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SUMMARY

The catalytic uses of metal carbenes for addition, insertion, and cycloaddition
reactions are dependent on their carbene precursor. The limited methods
available for the preparation of diazo esters, which are the most common
carbene precursors, restricts their ability to impart structural diversity in metal
carbene reactions. Here we report a new methodology for the preparation of
diverse vinyldiazoacetate esters and their effective uses in highly
enantiocontrolled cyclopropanation, N-H bond insertion, O-H bond insertion,
and [3+2]-cycloaddition reactions. 1,2,3-Triazine 1-oxides with a sp3-C-H bond
at the 5-position undergo base catalyzed Dimroth-type rearrangement to form
multiply substituted oximidovinyldiazoacetates in high yields at or below room
temperature, and these diverse vinyldiazo compounds undergo catalytic metal
carbene transformations to produce oximidovinylcyclopropanes, a-
oximidovinyl-a-amino acids and a-hydroxy acids, as well as tricyclic indole
derivatives in high yields and enantioselectivities. The new access to vinyldiazo
compounds has applicability to a vast array of metal carbene transformations.

INTRODUCTION

Advances in the synthesis and applications of diazo esters have expanded
rapidly?? since their discovery.3 Originally a curiosity, they found essential uses
throughout the chemical sciences in diverse application including carbene
sources,* dipolar species,> and biological probes.® Ethyl diazoacetate was
prominent in early applications that included the first reported example of
asymmetric homogeneous transition-metal catalysis.” Structural modifications
to increase functionality and selectivity in chemical reactions of diazo
compounds led to the evolution of diazoacetates into diazomalonates and
similar “acceptor-acceptor” diazo compounds,>? then to aryl- and vinyl-
diazoacetates and other derivative “donor-acceptor” diazo compounds,®1° as
well as to “donor-donor” diazo compounds such as diaryldiazomethane.'! A
variety of reactions have been employed to prepare diazo compounds,*? the
methods dependent on the specific application, but hydrazone oxidation, the
Bamford-Stevens reaction, and diazo transfer are the most widely used. The
preparation and uses of vinyldiazo compounds, especially for [3+n]-
cycloaddition reactions®3 but also for cyclopropanation* and carbon-hydrogen
insertion,’® are developments that have rapidly expanded. However, in spite of
the apparent generality of methods for their synthesis (Figure 1a), each has
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limitations, and methods to generate vinyldiazo compounds for late-stage
functionalization have been limited, as has been their stability. N-
Sulfonylimidodiazo compounds, formed as unstable reaction intermediates
from N-sulfonyl-1,2,3-triazoles (Figure 1b),® were the most recent widely-
investigated class of compounds to access a,B-unsaturated diazo compounds
and, despite the higher temperatures required to generate their diazo
intermediates, they have seen wide applications. We have discovered a new
source for vinyldiazo compounds that greatly expands access to diverse
vinyldiazoacetates (Figure 1c), and we also report that these complex
compounds undergo in high yields and stereocontrol the common catalytic
metallo-vinylcarbene reactions expected of them.

(a) Vinyldiazoacetates - traditional methods (b) Imidodiazo synthesis
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Figure 1. Synthesis of vinyldiazo esters

(a) Traditional methods that include diazo transfer to B-ketoesters, to 4-aryl-3-
butenoate esters, and by condensation of diazoacetates with ketones.

(b) Thermal rearrangement of N-sulfonyl-1,2,3-triazoles.

(c) Base promoted rearrangement of 1,2,3-triazine 1-oxides (this work).

