity was significantly lower with lithium
(factors influencing diastereoselectivity are discussed later).
Rhodium acetate was found to be more efficient than copper
acetylacetonate, and so the combination of rhodium acetate and
a sodium counterion was employed in subsequent studies.

Reaction of Benzaldehyde-Derived Tosylhydrazone Salt
with a Variety of Carbonyl Compounds. The reaction of

(10) (a) Aggarwal, V. K.; Alonso, E.; Hynd, G.; Lydon, K. M.; Palmer, M. J.;
Porcelloni, M.; Studley, J. RAngew. Chem., Int. EQ001, 40, 1430. (b)
Studley, J. R.; Aggarwal, V. K. (Astra Zeneca), W0O98/51666, 1998.

(11) Nozaki, H.; Nozaki, R.; Sisido, KTetrahedron1964 20, 1125.

(12) (a) Aggarwal, V. K.; Alonso, E.; Fang, G.; Ferrara, M.; Hynd, G.; Porcelloni,
M. Angew. Chem., Int. ER00], 40, 1433. (b) Aggarwal, V. K.; de
Vincente, J.; Bonnert, R. VOrg. Lett.2001, 3, 2785.

(13) Aggarwal, V. K.; de Vicente, J.; Bonnert, R. ¥. Org. Chem2003 68,
5381

(14) Aggarwal, V. K.; Fulton, J. R.; Sheldon, C.; de Vincente].JAm. Chem.
Soc.2003 125, 6034.

(15) Aggarwal, V. K.; de Vicente, J.; Pelotier, B.; Holmes, I. P.; Bonnert, R. V.
Tetrahedron Lett200Q 41, 10327.
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Table 1.

Effect of Counterion on the Epoxidation Process

metal catalyst

20 mol% tetrahydrothiophene

- + = o
proiCefiicro P SN NTs 20 mol % BnEt;N* CI” P-CICsH4/<"Ph
CH4CN
metal catalyst
entry (mol %) T/I°C M* yield/%? trans:cis
1 Cu(acac)(5) 40 Na 73 >08:2
2 Cu(acac)(b) 40 Li 54 74:26
3 Cu(acag)(5) 40 K 62 >08:2
4 Cu(acag)(5) 40 NBu 57 >08:2
5 Rhy(OAC)4 (1) 40 Na 86 >08:2
6 Rhy(OAC) (1) 40 NBu 55° >08:2

alsolated yield of epoxide? No PTC was used.

Table 2. Yields and Diastereomeric Ratios of Epoxides Formed
from Carbonyl Compounds and Tosylhydrazone Salt 1 Using
Tetrahydrothiophene or Pentamethylene Sulfide

o 1 mol% Rha(OAC), o o
o+ < 20-100 mol% sulfide R
R R? P SN 2
10 mol% BnEtsN* CI", PH R
1eq. 1 15eq CH4CN, 40°C
sulfide?/
entry carbonyl compound mol % t/h yield/%" trans:cis
1 benzaldehyde THT/20 24 95 >98:2
2 p-nitrobenzaldehyde THT/20 24 94 >98:2
3 p-chlorobenzaldehyde THT/20 24 86 >98:2
4  p-methylbenzaldehyde THT/20 24 97 >98:2
5 p-methoxybenzaldehyde THT/20 24 98 >08:2
6 mesitaldehyde THT/20 24 87 >08:2
7 2-thiophenecarboxaldehyde  THT/20 24 €90 >08:2
8 2-furaldehyde THT/20 24 80 >08:2
9 3-furaldehyde THT/20 24 85 90:10
10 2-pyridinecarboxaldehyde THT/20 24 62 87:13
11  3-pyridinecarboxaldehyde THT/20 24 71 >08:2
12 4-pyridinecarboxaldehyde THT/20 24 933 >08:2
13 N-Ts-indole-3- THT/20 24 50 >98:2
carboxaldehyde
14 valeraldehyde THT/20 24 53 70:30
15 phenylacetaldehyde THT/20 24 60 >98:2
16 cyclopropanecarboxaldehyde THT/20 24 69 94:6
17 cyclohexanecarboxaldehyde THT/20 24 70 65:35
18 pivaldehyde THT/100 24 49(%0 >98:2
19 acrolein THT/100 24 O
20 methacrolein THT/100 24 346°9 >98:2
21 crotonaldehyde THT/20 24 833 >98:2
22  3-trimethylsilylacrolein THT/100 24 55(30 =>98:2
23 3-methyl-2-butenal THT/100 24 9399 >98:2
24 transcinnamaldehyde THT/20 24 97 >08:2
25 triisopropylsilylpropargyl- THT/20 24 60 50:50
aldehyde
26 formaldehyde THT/13 42 25 NA
27 cyclohexanone THT/20 24 32 NA
28 acetophenone THT/20 24 15 <2:98
29 p-nitroacetophenone THT/20 24 traces
30 cyclohexanone PMS/20 24 54 NA
31 acetophenone PMS/20 24 15 <2:98
32 p-nitroacetophenone PMS/20 24 69 <2:98

aTHT = tetrahydrothiophene, PMS pentamethylene sulfidé.Isolated
yield of product.c Crude yield determined b+ NMR spectroscopy with
an internal standard (epoxide is unstable on silica gel and alunfiksing
phenyldiazomethane instead of hydrazone salt ga®@% yield epoxide.
e Yields obtained using 20 mol % THTOne equivalent of tosylhydrazone
salt was used with 1.03 equivalents of £&H 13 mol % THT, 13 mol %
PTC, and 0.7 mol % RIOAC)s.

benzaldehyde-derived tosylhydrazone sodium kaltas then
studied with a broad range of carbonyl compounds (Table 2). (17) (a) Block, E. InThe Chemistry of the Sulphonium Growtirling, C. J.

Simple aromatic aldehydes (electron-rich/neutral/poor, entries
1-6), including the hindered aromatic aldehyde, mesitaldehyde

10928 J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003

(entry 6), all worked well, furnishing the epoxides in high yields
and high diastereoselectivities. Heteroaromatic (furyl, thio-
phenyl, pyridyl, and indolyl) aldehydes were also examined,
and moderate to good yields were obtained with variable
diastereoselectivities (entries-13). Although 4-pyridinecar-
boxaldehyde gave a low yield of epoxide when the tosylhydra-
zone salt was employed, the yield wa®0% when phenyl
diazomethane was used, indicating that the ylide reaction was
highly efficient. We do not have an explanation for the low
yield, and further optimization was not carried out. A broad
range of aliphatic aldehydes was tested with primary, secondary,
and tertiary substitution- to the carbonyl, and they were all
found to be effective, although, to obtain reasonable yields in
the case of the hindered substrate pivaldehyde, a stoichiometric
amount of sulfide was required. However, the yields for the
aliphatic aldehydes were lower than with aromatic aldehydes,
and diastereoselectivities were more variable (entries18).

A noteworthy example is phenylacetaldehyde (entry 15), which
is especially prone to enolization. Its success (60% yield and
98:2 diastereoselectivity) indicates that the intermediate ylide
is more nucleophilic than it is basic toward this substrate.

Until recent work by Shi et alé unsaturated epoxides had
been difficult to prepare in a regiocontrolled manner by
oxidation of a diene, sa,f-unsaturated aldehydes were also
examined as possible substrates because our method is inherently
regiospecific. Although acrolein was unsuccessful (entry 19)
and methacrolein and crotonaldehyde were low yielding (entries
20 and 21), othep-substituted unsaturated aldehydes worked
more effectively (entries 2224). Acrolein bearing the readily
cleavable TMS substituent in the 3-position (entry 22) was a
good substrate, thus allowing acrolein-derived epoxides to be
synthesized. The yields obtained with unsaturated aldehydes
were more sensitive to the amount of sulfide employed, and,
except for the cases of crotonaldehyde and cinnamaldehyde
(entries 21 and 24), higher yields were obtained with 1 equiv
of sulfide.

Acetylenic aldehydes could also be used, although TIPS-
rather than TMS-substituted propargy! aldehyde was required
(entry 25). The latter substrate rapidly decomposed under the
reaction conditions, and no epoxide was observed.

Paraformaldehyde gave only traces of styrene oxide. How-
ever, a low yield of the desired product was obtained when a
freshly prepared solution of monomeric formaldehyde was used
(entry 26). Attempts to increase the yield by employing greater
amounts of aldehyde were unsuccessful.

The application of ketones as the carbonyl coupling partner
to afford trisubstituted epoxides was less successful (entries
27—-29). These reactions furnished a substantial amount of the
byproduct 2-tolyltetrahydrothiopherge which was presumably
formed by SommeletHauser rearrangeméntof ylide 3
(Scheme 3). We assume that the slower reacting ketones provide
time for ylide equilibration and rearrangement to occur. Similar
rearrangement products were observed in reactions with other,
less electrophilic substrates, for example, reaction with pival-
dehyde (entry 18) and cyclopropanation wétlp-unsaturated

(16) Frohn, M.; Dalkiewic, M.; Tu, Y.; Wang, Z.-X.; Shi, YJ. Org. Chem.
1998 63, 2948.

M., Patai, S., Eds.; Wiley: New York, 1982; p 673. (b) Marko, I. E. In
Comprehensie Organic SynthesisTrost, B. M., Fleming, |., Eds.;
Pergamon: Oxford, 1991; Vol. 3, p 913.
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Scheme 3. Ylide Equilibration and Rearrangement Table 3. Yields and Diastereomeric Ratios of Epoxides Formed
from Benzaldehyde and Substituted Tosylhydrazone Salts, Using

lide Sommelet-Hauser . -
{(+) iquilibration {+)~ Rearrangement O:@ 0.2 equiv of Tetrahydrothiophene
S - S I S

k k Na* 1 mol% Rh,(OAC),
- Ph Ph R _ 20 mol% tetrahydrothiophene R, o
PhCHO  + « 0

3 2 Ar/I\N’N‘Ts 0-20 mol% BnE;N* CI A LwPh
carbonyl compound® In an effort to reduce the extent of this  enty Ar R solvent  T/°C PTCI% vyield%® transicis
side reaction, we sought sulfides that had a lower propensity 1 p-meCH, H CHiCN 40 5 87 87:13
for ylide equilibration and were guided by Fava's studies on 2 o0-MeGsHa H CRCeHs 40 5 84 >08:2
the rate of deuterium exchange of theprotons of cyclic sul- 3 246-MeCeH, H CHCN 40 20 17 >98:2
foni Its!® He showed that the rate of exchange ofdhpro- 4 mIBSOGH, H CHCN 05> 7 ~98:2
onium safts. _ ge ofdrp 5 p-MeOGHs H CHCN 40 10 73 71:29
tons in a five-membered ring was an order of magnitude faster 6 o-MeOGHs H CRCgHs 40 5 92 >08:2
than that for the corresponding six-membered ring. Therefore, 7 p-ClCeHa H  CHCN 40 20 95 >98:2
we replaced tetrahydrothiophene with pentamethylene sulfide 3 g:zgz:;‘ : tloﬁ’_fj?;xane ?é% 1% 8%963 Zgg;g
(PMS) and observed a significant increase in yield of ketone- 19 pNO,CHs H  unstable '

derived epoxides ranging from 15% to 69% (entries-30). product

Reaction of a Variety of Aromatic, Heteroaromatic, and E mé\"\?ésclﬁ"h : f':f_N 420 200 7510 iggig
_ : : : P- 4 ,/4-dloxane .
Ketong Derived Hydrazone Salts with Benzaldehydé-aving 13 pCOMeCsHs H CHCN 30 0 81 ~082
established the scope of the carbonyl compounds that could be 14 2-furyl H CRCeHs 40 5 96 80:20
employed, we sought to determine the range of hydrazone salts 15  3-furyl H  CHCN 40 5 582 58:42
which might be effective in epoxidation. These salts were readily 18 3-Pyridyl ; l4-dioxane 40 10 81 >98:2

e 1,4-dioxane 30

N

prepared from the corresponding tosylhydrazone by deproto- Gebs 0 ™ ~98:2

nation with sodium methoxide, and most were found to be stable  ajsplated yield of product Capricious substrate (see textCrude yield
and suitable for prolonged storage (see Supporting Information dﬁﬁggﬂg%ﬁ gﬁEaN“gFai%egrr(ﬁi%%rgovgi% ;}rtl)/inﬁ_wéiléstgggeaﬁi S(i?pgﬁlttie is
for tables on hydrazonej\s and hydrqgone salt formation, including ?ormation from 2,4%—triisoprol;ylbenzenesulforolyl hydragone-usingL;\laHMDS
comments on synthesis and stability). as the base (HMDS 1,1,1,3,3,3-hexamethyldisilazane).

In optimizing the different tosylhydrazone salts, we varied
the amount of PTC (820%), temperature (3040 °C), and be employed. Although good yields were obtained with most
solvent as each of these variables affects the rate and efficiencyof these substrates, thefluoro compound was found to be
of diazo formation. Although only the optimum solvent is shown capricious, giving highly variable yields of epoxide from the
in Table 3, other solvents have been examined, and the resultssame batch of starting materials (entry 8). In contrast, the
are presented in the Supporting Information. o-fluoro isomer performed well and consistently in the epoxi-

We found that the reproducibility of the reaction depended dation process (entry 9). Thenitrobenzaldehyde tosylhydra-
on the quality of the tosylhydrazone salt employed. Provided zone sodium salt was unstable and decomposed immediately
the tosylhydrazone salt had been prepared from the correspondupon formation, giving a deep red solution (entry 10). In
ing tosylhydrazone with 1.631.08 equiv of base, and the salt contrast, then-nitro derivative was a stable salt and afforded
was devoid of methanol, good yields in the epoxidation process the epoxide in high yield (entry 11). Heteroaromatic diazo
were achieved. The salts could easily be titrated against acid toprecursors could also be employed, and moderate to good yields
determine the excess base content, and, in general, those thawere achieved with 2-furyl, 3-furyl, and 3-pyridyl substrates
required between 1 and 1.1 equiv of acid to reach the end point(entries 14-16). Both the 2-furyl- and the 3-furyl-derived
were superior to those that required greater amounts of aciddiazomethanes are reportedly unstable and decompose readily
(see Supporting Information). on isolatior?* However, with our “user-friendly” in situ protocol

When the salt was prepared correctly, good yields were for generating the diazo compound, smooth epoxidation reac-
generally obtained with both electron-rich (entries6) and tions ensued in moderate to high yield. The epoxide derived
electron-deficient (entries 713) aryldiazo precursors. The from the 2-furaldehyde tosylhydrazone salt was especially
tosylhydrazone salt derived from mesitaldehyde gave a very low sensitive, and so a crude yield based on NMR with an internal
yield of epoxide (entry 3), indicating that 2,6-olitho-substituted standard is provided. The 3-pyridyl tosylhydrazone salt required
aryldiazo precursors were not suitable substratespithethoxy a stoichiometric amount of tetrahydrothiophene to achieve
derivative (entry 5) provides a notable example of the ease andreasonable yields (entry 16, 51% yield as compared to a 33%
simplicity of the current method, as its use in our process was yield obtained when 20 mol % sulfide was used). The pyridine
uneventful and high yielding. In contrast, it has been reported nitrogen can potentially compete with the sulfide to form a
that the corresponding diazo compound decomposes eve80at  nonproductive ylide, and it appears that this process can only
°C and can detonate when isolaf8dlVe would, therefore, never  be overcome at high sulfide concentrations. The 2-pyridyl
have contemplated handling this diazo compound, but no tosylhydrazone salt failed to give any epoxide: [1,2,3]-triazolo-
problems were encountered with the diazo precursor. Electron-[1,5-o]pyridine was isolated instead, and this was presumably
deficient aryldiazo precursors furnished the corresponding diazoformed from cyclization of the diazo intermediate or from the
compounds more readily, and, as such, lower temperatures couldosylhydrazone salt itsetf

(18) Aggarwal, V. K.; Smith, H. W.; Hynd, G.; Jones, R. V. H.; Fieldhouse, (21) (a) Creary, X.; Mehrsheikh-Mohammadi, M. E.; McDonald,JSOrg.

R.; Spey, S. EJ. Chem. Soc., Perkin Trans.2D0Q 3267. Chem.1989 54, 2904. (b) Adamson, J. R.; Bywood, R.; Eastlick, D. T.;
(19) Barbarella, G.; Garbesi, A.; Fava, Melv. Chim. Actal971 54, 2297. Gallagher, G.; Walker, D.; Wilson, E. Ml. Chem. Soc., Perkin Trans. 1
(20) Closs, G. L.; Moss, R. Al. Am. Chem. S0d.964 86, 4042. 1975 2030.
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Table 4. Yields and Diastereomeric Ratios of Epoxides Formed from Benzaldehyde and Substituted Unsaturated Sulfonyl Hydrazones

Using 20 mol % Tetrahydrothiophene

Na* 1 mol% Rhy(OAC)4
ohCHO + R2 \N,ﬁ\R 20 mol% tetrahydrothiophene RZId\\Ph
jf 3 0-20 mol% BnEt;N* CI” |
R R! R R!
entry R R! R? R® solvent T/°C PTCI% yield/9%62 trans:cis
1 H H H Ts CRCeHs 40 10 20 65:35
2 H H H 2,4,6Pr3CsH, SO toluene 20 10 4¢0 58:42
3 H H Me Ts CRCsHs 40 10 46 96:4
4 H H Me 2,4,6PrCeH2 SO, 1,4-dioxane 40 10 560y 82:18
5 Me H H Ts 1,4-dioxane 40 10 86 50:50
6 Me H H 2,4,6PrCeHz SO, 1,4-dioxane 20 5 FH(45) 50:50
7 Me H H p-NO,CsHsS Oz THF 40 20 59 50:50
8 Ph H H Ts 1,4-dioxane 40 10 #88) 58:42
9 SiMe; H H Ts 1,4-dioxane 40 10 88 62:38
10 Ph H Me Ts 1,4-dioxane 30 10 96 >08:2
11 Me Me H Ts CECgHs 40 5 24 58:42
12 Me Me H 2,4,6P1rCeH, SO, 1,4-dioxane 20 0 Nata 50:50
13 Ph Ph H Ts toluene 40 5 He8)r 67:33

alsolated yield of product? 100 mol % THT was used.In situ salt formation from 2,4,6-triisopropylbenzenesulfonyl hydrazone using NaHMDS (HMDS
= 1,1,1,3,3,3-hexamethyldisilazane) as the ba&poxide was purified on basic 4D; (grade 5)€ Crude yield determined b+ NMR spectroscopy with
an internal standard (epoxide is unstable to silica gel and alunfilmagitu salt formation from the corresponding hydrazone using LiIHMDS as the base.