RESULTS AND DISCUSSION
Synthesis of oximidovinyldiazoacetate

We have previously reported the facile synthesis of 1,2,3-triazine 1-oxides (1).1”
They are stable aromatic compounds (from Figure 1a) that are rapidly formed
by treatment of vinyldiazoacetates with an alkyl nitrite at room temperature
without the use of a catalyst, but they undergo the expulsion of dinitrogen in
refluxing chlorobenzene with near quantitative formation of isoxazoles. More
recently we discovered that these compounds readily undergo inverse electron
demand Diels-Alder reactions under basic conditions to form highly substituted
pyridine and other heterocycle derivatives.’® In the course of the latter
investigations, with 1,2,3-triazine-1-oxides having an alkyl group containing an
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a-C-H bond at the 5-position, a new product was formed that we originally
thought might be a tautomer of the intact triazine-1-oxide. However,
spectroscopic analyses, especially IR spectroscopy, revealed that this product
had the diazo functionality and was an oxime. Like N-sulfonyl-1,2,3-triazoles
which undergo thermal rearrangement to imidodiazo compounds (Figure 1b),
1,2,3-triazine  1-oxides undergo base promoted rearrangement to
diazovinyloximes, but, unlike 1,2,3-triazoles, this rearrangement occurs at or
below room temperature (Figure 1c). These uniquely constructed, highly
functionalized vinyldiazo compounds are stable at room temperature for days
and at 0°C for much longer times. Probing reaction conditions for the
rearrangement with 5,6,7,8-tetrahydrobenzo-1,2,3-triazine 1-oxide 4 (see SI)
with base and solvent disclosed that use of either Cs,CO3 or DABCO as the base,
and with THF as the solvent, gave optimum results. Results with less than
stoichiometric amounts (20 mol%) of base demonstrated the catalytic nature
of this process and the mild conditions required for this transformation. A broad
spectrum of these vinyldiazo compounds has been produced under these
conditions (Figure 2). Reactions with bicyclic 1,2,3-triazine 1-oxides form the
corresponding oximidovinyldiazo esters 4-7 in high isolated yield. To our
surprise, the monocyclic 1,2,3-triazine  1-oxides produced their
oximidovinyldiazoacetate esters in excellent yields but, also, with exceptional
diastereocontrol for the (Z)-alkene isomer. The triazine with a tertiary C-H bond
at the 5-position required a stronger base (DMAP) to produce
oximidovinyldiazoacetate 15. X-Ray diffraction of 17 confirmed the
oximidovinyldiazoacetate structure, and NOE NMR experiments established the
diastereoisomer assignments. These reactions are not limited to small scale
transformations; gram-scale reactions give comparable product yields.
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Figure 2. Synthesis of oximidovinyldiazoacetates

(a) General reaction with sub-stoichiometric amounts of Cs,COs or DABCO.

(b) Synthesis of diverse oximidovinyldiazo esters by base promoted
rearrangement of 1,2,3-triazine 1-oxides: structure, product yield, scale of
reaction, and reaction time.

Catalytic enantioselective cyclopropanation

The applicability of these oximidovinyldiazo compounds as carbene sources was
initially evaluated in intermolecular catalytic reactions with styrene for which
dirhodium(Il) and copper(l) complexes are the most widely used catalysts.
Reactions of vinyldiazoacetates with styrenes undergo addition at the diazo
carbon resulting in the formation of vinylcyclopropane compounds?®2° and they
are amenable to a rich stream of subsequent transformations.?"> However,
consistent with previously reported examples of cyclopropanation reactions
with diazoesters containing the oxime functional group,?* neither copper(l) nor
dirhodium(Il) catalysts generated the desired cyclopropane product(s) with the
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oxime reactant. In contrast, the near quantitative conversion of the
oximidovinyldiazo reactant to its tert-butyldimethylsilyl (TBS) ether (Figure 3a)
provided a much more stable reactant (at least one month in storage at 0 °C),
and this derivative underwent dirhodium tetraacetate catalyzed
cyclopropanation of styrene at room temperature in high yield. However,
copper(l) catalysts with and without chiral Box ligands gave low product yields
(<20%) with low enantiocontrol of cyclopropane products and produced
complex product mixtures.

As previously documented in catalytic reactions of fB-substituted vinyldiazo
compounds involving the extrusion of dinitrogen,?> a principal competing
reaction of silyl-protected metallo-oximidovinylcarbenes is loss of dinitrogen
resulting in the formation of cyclopropene products 22. Unlike previous
reports,'! however, these oximidocyclopropenes are unstable and undergo an
ene reaction to form dimers (23 in Figure 3a),?® but unlike donor-acceptor
cyclopropenes formed from silyl-protected enoldiazoacetates?’ they do not
reform the metallo-vinylcarbene intermediate. With Rh,(OAc), as catalyst, this
cyclopropene dimer was produced in only one isomeric form as the only major
byproduct. Reactions using copper catalysts did not produce this cyclopropene
dimer.