9 Epoxide was purified on basic ADs; (grade 2).

We were also able to achieve epoxidation from a ketone-

selectivity (entry 3). A slightly higher yield was obtained with

derived hydrazone salt, although this required the employmentthe triisopropylbenzenesulfonylhydrazone (entry 4), but lower

of the 2,4,6-triisopropylbenzenesulfonylhydraz&rentry 17):

diastereoselectivity was observed in this case. Substitution at

the corresponding tosylhydrazone gave only 15% of the desiredthe 5-position gave improved yields of epoxide when a phenyl

epoxide. The hydrazone salt of this more hindered sulfonylhy-

or trimethylsilyl group was present (entries-9). When a

drazone cannot be isolated as it decomposes much more readilyrimethylsilyl group was present in thg-position (entry 9),

to the diazo compound. Indeed, whenever the triisopropylsul- LIHMDS was used as the base as there were solubility problems
fonyl or p-nitroarylsulfonyl salts (vide infra) were used, the salts when either NaHMDS or KHMDS were used. The crotonal-
were always generated and used in situ. Although good yields dehyde derivative gave low yields with both the tosylhydrazone
were usually achieved for the acetophenone-derived hydrazoneand the triisopropylbenzenesulfonylhydrazone (entries 5 and 6),

salt, we found that this substrate was somewhat capricious.
Reaction of a,f-Unsaturated Hydrazone Salts with Ben-
zaldehyde. Unsaturated diazo precursors could also be em-

but a significant improvement in yield (entry 7, 59%) was
achieved using thp-nitrobenzenesulfonylhydrazone derivative.

The combination of both am- and ag-substituent was

ployed, although yields and diastereoselectivities showed con-particularly effective, giving both high yield and high diaste-
siderable structure-dependent variation (Table 4). The use ofreoselectivity (entry 10). Twqs-substituents could also be

unsaturated sulfonium salts to givgS-unsaturated epoxides
is well established? although, in some cases, ylide equilibration

employed, and, again, moderate to good yields were achieved
(entries 1+13).

and subsequent [2,3] sigmatropic rearrangement compete With ynsaturated diazo compounds are known to cyclize rapidly

epoxidatiore® Several of thex,3-unsaturated precursors led to
hydrolytically sensitive epoxides, and crude NMR yields were
significantly higher than isolated yields (entries 5, 7, 11, and
12). However, decomposition during purification could be
limited by using basic alumina (see Supporting Information for
preparation), instead of silica gel, for chromatography.

The acrolein-derived tosylhydrazone salt gave a low yield

to give pyrazoles. In fact, this unimolecular cycloaddition
reaction is extremely fast with rate constants ranging fretig!

x 1P s 1 depending on substitutidii Although pyrazoles were
indeed observed as byproducts in many of the above cases, the
small amount isolated indicates that decomposition of the
tosylhydrazone salt and metal carbene formation are even faster.
Of course, in our case, both the diazo compound and the

and low diastereoselectivity of the unsaturated epoxides, but hydrazone salt itself can cyclize to give the same pyraZole.

the yield could be improved using the triisopropylbenzenesulfo-

nylhydrazone salt (entries 1 and 2). The methacrolein-derived

substrate gave a moderate yield of epoxide but high diastereo

(22) Wentrop, CTetrahedron1974 30, 1301.

(23) Dudman, C. C.; Reese, C. Bynthesidl982 419.

(24) (a) Hatch, M. JJ. Org. Chem1969 34, 2133. (b) Harwood, L. M.; Casy,
G.; Sherlock, JSynth. CommuriLl99Q 20, 1287. (c) Zhou, Y.-G.; Li, A.-
H.; Hou, X.-L.; Dai, L.-X.J. Chem. Soc., Chem. Commu996 1353.
(d) Rowbottom, M. W.; Mathews, N.; Gallagher, I..Chem. Soc., Perkin
11998 3927. (e) Fustner, A.; Gastner, TOrg. Lett.200Q 2, 2467. (f)
Zanardi, J.; Lamazure, D.; Maniere, S.; Reboul, V.; Metzner).FOrg.
Chem.2002 67, 9083.

(25) (a) La Rochelle, R. W.; Trost, B. M.; Krepski, . Org. Chem1971, 36,
1126. (b) Baldwin, J. E.; Armstrong, C. H. Chem. Soc., Chem. Commun.
197Q 730. (c) Li, A. H.; Dai, L. X.; Hou, X. L.; Chen, M. BJ. Org.
Chem.1996 61, 4641.
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Application of Chiral Sulfide 7 to Asymmetric Epoxida-
tion. Having established the scope and limitations of epoxidation
using tetrahydrothiophene, we sought to render the process
asymmetric using chiral sulfidé(Figure 1). From our previous
studies using a broad range of chiral sulfiéspnformationally
locked sulfide7 was found to be optimal as it gave high yield,
high enantioselectivity, and high diastereoselectivity in the
formation of stilbene oxidé% Furthermore, it was completely
stable to the reaction conditions and could be reisolated in
essentially quantitative yield. Details of the synthesis of sulfide

(26) Brewbaker, J. L.; Hart, HI. Am. Chem. Sod.969 91, 711.
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Table 5. Yields, Enantioselectivities, and Diastereoselectivities of Epoxides Formed from Aldehydes and Tosylhydrazone Salt 1 Using 5—20
mol % Sulfide 7

o Na* 1 mol% Rhy(OAc)4 o
+ = 5-20 mol% sulfide 7 R
R P SN — oS
5-10 mol% BnEt;N” CI,
1 CH4CN, 40°C
entry aldehyde sulfide/mol % t/h PTC/% yield/%? trans:cis ee/%P° trans (cis)

1 benzaldehyde 5 48 5 82 >08:2 94

2 p-nitrobenzaldehyde 5 48 5 75 >08:2 92

3 p-chlorobenzaldehyde 5 48 5 80 >08:2 91

4 p-methylbenzaldehyde 5 48 5 84 >08:2 90

5 p-methoxybenzaldehyde 5 48 5 68 >08:2 92

6 mesitaldehyde 5 48 5 55 >08:2 94

7 2-thiophenecarboxaldehyde 20 48 10 400 >08:2 93

8 2-furaldehyde 5 48 5 80 >98:2 91

9 3-furaldehyde 5 48 5 77 >08:2 92
10 N-Ts-indole-3-carboxaldehyde 20 24 10 430 >08:2 89
11 valeraldehyde 20 48 10 46 75:25 89
12 cyclopropanecarboxaldehyde 20 24 10 50 >98:2 94
13 cyclohexanecarboxaldehyde 5 48 5 58 88:12 90 (74)
14 3-methyl-2-butenal 20 24 10 21 >98:2 87
15 3-trimethylsilylacrolein 20 24 10 35 >08:2 88
16 trans-cinnamaldehyde 5 48 5 70 >98:2 87

a|solated yield of product? Determined by chiral HPLC: The absolute configuration of the major enantiomerRs2R. This has been proven in many
cases by comparison of either retention times on chiral HPLC columns, or optical rotations, with literature values. The remaining few are assumed by
analogy (see Supporting Informatio)Crude yield determined byH NMR spectroscopy with an internal standard (epoxide is unstable on silica gel and
alumina).® Epoxide was purified on basic ADs (grade 5).f The absolute configuration of the major enantiomeR2$. This has been proven by comparison
of chiral HPLC retention times with literature values.

7 have been previously reporf@dand are reproduced in the sulfide 7 in ylide formation; high yield and enantioselectivity
Supporting Information. was also observed for this substrate.

Epoxides were also prepared in good yields and high
selectivities when 2- and 3-furaldehydes were employed as
substrates (entries 8 and 9). However, in contrast to our studies
o] with tetrahydrothiophene, epoxide formation was not observed
when 2- and 3-pyridinecarboxaldehydes were used with sulfide
7. We believe that formation of the sulfonium yli@eompetes
with the formation of the pyridinium ylide®, and the latter
reaction dominates because of the higher nucleophilicity of the

Asymmetric Epoxidation of a Range of Aldehydes with pyridine nitrogen as compared to that of the hindered sulfjde
Benzyl Tosylhydrazone SaltsThe reactions were performed ~Which is present in the reaction mixture in smaller amounts
using 5 mol % chiral sulfid&, except in the cases where the (Scheme 4). The nonbasic, heteroaromaid,s-indolecarbox-
yields using tetrahydrothiophene were low, in which case 20 aldehyde (entry 10) was an effective substrate, although, in this
mol % chiral sulfide was employed (Table 5). We found that case, the sensitive epoxide was obtained in rather low yield.
aromatic aldehydes furnished epoxides in high yield with high N _ _ _
diastereoselectivity and enantioselectivity (entrie$) Mesi- gﬁg‘;’gggtg's Competitive Interception of Metal Carbenoid by Pyridyl
taldehyde gave a moderate yield of epoxide, presumably because

7
Figure 1. Optimum chiral sulfide for catalytic epoxidation procedure.

of its steric hindrance. Heteroaromatic aldehydes worked well S
(entries #10), affording moderate to good yields of epoxides o o
with high diastereo- and enantioselectivities. Interestingly, the . - 7 y y o
sulfur atom of thiophenecarboxaldehyde did not compete with s ph Sy | _ "
U Rh=\ |
O, . Ph o
(27) Doyle, M. P.; Yan, MJ. Org. Chem2002 67, 602. Doyle has observed sulfonium \N+ pyridinium
formation of pyrazolet during reaction of the tosylhydrazone saliith ylide Ph)— ylide
Rhy(OAc), and proposed rhodium coordination to explain the fact that s
pyrazole formation is faster in this route as compared to cyclization of the 9
corresponding diazo compour@ It is, however, also possible that the ) ] ) ]
pyrazole is formed by direct cyclization of s&it Aliphatic aldehydes gave moderate yields (entries-13),
. Na" hOAc TS moderate to good diastereoselectivities, and high enantioselec-
PN ph/\/*N*[‘\Rhl] — SR tivities. Hindered aliphatic aldehydes, for example, pivaldehyde,
* / did not afford any epoxide but gave a range of decomposition
. products instead. Phenylacetaldehyde, which performed well
ph/@N — P NN with tetrahydrothiophene, afforded no epoxide when chiral
" 6 sulfide7 was employed perhaps because the more hindered ylide

(28) Aggarwal, V. K.; Angelaud, R.; Bihan, D.; Blackburn, P.; Fieldhouse, R.; was now less nucleophilic and acted as a base instead.
Fonquerna, S. J.; Ford, G. D.; Hynd, G.; Jones, E.; Jones, R. V. H.; Jubault, Fni _
P.; Palmer, M. J.; Ratcliffe, P. D.; Adams, Bl.Chem. Soc., Perkin Trans. A limited nun_1ber OfOL,ﬂ unsaturated aldehydes could also
12001, 2604. be employed: cinnamaldehyde was an excellent substrate (entry
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16), but the other substrates were low yielding (entries 14 and From a variety of solvents, we found that, with the exception
15), and crotonaldehyde did not furnish any epoxide. We are of tetrahydrofuran (entry 7) and propionitrile (entry 5), all of
currently investigating the origin of the low yields with the alkyl them performed well in terms of enantioselectivity. The best
substituted,S-unsaturated aldehydes. Nevertheless, the enan-yields and enantioselectivities were achieved with toluene,
tioselectivities in all cases were excellent. o, o, a-trifluorotoluene, 1,4-dioxane, and acetonitrile (entries 2,
When the epoxidation of benzaldehyde using chiral sulfide 3, 4, and 6, respectively). Dichloromethane (entry 8) also
7 was performed on a 50 mmol scale, a similar yield (78%) performed well, but as there are concerns about using chlorinated
and enantioselectivity (92% ee) were obtained (compare to resultsolvents on a large scale, we decided to carry out optimization
obtained on a 0.33 mmol scale in Table 5, entry 1). On this of the reactions between the various hydrazone salts and
scale, it was found that further reductions in catalyst loading benzaldehyde with the four solvents mentioned above.
were possible: RI{OAc), was reduced from 1.0 to 0.5 mol %, Asymmetric Epoxidation Using Different Hydrazone Salts
and the phase transfer catalyst was reduced from 5 to 3 mol %.and BenzaldehydeWith electron-rich diazo precursors, good
We also found it easier to stir the reaction mixture if the diazo yields and high enantioselectivities were generally obtained
precursor was added in two batch portions. (Table 7, entries 46). Diastereoselectivities were also high
Effect of Solvent on Asymmetric Induction. Our next goal except in the case of themethoxydiazo precursor (Table 7,
was to carry out the epoxidation of benzaldehyde with different entry 5). As we expected, the mesitaldehyde derivative afforded
hydrazone salts in the presence of chiral sulfidend, as we  the epoxide in very low yield, even when 1 equiv of chiral
were going to investigate solvent effects on the efficiency of sulfide was used (entry 3). This is presumably due to the steric
the process, we needed to determine which solvents gave highproblems associated with the use of a hindered carbene (vide
enantioselectivities in the epoxidation process (Table 6). supra), which are amplified by the use of a hindered sulfide.
Electron-deficient diazo precursors furnished the epoxides in

Table 6. Effect of the Solvent on the Enantioselectivity of the high yields and high diastereoselectivities, but the enantiose-

Epoxidation Lo .
1 mol% Rhy(OAS) lectivities were more variable and solvent-dependent (see
. o 2 4 . . . . .« .
Na 20 mol% sulfide 7 o $upportlng kI)m‘(.)rmdathr;]).hModerate ylglds and enantloielecnwl-
PRCHO  * oo S Nty g o Bt or, 40°C b1 JPh ties were obtained with heteroaromatic precursors. The results
1 presented in Table 7 are the optimized conditions for each in-
dividual substrate; all results employing other solvents, tem-
entry solvent yield/? transicis el peratures, and changing the sulfide loading are given in the
1 ‘BuOMe 62 >98:2 89 Supporting Information.
2 CFRCoHs 70 >08:2 87 . o . ) )
3 1 4-dioxane 82 082 85 Asymmetric Epoxidation Using o, f-Unsaturated Hydra
4 toluene 69 >08:2 86 zone Salts.The use ofa,S-unsaturated hydrazones for asym-
5 CH:CH2CN 48 97:3 70 metric epoxidations was less successful as yields were often
? (T3|'_'|5FCN gi Zggfg g‘l‘ low (Table 8). Diastereoselectivity was also low except in the
8 CH,Cl, 70 ~98'2 88 cases where there was a substituent 'in&Jmmsition (entries .2 .
and 5), when complete trans selectivity was observed. Similar
2|solated yield of product? Determined by chiral HPLC: In all cases, observations have recently been reported by Metzner, employing

the absolute configuration of the major enantiomemR2R. This has been i ; ; i : ot ;
proved in many cases by comparison of either retention times on chiral 2,5-dimethylthiolane in stoichiometric epoxidation reactiéts.

HPLC columns, or optical rotations, with literature values. The remaining ~ Moderate to good enantioselectivities were observed for
few are assumed by analogy (see Supporting Information). B-unsubstituted of-monosubstituted substrates (entries5).

Table 7. Yields, Enantioselectivities, and Diastereoselectivities of Epoxides Formed from Benzaldehyde and Tosylhydrazone Salts Using
Sulfide 7

" Na" 1 mol% Rhy(OAC),
= 5-20 mol% sulfide 7 H
X, NG z 0O
PrcHO Ar)\N TS .20 mol% BnEt;N* CI A JwPh
entry Ar solvent TI°C 7/mol % PTCI% yield/%? trans:cis 6/%"° trans (cis)
1 p-MeCeH4 CHsCN 40 5 5 74 95:5 93
2 o0-MeCgHa CHsCN 30 5 5 64 >08:2 83
3 2,4,6-MeCgH> CHsCN 40 100 5 10 >98:2 94
4 m-TBSOGH4 1,4-dioxane 30 20 10 67 >98:2 92
5 p-MeOGsHa CHsCN 30 20 5 95 80:20 93
6 0-MeOGH4 CHsCN 30 5 5 70 >08:2 93
7 0-FCsHa CHs:CN 30 20 5 76 >98:2 82
8 p-ClCgH4 CHsCN 40 20 10 81 >98:2 93
9 pP-CNGCsH4 1,4-dioxane 40 20 0 70 >08:2 64
10 p-COMeCsHa CHsCN 30 20 0 80 >98:2 73
11 2-furyl CHCN 40 20 10 53 90:10 61
12 3-furyl toluene 40 20 5 46 63:37 63 (31)

a|solated yield of product? Determined by chiral HPLCE The absolute configuration of the major enantiomerR2R. This has been proven in many
cases by comparison of either retention times on chiral HPLC columns, or optical rotations, with literature values. The remaining few are assumed by
analogy (see Supporting Informatiof)Crude yield determined byH NMR spectroscopy with an internal standard (epoxide is unstable on silica gel and
alumina).f The absolute configuration of the major enantiomer32R. This has been proven by comparison of chiral HPLC retention times with literature
values.
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Table 8. Yields, Enantioselectivities, and Diastereoselectivities of Epoxides Formed from Benzaldehyde and Tosylhydrazone Salts Using
0.05—0.2 equiv of Sulfide 7

. 1 mol% Rhy(OAC),
20-100 mol% sulfide 7

2 = 2 o
phcHo  + RN SNags R WPh
| 5-10 mol% BnEt;N* CI"
1 R 1

R” R R
entry R R! R? R3 %7 solvent T/°C PTC/% yield/%? trans:cis ee/%Pc trans
1 H H H 2,4,6PrCsH.SO, 20 1,4-dioxane 20 10 15 50:50 79
2 H H Me Ts 100 CECsHs 40 10 12 >08:2 88
3 Ph H Ts 20 CECeHs 40 10 27 72:28 78
4 SiMe; H H Ts 20 1,4-dioxane 40 10 46 62:38 70
5 Ph H Me Ts 20 1,4-dioxane 30 5 41 >08:2 67
6 Me Me H 2,4,6PrCsHSO; 20 1,4-dioxane 30 10 45 50:50 48
7 Ph Ph H Ts 20 CiEsHs 40 5 56 67:33 20

a|lsolated yield of product Determined by chiral HPLCE In all cases, the absolute configuration of the major enantiomeRj8R1 This has been
proven in many cases by comparison of either retention times on chiral HPLC columns, or optical rotations, with literature values. The remairing few a
assumed by analogy (see Supporting Informatié). situ salt formation from 2,4,6-triisopropylbenzenesulfonylhydrazone using NaHMDS as the base.
e Crude yield determined bYH NMR spectroscopy with an internal standard (epoxide is unstable on silica gel and alurirsdu salt formation from the
tosylhydrazone using LIHMDS as the base (HMBSL,1,1,3,3,3-hexamethyldisilazane).