To assess the extent of asymmetric induction in intermolecular
cyclopropanation reactions with styrene, we selected the TBS derivative of 8 as
the vinyldiazo compound and surveyed chiral dirhodium(ll) carboxylate
catalysts for their competitiveness in both cyclopropanation versus
cyclopropene/ene dimerization and cyclopropanation enantiocontrol. As
expected for cyclopropanation reactions of vinyldiazoacetates,*
diastereoselectivity was high. Among the chiral phthalimide-amino acid ligated
dirhodium(ll) carboxylate catalysts, Rhy(S-PTTL)4%® was found to provide the
highest level of enantiocontrol (87% ee) and the highest yield of cyclopropane
product (90%). This product was formed as a single diastereoisomer (NOE
determination from the ester reduction product, see Sl), with minimal
cyclopropene dimer formation (<10%) when the reaction was performed in 1,2-
dichloroethane at 0°C. The absolute configuration of the cyclopropanation
product is (1R,2S), as determined from the crystal structure of the
hydrolysis/desilylation product 31” (Figure 3b), which is identical to that
formed with a similar chiral carboxylate catalyst from
silyloxyvinyldiazoacetates.?®

Solvent also played a significant role in determining cyclopropanation product
yield and enantioselectivity. Although the sulfamido-prolinate ligated Rhy(S-
DOSP), catalyst?® provided a high yield (90%) but low 68% ee in DCE, not
surprisingly this catalyst gave an even higher yield (95%) and enantioselectivity
(91% ee) in the formation of 24 when the reaction was performed in the less
polar toluene at 0°C. These differences in yields and selectivities suggest that
determination of the optimum chiral carboxylate ligand for dirhodium(ll) or the
optimum solvent may not be predictable for the broad spectrum of
oximidovinyldiazo esters that are available, and further research is expected to
reveal improvements.

Using the two different chiral dirhodium(ll) carboxylate catalysts, Rhy(S-PTTL)4
and Rh;(S-DOSP)s, we surveyed product yields and stereoselectivities for
reactions of TBS-protected oximidovinyldiazo esters with styrene under the
optimized conditions, and these results are presented in Figure 3c. The Rhy(S-
DOSP), catalyst generally provides the highest yields and %ee values.
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Exceptional diastereocontrol for the E-isomer was obtained using all the
oximidovinyldiazo esters and dirhodium catalysts that were employed.
Substituents on the benzene ring of styrene have a minor influence on yield and
stereocontrol. With cyclopropanation product yields normally greater than
80%, the dominant or exclusive by-product formed in variable, but low, yields
were due to the competing process that formed cyclopropene dimer 23 via
internal cyclopropene formation and subsequent ene reaction (Figure 3a).
Surprisingly, the oxime attachment of 3, which is a notable Lewis base, did not
inhibit these reactions. When the tBu ester of silyl-protected
oximidovinyldiazoacetate 17 was used in a rhodium acetate catalysed reaction,
the tBu ester analog of 28 was not formed; instead cyclopropene dimer 23 was
produced in 80% yield. We have selected 4-phenyl-1-butene as a substrate to
conduct the cyclopropanation reaction, but only the cyclopropane dimers 23
were obtained. In the case of 1-(vinyloxy)butane, the cyclopropanation product
was obtained in 86% yield and >20:1 dr in the presence of Rhy(PTTL)s, which
suggests the potential for further expansion of cyclopropanation applications.
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(a) General transformation:
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Figure 3. Highly enantioselective catalytic intramolecular cyclopropanation of
styrenes by of diverse oximidovinyldiazo esters

(a) The general transformation and its major competing reaction. General
conditions: diazo compound was added over a period of 3 h via syringe pump
in vial containing Rh catalyst (1 mol%) and the styrene derivate under an argon
atmosphere.

(b) Stereochemical determinations.
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(c) Comparison of % yields and % ee values for cyclopropanation reactions
catalyzed by Rh,(S-PTTL)4 and Rhy(S-DOSP),.