However,f,5-disubstituted substrates only furnished epoxides tivity should result. The degree of reversibility in syn betaine
with low enantioselectivity (entries 6 and 7). formation is influenced in the following ways: (i) an increase
Origin of Diastereoselectivity. Sulfur ylides react with in the thermodynamic stability of the starting materials (ylide
carbonyl compounds via betaine intermediates to give epoxides.and aldehyde) will lead to greater reversibility in betaine
From simple crossover experiments, we have previously reportedformation (increase ik-4) and thus higher diastereoselectivity;
that the reaction of a benzyl sulfonium ylide with an aldehyde (ii) increasing the steric hindrance of the ylide or aldehyde will
or ketone was remarkably finely balanc®dn reactions with give rise to an increase in the torsional rotation barrier (increase
benzaldehyde, the trans epoxide was derived from nonreversiblein ks) and thus render betaine formation more reversible,
formation of the anti betaine, indicating that bond rotation and resulting in increased diastereoselectivity; and (iii) increased
ring closure have lower activation barriers than reversion to solvation of the alkoxide by metals or a protic solvent will result

starting materials (relative rateg; > k-1) (Scheme 5). in the lowering of the torsional rotation barrier (decreasks)n
and thus reduced reversibility leading to reduced diastereose-
Scheme 5. Rationalization of Diastereoselectivity lectivity.
or 0_§Me2 o M ﬁph “ ° Of course, the fa_ctors which increase the reversibility in th_e
5 R}jﬁ[H T OROLH T e A . syn be_talne forma_tion have the same effect on the anti be’iaine
H +0e2 formation, and this process may, therefore, also be partially
Me. o Me 7K1 gauche conformation  rrans conformation reversible. Although this does not have any effect on the
+ * RCHO ) anti betaine diastereoselectivity, it does have important consequences for
P ‘\;}\ on o‘§Me2 - 0 ) 0 the enantioselectivity (vide infra).
HlﬁiR = Hjji[R —G—Ph/_\R T_h_ese principal fai;tors that are responsible for dias_tereose-
H +SMe; lectivity are substantiated by the many examples provided and
gauche conformation trans conformation are discussed belOW.
syn betaine

(1) Stability of Carbonyl Group. Aromatic aldehydes give
high trans selectivity because reversion of the syn betaine yields
a carbonyl group that is in conjugation with an aromatic ring.
Such conjugation is not available to aliphatic aldehydes, thus
resulting in reduced reversibility, because reversion back to
starting materials is less favorable. This leads to an overall
decrease in diastereocontrol. On the basis of this analysis, the
results in Table 2 can be broadly understood. Aromatic (entries

In contrast, crossover experiments showed that the syn
betaine, which would lead to the cis epoxide, was formed
reversibly?® DFT calculations underpinned these experimental
observations, producing the same relative activation barriers
(relative rates:ky > k_1; kg > ks).3 It was found that the
highest activation barrier along the two reaction pathways was

o e ool ctallo, i o 10 Q2 I I Y312 1), petoatomat (e 1), and unsatratedadhyces
) ’ y (entries 19-25) gave high diastereocontrol as expected. In some

betaine is nonproductive; it is formed but reverts back to the . . ; . i
aldehyde and ylide, as subsequent rotation from the gauche tocases, aliphatic aldehydes (entries-1€) gave lower diaste

the trans conformation has a higher activation barrier. Hence reoselectivities as expected (entries 14 and 17), but phenylac-
. L . .' ' etaldeh I Ideh ies 1 1
the high trans selectivity observed with benzaldehyde is a result(ata dehyde and cyclopropanecarboxaldehyde (entries 15 and 16)

. . ) ~~gave very high selectivities>(98:2 and 96:4), and, at this stage,
of nonproductlve foimatiqn of the syn betalng gnd productive these two examples are difficult to rationalize.
formation of the anti betaine. In general, providing syn betaine

formation is reversible and nonproductive, high diastereoselec- (2) Steric Hlndraince of the Yllde/AIdehyde.Rgduced steric
hindrance of the ylide/aldehyde allows more facile bond rotation
(29) Aggarwal, V. K.; Calamai, S.; Ford, J. G.,Chem. Soc., Perkin Trans. 1 from the gauche to the trans conformation of the betaine, leading
1997 593. T ; ; ;
(30) Aggarwal, V. K.; Harvey, J. N.: Richardson, 4l Am. Chem. So@002 _to reduced rev_ers_ibility in betain_e_formatlon, thereby_resultlng_
124, 5747. in a decrease in diastereoselectivity. Conversely, an increase in
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steric hindrance of the ylide/aldehyde leads to an increase inthe expected nonreversibility due to the intermediacy of a less

diastereoselectivity.
Thus, the acetylenic aldehyde (Table 2, entry 25) gave low

stable ylide (Table 3, compare entries 1/2 and 5/6). Clearly,
the selectivity will be dependent upon the nature and position

diastereoselectivity, while aliphatic aldehydes of increasing steric of the substituents attached to the aromatic ring.
hindrance showed increasing levels of diastereocontrol (Figure (4) Increased Solvation of ChargesFinally, the diastereo-
2). Furthermore, increased trans selectivity was observed with selectivity will also be influenced by the reaction conditions. If

the more hindered chiral sulfidé as compared to tetrahy-
drothiophene.

0] o] 0] o]
/H \/\)kH H %)LH
TIPS

sulfide:THT 50:50 70:30 65:35 >98:2

sulfide: 7 75:25 88:12

Figure 2. Trans:cis ratios of epoxides formed from benzyl tosylhydrazone
salts and aliphatic and acetylenic aldehydes.

Additional data supporting the general principle that more
hindered substrates give higher trans selectivities can be foun

the charges can be more effectively solvated, either by metal
complexation or by use of a protic solvent, the barrier to bond
rotation of the initially formed betaine should be reduced,
thereby resulting in reduced reversibility and a corresponding
decrease in diastereoselectivity. This accounts for the reduced
diastereoselectivity observed when the Li hydrazone salt was
employed as compared to the Na hydrazone salt (74:26 vs
>08:2, respectively, Table #}.Reduced diastereoselectivity was
also observed in C}CN/H,O, as compared to neat GEN
(74:26 vs>98:2, respectivelyj? Again, this was a result of
improved solvation of the alkoxide resulting in a reduction of
the barrier to bond rotation, leading to a reduced reversibility

¢@nd, hence, lower trans:cis selectivity.

in Table 4 and are portrayed in Figure 3. The smaller unsaturated Origin of Enantioselectivity. The model for the origin of

ylides bearing am-hydrogen (Table 4, entries 1, 2;-9, and
11-13) showed low diastereocontrol (betaine formation is
essentially nonreversible), whereas those bearing-arethyl

group (Table 4, entries 3, 4, and 10) showed higher diastereo-

control (syn betaine formation is more reversible).

X -
Ph/Y\ N-NTs
Na*

>98:2

N -
P SN-NTs
Na*

sulfide:THT 58:42

sulfide 7 72:28 >98:2

Figure 3. Trans:cis ratios of epoxides formed from unsaturated tosylhy-
drazone salts and benzaldehyde.

(3) Reduced Stability of the Ylide. On the basis of the
principles described above, the selectivity with different aryl-

enantioselectivity is shown in Scheme 6. We believe that a single
ylide diastereomer is formed, and, as a result of electronic
repulsions, this can exist in either of the two conformatiéns
and B where the lone pairs of electrons on carbon and sulfur
are orthogonat?

Scheme 6. Rationale for Enantioselectivity

Os_H )
HH )H\T; H H§H9’,th
§ - Ph -~ § " H H_,(
o

(RR)

s.9)
8A 8B

Once a single diastereomeric sulfonium ylide is formed,
enantioselectivity is governed by three main factors: (i) ylide

diazomethanes can also be rationalized. Clearly, syn betaineconformation, (ii) facial selectivity of the ylide reaction, and

formation will be more reversible with more stable ylides,

resulting in increased trans selectivity. Indeed, electron-deficient

aromatics all gave very high selectivities (Table 3, entrieg3).