Catalytic enantioselective N-H insertion

Another intriguing metal carbene transformation is that of N-H insertion that
can transform diazo esters to amino acid esters. This transformation has been
the target, with some notable successes,3%32 of many investigations seeking
high enantioselection for conversions of alkyl- and aryldiazoacetates to amino
acid derivatives. However, until the recent report by Zhou and coworkers,33 its
applicability to vinyldiazoacetates has been severely limited. We had previously
found that 3-(trialkylsiloxy)-2-diazobutanoate underwent highly
enantioselective exclusive vinylogous N-H insertion, instead of insertion at the
original diazo carbon, with aldehyde-derived hydrazones using chiral dirhodium
catalysts.3* The Zhou group developed a high vyielding and highly
enantioselective synthesis of y-substituted a-alkenyl-a-amino acids by N-H
insertion between vinyldiazoacetates at the diazo carbon and tert-butyl
carbamate that was cooperatively catalyzed by achiral dirhodium(ll)
carboxylates, of which dirhodium tetra(triphenylacetate), Rh,(TPA);, was
optimal, and a chiral spiro phosphoric acid (SPA) catalyst under mild, neutral
conditions. The SPA catalyst promoted proton transfer of the ylide intermediate
by functioning as a proton shuttle catalyst. Using this methodology, optimized
from the TBS-protected oximidovinyldiazoacetate 8 for the formation of 41
with Rh,(TPA), and spirophosphoric acid SPA, the corresponding N-H insertion
product was produced in high yield (88%) and stereocontrol (85% ee).
Vinylogous N-H insertion was observed as a minor product in pre-optimized
investigations but was minimal or not observed with reactions performed under
optimum conditions (Figure 4a). The observed N-H insertion is, as was
previously noted,3® very rapid; and the competing side reaction of
vinlydiazoacetates (to form cyclopropene ene dimers 23) is suppressed. Using
the optimized reaction conditions, we then carried out reactions with other
oximidovinyldiazoacetates, and these results are presented in Figure 4b. High
product yields and consistently high enantioselectivities are obtained, even
with the unprotected oxime 11 yielding 50. The tBu ester of compound 48 was
formed in 95% ee (70% yield) which was only a slight improvement from the
92% ee obtained with the ethyl ester. The amino acid of N-H insertion product
48 was obtained by hydrolysis33 (Figure 4c) and its absolute configuration was
determined to be R using a chiral aldehyde chemical shift reagent (55) that
forms resonance-assisted hydrogen bonded imines with amino acids (Figure
$3).3° The R-configuration of amino acid 54 is the same as the a-alkenyl-a-amino
acids obtained from styryldiazoacetates and tert-butyl carbamate with the
same catalysts and under the same conditions.33
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Figure 4. Catalytic enantioselective N-H insertion

(a) General transformation of oximidovinyldiazo esters with tert-butyl
carbamate catalyzed by dirhodium(ll) tetra(triphenylacetate) [Rhy(TPA)4] and
the chiral SPA Brgnsted acid in toluene at room temperature. Formation of the
vinylogous N-H insertion product 39 was not observed or was a minor
competing reaction.

(b) % Yields and % ee values for N-H insertion reactions.

(c) Absolute configuration of N-H insertion products.

Catalytic enantioselective O-H insertion

To further expand the scope of this insertion transformation we examined the
potential of this methodology for O-H insertion. Prior attempts to achieve high
enantiocontrol in O-H insertion reactions that used aryldiazoacetates with
iron(ll) catalysts having chiral spirobox ligands achieved greater than 90% ee,3®
and with copper(l) catalysis using chiral box ligands attained greater than 80%
ee3’ for O-H insertion with alcohols, but neither reported a successful O-H
insertion with water. However, Zhou and coworkers reported3® highly
enantioselective O-H insertion of water with a-alkyl- and a-alkenyl-a-
diazoacetates using modifications of the same catalytic methodology that they
previously reported for N-H insertion.33 Using a 20% molar excess of water for
reactions performed under the same conditions as with BocNH; (Figure 4b), a-
hydroxy ester 56 was obtained in high yield with 80% ee (Figure 5a). With benzyl
alcohol, the corresponding benzyl ether (60) was formed in higher yield and
similar enantioselectivity (Figure 5b). A sampling of results with various alcohols
showed (61-65) that product yields are highly dependent on the structure of
the alcohol, ranging from <5% ee for reactions with methanol and ethanol to
greater than 95% ee in the reaction with p-florophenol. Similarly, the % ee from
water insertion was dependent on the diazo ester alkyl group.