(i) the degree of reversibility in betaine formation.
Space filling models for sulfonium ylid@A optimized at the
B3LYP 6-31G* level show that complete facial selectivity is

Conversely, betaine formation is less reversible with less stableexpected as a result of the bulky camphor group effectively
ylides (electron-rich aromatics), and, again, this was observedblocking reaction from one face (Figure 5).

in practice (Table 3, entries 1 and 5, and Figure 4).

,r:lTs ,KlTs NTs

|N Na* IN Na* OMe IN’Na+
LT T
sulfide: THT >98:2 71:29 >98:2
sulfide 7 >98:2 80:20 >98:2

Figure 4. Trans:cis ratios of epoxides formed from tosylhydrazone salts
and PhCHO.

It was indicated above that steric hindrance of the ylide
resulted in greater reversibility in betaine formation and therefore

greater diastereoselectivity. Hence, as shown in Figure 4, use

of the more hindered sulfideéinvariably resulted in an increase
in diastereoselectivity. Interestingly, electron-rich substrates
bearing anortho substituent also showed high stereocontrol,
indicating that reversibility due to steric hindrance outweighed

10934 J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003

The enantioselectivity observed with different ylides is
therefore influenced by factors (i) and (iii), and these are
discussed, according to ylide type, in more detail below.

(1) Unhindered, Electron-Rich/Neutral Aryl-Stabilized
Ylides. The phenyl stabilized sulfonium ylide has been the most
extensively studied ylide, and high and uniform enantioselec-
tivity was observed, not only with different aldehydes (Table

(31) The increase in cis selectivity with metals of increasing ability to bind to
oxygen is also observed in the Wittig reaction. However, although the sulfur
and phosphorus ylides show similar trends, they do so for very different
reasons. In the sulfur ylide reactions, the trends in diastereoselectivity
correlate with increased complexation of the metal ¥LNa > K) with
the alkoxide intermediate which results in reduced barriers to bond rotation
leading to lowelE selectivity. In the related phosphorus ylide reactions, it
is believed that lithium salts act as Lewis acids, leading to an earlier
transition state, which favors formation of tAealkene. See: Ward, W. J.,
Jr.; McEwen, W. EJ. Org. Chem199Q 55, 493.

(32) These observations were made using 0.33 mmpldaiflorobenzaldehyde,

5 mol % Cu(acag) 1 equiv of THT, 20 mol % benzyltriethylammonium
chloride in 0.5 mL of CHCN + 0.5 mL of H,O, and 1 mL of CHCN,
respectively.

(33) Aggarwal, V. K.; Schade, S.; Taylor, B. Chem. Soc., Perkin Trans. 1
1997 2811.
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Figure 5. Space filling models derived from DFT calculations8# showing how the camphor group effectively blocks one face of the ylide from aldehyde
attack. Related ChemDraw diagrams of the same view are given (for clarity).

Scheme 7. Consequences for Enantioselectivity Due to Partial Reversibility in Anti Betaine Formation
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5, 87-94% ee), but also with other electrophiles (e.g., aziridi-
nation of imines: 89-98% ee; cyclopropanation of acrylate
derivatives: 89-92% ee)t?2 This suggests that the dominant
factor responsible for enantioselectivity with all of these
substrates is ylide conformatio84:8B ratio) because reactions
with N-toluenesulfonyl imine¥ are also essentially nonrevers-

o
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Other electron-rich aryl-stabilized ylides all gave high enan-
tioselectivity as factors (i) and (iii) were effectively controlled
(Table 7, entries 1,-36, 91—-94% ee).

(2) Hindered, Electron-Deficient Aryl-Stabilized Ylides.
Lower enantioselectivity was observed with electron-deficient
aryl-stabilized ylides as well as those that were sterically

ible and give similar enantioselectivities to aldehydes. As stated hindered [Table 7; entry 2-Me (83% ee); entry 9-CN (64%

above, the ylide can adopt conformatio®& or 8B, but 8A
should be strongly favored @B suffers from nonbonded 1,4
steric interactions. However, the ratio of ylide conform@#s

ee); entry 10p-CO,Me (73% ee)]. As with the neutral/electron-
rich substrates, ylide conformation with this class of ylide should
also be well, if not better, controlled in favor of confornfer

8B does not directly correlate with enantioselectivity as the In these cases, as discussed above (see section on diastereose-

minor conformer8B is likely to be much more reactive than

lectivity), formation of the syn betaine is reversible and

conformer8A.35 This is because steric interactions between the nonproductive, but formation of the anti betaine is also likely
methylene bridge and the phenyl group result in rotation of the to be partially reversible. This has consequences for enantiose-

phenyl group by ca. £2out of conjugation (determined by DFT

lectivity because the degree of reversibility in anti betaine

calculations; see Figure 6), resulting in reduced overlap with formation is likely to be different for conformera and B
the carbanion and therefore reduced stabilization of the ylide. (Scheme 7). As ylide conforme is higher in energy (less

The calculations not only reveal the twist of the phenyl ring in
conformer8B which is absent ir8A, but also greater pyrami-
dalization of the carbon atom of ylid@B as compared t8A

stable) than conformeX, it will react less reversibly (ylides of
increasing stability react with increasing reversibility in betaine
formation) with aldehydes to give the intermediate betaine,

due to reduced overlap of the carbanion with the aromatic ring. €sulting in conformeB being “overexpressed” in the product
Nevertheless, the major enantiomer of the epoxide correlatesdistribution. Thus, a small degree of reversibility in the anti

with reaction of the major conformer of the ylid8A) on its
less hindered face (i.e., for this class of ylide with sulfite
the RR epoxide was always the major product).

Figure 6. Models derived from DFT calculations showing the ylide
conformationsBA and 8B, respectively.

betaine formation, which occurs with stabilized/hindered ylides,
results in a reduction in enantioselectivity as conforBieeacts
less reversibly than conformér and is therefore converted to
epoxide more rapidly®

Very hindered substrates gave high enantioselectivity [e.g.,
2,4,6-trimethylphenyl-stabilized ylide, Table 7, entry 3 (94%
ee)], and this can also be rationalized using the same model.
Presumably, in this case, even though betaine formation is
partially reversible, conformeB is even more disfavored due

(34) Aggarwal, V. K.; Charmant, J. P. H.; Ciampi, C.; Hornby, J. M.; O'Brien,
C. J,; Hynd, G.; Parsons, R. Chem. Soc., Perkin Trans.2D01, 3159.

(35) DFT calculations indicate that the energy difference between conformers
A andB is 18.3 kJ mot?, which, according to the Boltzmann equation,
correlates to a ratio of 1129:1 at 4Q. If these were both equally reactive,
this would correspond to 99.8% ee.

(36) For a full discussion, see: Aggarwal, V. K.; Richardso@hem. Commun.
2003 in press.
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to severe steric hindrance, so the reaction occurs largely viaTable 9. Calculated Ratios of Conformers A and B for Various

conformerA, leading to high enantioselectivity. (L;Bzitrld;eged Ylides and the Corresponding Enantiomeric Excesses
(3) Five-Membered Ring Heteroaromatic-Stabilized Ylides.

Furyl-stabilized ylides gave lower enantioselectivities than six- yHo

membered ring aromatic substrates (Table 7, entries 11 and 12, H H+ R H +f\R'

61% ee and 63% ee, respectively), presumably becaugekhe S)‘\%\R S"—H

ratio is lower as a result of reduced steric hindrance in conformer o H

B (Scheme 8). As these substrates give rise to less stabilized

ylides relative to a phenyl-stabilized ylide, they will be expected

to react nonreversibly with aldehydes [i.e., factor (iii) is well A

controlled], and so it is factor (i) (ylide conformation) that is

- o

. L . - t R R' /%? t AB calculated ratios”
responsible for the reduction in enantioselectivity. ey cor rans caouated ratios
1 Ph H 78 91:9
Scheme 8. Rationale for Reduced Enantioselectivity for 2 Me Me 48 79:21
Furyl-Derived Tosylhydrazone Salts 3 Ph Ph 20 61:39
H n a Enantiomeric excess of major trans epoxide, determined by chiral
H HPLC. P Ratios calculated using the Boltzmann equation with energies
P \ O «— obtained at the B3LYP/6-31G* (acetonitrile) level.
/

o A Test for Reversibility in Betaine Formation. As discussed
above, the reduced enantioselectivity observed with certain
ylides derived from sulfid€ is mainly due to either poor control

A B

in ylide conformation [factor (i)] or reversibility in betaine

. ) ) formation [factor (iii)]. If low enantiocontrol is observed, it
(4) o.B-Unsaturated Sulfonium Ylides.a-Methyl substituted would be useful to know which of the two factors was

a.f-unsaturated substrates showed higher enantioselectivity gsnonsiple. We have devised a simple test to determine this.
(Table 8, entries 2 and 5, 6B8% ee) than unsaturated  \q giscussed in the section on diastereoselectivity, the degree
substrates bearing only an—H (20-78% ee). These results ¢ o\ ersibility in betaine formation can be influenced by the
can also be rationalized by considering the ratio of the ylide electrophile employed or by the reaction conditions. Reduced
conformersA andB (Scheme 9). reversibility can be achieved by (i) use of an aliphatic aldehyde

Scheme 9. Possible Conformers of o,-Unsaturated Sulfonium (reduction ink-4, Scheme 5), (ii) use of protic solvents (e.g.,

Ylides MeCN/H,O mixture) which solvate the alkoxide (reduction in
R ks), or (iii) use of lithium salts which again solvate the alkoxide
WH H R 9y "{'_‘e’HI/kR, (reduction inks). Three classes of substrates that gave reduced
+ + enantioselectivity [Table 7: hindered;MeCsH, (83% ee);
S H/MeR STH electron deficientp-CO,MeCsH4 (73% ee); and 2-furyl (63%

o] - o) ee)] were tested for reversibility by performing reactions in
MeCN/H,O and comparing them to those carried out in MeCN.
If the primary factor for lower levels enantioselectivity with
these substrates was reversibility, higher enantioselectivity
should be observed in MeCN#B as compared to MeCN itself.
Indeed, higher enantioselectivities were observed with the
hindered and electron-deficient aromatic substrates in MeCN/
H,O (Table 10), indicating that the lower enantioselectivities

A B

For substrates bearing aamethyl group, conformeB will
be strongly disfavored due to steric hindrance, and high
selectivity results from reaction via the dominant conforer
Without thea-methyl group, conformeB is not disfavored to
such a great extent as this ylide conformation suffers from less 7aple 10. Effect of the Addition of Protic Solvent on the
steric hindrance. As a result of the smaller energy difference Enantiomeric Excess of Epoxides Formed with Selected
between conformersA and B, lower enantioselectivity is | °sylhydrazone Salts and Benzaldehyde
observed. Thg-dimethyl ands-diphenyl unsaturated substrates Na* L;‘:::;Zﬂ:{:;‘
sho_we(_j lower enantioselectivity than_ _th_e rr_lq&sub_stltuted PhCHO  +  _S.N. — A <Lon
derivatives, presumably due to destabilizing interactions present AT ONTTs BnELN"CI, 40°C r
in A which resulted in the ratio of conformefsB being more

0, 04)a A
finely balanced. As it was not obvious why this should be the enty al solvent PTC(#) ee(f tansicis
case, we performed DFT calculations on a series of substrates 1~ P-COMeCeHs  CHCN 0 73 100:0

i . 2  p-COMeCiHs CH3CN/H,O(9:1) 0 86 100:0
and calculated tha:B ratio of conformers (Table 9). Although 3 g vecH, CH:CN 5 83  100:0
the ratios did not correlate exactly with the enantiomeric 4  o-MeCiH, CH3CN/H,0(9:1) 5 89 100:0
excesses observed, the trends did fit with the observed selectivi- 5  2-furyl CHCN 10 61 91:9

6  2-furyl CH:CN/H0(9:1) 10 61 95:5

ties; the presence of twersubstituents resulted in a significant
change in the ratio of conformers as compared to a single  apetermined by chiral HPLC.

f-substituent. While conformeX was strongly favored with a

single 5-phenyl group (91:9), it was only marginally favored observed in MeCN were due to partial reversibility in the
with two -phenyl groups (61:39). formation of the anti betaines. In contrast, no change in
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Scheme 10. Retrosynthetic Analysis of Epoxide Formation Using Achiral Unhindered Sulfides (Such as Tetrahydrothiophene)?
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3 |
Ar”CHs L., mochignde PH ar Ph™ "H A,/I\CH3
high cis selectivity but high trans selectivity
reactive ketone required but can be capricious

aGreen arrows indicate good disconnections; red arrows indicate poor disconnections.

enantioselectivity was observed for the furyl substrate in MeCN/ carbonyl compounds and the hydrazone salts that can be
H.O, indicating that, in this case, reversibility was not respon- employed. The tosylhydrazone salt derived from benzaldehyde
sible for the reduced enantioselectivity, and therefore it must was tested with 29 different carbonyl compounds covering both
have been due to the poorer control over the conformation of aldehydes and ketones. All aromatic and heteroaromatic alde-
the ylide (factor (i),A:B ratio). hydes gave good yields of epoxides, and most showed very high
Thus, conducting reactions in MeCN/Bl and comparing the  diastereoselectivity in favor of the trans epoxige87:13, most
results with MeCN provides a very simple test for revers- >98:2). Aliphatic aldehydes were also explored, and all
ibility in betaine formation. Although these studies validate our (primary, secondary, and tertiary substituted) performed well,
model for enantioselectivity, they did not provide a practical furnishing epoxides in good yield and with moderate to high
solution for improving the enantiomeric excess, as the yields diastereoselectivity (65:35 to 98:2),5-Unsaturated aldehydes
in MeCN/H,O were substantially lower than those in MeCN  could also be used (except for acrolein), and good yields were
alone?’ achieved with botig-alkyl (73%) ands-aryl (97%) substituents.
The product epoxides derived from unsaturated aldehydes were
) ) especially sensitive to hydrolysis on silica gel during purifica-
In this paper, we have shown that reactions of tosylhydrazone o, - acetylenic aldehydes were also effective substrates,
sodium salts with carbonyl compounds catalyzed by sulfides 40,91 epoxides were obtained as a 1:1 ratio of cis:trans

and ,F;b(OAC(i“h'S abn efguentr mg.tlhod fc;]r the synthebsshofh isomers. Ketones demonstrated the limits of the reactivity of
epoxides and has broad applicability with respect to both ¢ ephenyl stabilized sulfonium ylides; activated ketones were
(37) Yields are<10% for each of these substrates. Preliminary results suggest effective substrates, but unactivated ketones were not.

that using LiBr as an additive also results in higher enantioselectivity A range of tosylhydrazone salts was tested in reactions with

(reduced reversibility in betaine formation) without reducing yields. Full . . X i i
details will be published in due course. benzaldehyde. High yields of epoxides were obtained with all

Conclusions
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Scheme 11. Retrosynthetic Analysis of Epoxide Formation Using Chiral Sulfide 72
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aGreen arrows indicate good disconnections; red arrows indicate poor disconnections.

aromatic aldehyde-derived tosylhydrazone salts except thosewith the catalytic, asymmetric process. The range of unsaturated
bearing twoortho substituents. Electron-deficient substrates gave epoxides that can be prepared is limited to those derived from
epoxides with a high degree of stereocontrol, but electron-rich cinnamaldehyde; other unsaturated aldehydes were low yielding.
substrates gave lower stereocontrol unless the substrate posThe use of tosylhydrazone salts bearing unsaturated substituents
sessed amrtho substituent (i.e., it possessed increased steric was generally low yielding.
hindrance), in which case high selectivity was restored. Unsatur-  Factors that influence both diastereo- and enantiocontrol have
ated hydrazones could also be employed, but low diastereoseqeen analyzed. High diastereocontrol in favor of the trans
lectivity was commonly observed unless the substrate possesse@poxide was observed in the coupling of most partners and was
an a-substituent, in which case high diastereocontrol was qye to reversible, nonproductive formation of the syn betaine
achieved. A hydrazone salt derived from an aryl alkyl ketone (which would have given the cis epoxide) and nonreversible
was also tested, and a good yield, with complete trans selectivity, (and therefore productive) formation of the anti betaine. The
was achieved. occasions where low diastereocontrol was observed were due
While this summary details how different classes of nucleo- to nonreversible or only partially reversible formation of the
philes and electrophiles behaved, we believe it is even moresyn betaine. There are four factors that contribute to reduced
helpful to consider a retrosynthetic analysis of the different reversibility of the betaine back to the original starting materi-
classes of product epoxides that can be prepared by this strategyals: (i) reduced steric hindrance of the ylide/aldehyde that
In each case, the disconnection leads to two possible pairs ofallows more facile bond rotation from the gauche to the trans
carbonyl compound and hydrazone, and Scheme 10 detailsconformation of the betaine (e.g., low diastereocontrol with
which combination is likely to lead to good yields and high acetylenic aldehydes, and,-unsaturated hydrazones with
diastereoselectivities. only ana-H substituent); (ii) lower stability of the carbonyl
The same analysis can be done replacing tetrahydrothiophengyroup which reduces the tendency for the betaine to revert
with chiral sulfide7 (Scheme 11). This scheme shows different back to the ylide and carbonyl group (e.g., with aliphatic
classes of epoxides that we have made, indicating which is thealdehydes); (iii) reduced stability of the ylide which reduces
optimum pair of hydrazone and carbonyl compound coupling the tendency for the betaine to revert back to the ylide and
partners, that lead to epoxides in good yields and with useful carbonyl group (e.g., tosylhydrazones derived from electron-

levels of stereocontrol. rich aromatic aldehydes); and (iv) increased solvation of the
This analysis shows that diaryl and arglkyl epoxides can betaine by Li salts or protic solvent leads to a reduction in the
be prepared with good levels of selectivity. Heteroaigtyl barrier to bond rotation of the intermediate betaine which re-

epoxides bearing furyl groups can be prepared, but heteroarylsults in reduced reversibility and, therefore, reduced diastereo-
groups bearing a basic nitrogen (e.g., pyridyl) are not compatible selectivity.
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The enantioselectivity is governed by the ylide conformation, (3H, s, GHs), 7.26-7.37 (5H, m, AH), 7.52-7.61 (2H, m, AH), 7.80
facial selectivity in the ylide reaction, and again the degree of (1H, s, G4), 7.89 (2 H, dJ = 9.0 Hz, AH), 8.44 (1 H, br s, ).
reversibility in betaine formation. We believe that, with sulfide General Procedure for the Preparation of Tosylhydrazone
7, facial selectivity is essentially complete, and it is ylide Sodium Salts! A 1 M sodium methoxide solution was prepared by
conformation and the degree of reversibility that largely control adding sodium (288 mg, 12.5 mmol) to anhydrous methanol (12.5 mL)
the outcome of the reaction. All aldehydes employed with the with external cooling. Once all of the metal had' dissolved, Fhe
tosylhydrazone salt derived from benzaldehyde gave uniform tosylhydrazone (12.35 mmol) was added, and the mixture was stirred

h L . until the solid had dissolved. After the mixture was stirred for a further
0,
enantioselectivity (9% 3% ee), showing that the nature and 15 min, the methanol was removed under reduced pressure, at room

structure of j[he ylide, rather than the ?IeCtmph”e’ dominate the temperature, to yield the hydrazone salts in quantitative yield. The solid

stereochemical outcome of the reaction. hydrazone salt was then ground using a pestle and mortar to give a
Lower enantioselectivity was observed with the following: free flowing powder. All salts were stored &20 °C, and exposure to

(i) less hindered ylides, because ylide conformation was lessdirect light was avoided. See the Supporting Information for notes on

well controlled (e.g., furylp,S-unsaturated substrates witkH); stability.

(i) more stable ylides, because formation of the anti betaine  Benzaldehyde Tosylhydrazone Sodium Salihite solid (Found:

was also reversible/partially reversible (in addition to syn betaine C, 56.8; H, 4.3; N, 9.2. GH1aN.SO;Na requires C, 56.8; H, 4.4; N,

formation being reversible) (e.g;CNCsH4sCHNNTSs salt); and ~ 9.5); vmax (KBr disk)/cm* 3056, 1245, 1129, 1088H NMR (250

(iii) hindered ylides because anti betaine formation was revers- MHz, D:0) 6 2.26 (3H, s, €3), 7.29 (SH, m, AH), 7.49 (2H, dJ =

ible/partially reversible (in addition to syn betaine formation 10.0 Hz, AH), 7.71 (2H, dJ = 10.0 Hz, AH), 7.96 (1H, s, &1); *C

being reversible) (e.go-MeCH,CHNNTS sal). NMR (63 MHz, D,0) ¢ 20.4, 126.2, 126.50, 128.5,129.2, 135.6, 139.2,
Although points (i) and (iii) suggest that there is only a narrow 142.3, 145.5m'z (FAB) 207 (M" + 1, 2_34 /(f)'

window of opportunity for obtaining high enantioselectivities, General Procedure for the Epoxidation of Aldehydes and

Tables 5-8 show a large number of examples where high Ketones (Tables 2-4). To a 5 mLround-bottomed flask fitted with a
. A g P 9 nitrogen balloon were added sequentially tetrahydrothiophene (in the
enantioselectivity is achieved.

; . case of ketones, pentamethyl sulfide was used) (20 mol %), anhydrous
This paper maps out the range of epoxides that can be ycetonitrile (1.0 mL), rhodium(ll) acetate dimer (1.5 mg, 1 mol %),
prepared in racemic and enantiomerically enriched form using penzy! triethylammonium chloride (7.5 mg, 10 mol %), aldehyde or
our novel sulfur ylide mediated process. As the catalytic, racemic ketone (0.33 mmol, 1.0 equiv), and tosylhydrazone sodium salt (0.50
process shows a broader substrate scope than the asymmetrimmol, 1.5 equiv). The reaction mixture was stirred vigorously at room
one, a stoichiometric asymmetric process has been developedemperature for 10 min, and then at 20 for 3—24 h. The reaction
to fill the gaps® It is likely that, in those cases where carbonyl Was quenched by the addition of water (0.5 mL) and ethyl acetate (0.5
compounds are first converted to alkenes and then oxidized to™ML)- The aqueous layer was washed with ethyl acetate (25 mL),
epoxides, this one step alternative process should be advanta2"d the combined organic phases were dried over Mgfi@red, and

. . concentrated in vacuo. The crude product was analyzetHdyMR
geous and, therefore, be the method of choice. The process I%o determine the diastereomeric ratio and then purified by flash column

user-friendly aS_ diazo compounds are generated in situ from chromatography to afford the corresponding epoxide. For asymmetric
the corresponding hydrazone salts and are consumed as they,gyigations (Tables57), tetrahydrothiophene was replaced by chiral
are formed, so there is never any buildup of these potentially gyjfige 7.

explosive intermediates. Indeed, the process has been carried gjjhene Oxide® White solid: R = 0.70 (10% EtOAc/petrol), mp
out on a 50 mmol scale. The broad range of tosylhydrazone g5-67°C (lit.,*° 67-68 °C); H NMR (250 MHz, CDC}) ¢ trans 3.85
salts that we have demonstrated in epoxidation reactions showg2H, s, 2x CH), 7.16-7.37 (10H, m, AH); cis & 4.28 (2H, s, 2x

that the in situ generation of diazo compounds from their CH), 7.01-7.15 (10H, m, AH).

hydrazone salts is a general method which will, no doubt, find ~ General Procedure for Epoxidation of Alkenyl Aryl Sulfonyl-
application in many other transformations. We have already hydrazones, Ketone Sulfonylhydrazones, and Trimethylsilylacrolein
begun to explore some of these transformations in our own labs Sulfonylhydrazone via in Situ Salt Generation.To a 5 mLround-
such as aziridination of iminé&2cyclopropanation of electron- bottomed flask fitted with a nitrogen balloon was added hydrazone
richt2a and electron-deficient alkené®, cycloadditions with ~ (0-45 mmol) with 1 mL of THF. The solution was cooled 0’8 °C,

alkynes to give pyrazoléd, Wittig olefination reactions of ~ @nd a1 Msolution of NaHMDS (0.45 mmol, 1.5 equiv) in THF was
aldehyded# and homologation of aldehydés. added and stirred fdl h atthis temperature. The solvent was removed

under reduced pressure aR0 °C, after which the flask was loaded
Experimental Section with solvent (0.8 mL), tetrahydrothiophene (0.06 mmol, &5),
rhodium(ll) acetate dimer (0.003 mmol, 0.9 mg), benzyl triethylam-

General F_’rocedure for the Preparation of Aldehydé- and monium chloride (0.03 mmol, 6.8 mg), and benzaldehyde (0.3 mmol,
Ketone®a-Derived Sulfonyl Hydrazones (For Example, Benzalde- 30.5uL)

hyde Tosylhydrazone).To a rapidly stirred suspension of sulfonyl- In all th . hed after the given time b i
hydrazide (5.0 g, 26.8 mmol) in methanol (10 mL) was added aldehyde t na ctases, f reac |cc;nﬂ\]/vas q;ée_nc e ta e(r) Se gliven dlmfh 3|/coot|ntg
or ketone (24.0 mmol) dropwise (solid reagents were added as a 0 room temperature and then adding water (0.5 mL) and ethyl acetate

methanol solution or portionwise). A mildly exothermic reaction ensued, (OI'_5 mL()j.t:]'he angouds Iayer_ Waﬁ washed W(;th Zthyl a&etaﬁe ()2dS
and the hydrazide dissolved. Withir-30 min, the tosylhydrazone be- mL), and the combined organic phases were dried over Mgiired,

gan to precipitate. After approximately 30 min, the mixture was cooled and concentrated in vacuo. The crude product was analyz&d KR
to 0 °C, and the product was removed by filtration, washed with a - —
small quantity of methanol, and purified according to the procedure (38) Aggarwal, V. K.; Bae, |, Lee, H.-Y.; Richardson, J.; Williams, DARgew.

. . . . . ) Chem., Int. Ed2003 42, 3274.
described in Table 2 in the Supporting Information. See table notes in (39) McMahon, R. J.; Ag‘ben, C. J.; Chapman, O. L.; Johnson, J. W.; Kreil, C.

the Supporting Information for exceptions to the general procedure. liaaLL;ZiggX, J. P.; Mooring, A. M.; West, P. R. Am. Chem. S0d.987,
Benzaldehyde TosylhydrazoneWhite needles (5'40 9, 82%)’ mp (40) AgganNal; V. K.; Abdel-Rahman, H.; Fan, L.; Jones, R. V. H.; Standen,
127-128°C (lit.,% 128-129°C); 'H NMR (250 MHz, CDC}) ¢ 2.37 M. C. H. Chem.-Eur. J1996 2, 1024.
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to determine the diastereomeric ratio and then purified by flash column tables containing HPLC data, optimization of solvent condi-
chromatography to afford the corresponding epoxide. tions, preparation and stability of diazo compounds, hydra-
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