¢? CellPress




Chem Catalysis

(a) O-H Insertion with water:
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Figure 5. Catalytic enantioselective O-H insertion
(a) % Yields and % ee of products from insertion with water.
(b) % Yields and % ee of products from insertion with alcohols.

Catalytic enantioselective [3+2]-cycloaddition

Another common reaction of metal carbenes is cycloaddition,?’ and the [3+2]-
cycloaddition of vinyldiazoesters with indoles is among the most thoroughly
investigated.3®** A survey of catalysts revealed that copper(l)
tetrakis(acetonitrile) hexafluorophosphate with Sabox ligands was optimum for
providing the [3+2]-cycloaddition products in high vyields and high
enantioselectivities without evidence for a competing production of
cyclopropene dimer 23 (Figure 6a). Treatment of 3-methyl-N-methylindole with
the parent TBS-protected oximidovinyldiazoacetate of 13 using the optimized
Cu(l) catalyst with chiral SaBox ligand L2 produced the [3+2]-cycloaddition
product 67 in 85% yield with 90% ee. Reactions with substituted 3-methyl-N-
methylindoles using the same catalyst and under the same conditions gave
their cycloaddition products in comparable yields, but with % ee values that
were dependent on the indole substitutents (Figure 6b); electron withdrawing
substituents gave higher enantiomeric excesses than did electron donating
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substituents. The crystal structure of 70 describes its (R,S) absolute
configuration. Interestingly, 3-methylindole without the N-methyl group gave
cycloaddition product 73 with a somewhat lower % yield and % ee, but N-
methylindole without the 3-methyl substituent gave both the [3+2]-
cycloaddition product 74 with low enantiocontrol and a vinylogous product (75)
by formal Csp?-H insertion. Reactions of 3-methyl-N-methylindole with methyl-
and p-fluorophenyl-substituted oximidovinyldiazoacetates 76 and 77 formed
the corresponding cycloaddition products in good yields but in low
diastereocontrol, although with a high % ee for the cis diasterecisomer and a
low % ee for the trans diastereoisomer (Figure 6c). The low diastereocontrol is
indicative of a stepwise cycloaddition reaction, and efforts are underway to
control diastereoselectivity.

(a) General transformation:

LA Ar
Me Me |
Cu(MeCN),PFg N e) 0
| COEL @ \ (5.0 mol%) _ TBSO~\7 ‘ @ i Chol
N N L2 (6.0 mol%) N YN N
TBSO Me TBME, rt EtoL H ' Ph Ph
13' 66 e !

L2: Ar= 4-tBUCGH4

(b) [3+2]-Cycloaddition scope:

TBSO~p7 'M e TBSO-y TBSO-y,

e0,c 5 N E0,¢ 5 N \ E0,C 5 N
Me Me Me
7, 85% yield, 90% ee 68, R = CO,Me, 78% yield, 96% ee 70, 82% yield, 95% ee
69, R = Me, 80% vyield, 90% ee

desilylation
Me
Et0,C § N N 5
Me
71, 77% yield, 85% ee 72, 72% yield, 81% ee 73, 72% yield, 82% ee
Cu(MeCN),PFg TBSO NZ
%(Coza (5.0 mol%) _ TBSO~N”
| + N L2 (6.0 mol%) s N
TBSO/N N, '\v'e TBME, rt EtO,C H l OzEt
74, 40% yield, 27% ee 75, 50% yield

(c) Reactions of vinyl-substituted oximidovinyldiazoacetates with 3,N-dimethylindoles:
R Me

Cu(MeCN),PFg4
)\WCOZE + A\ (5.0 mol%) ,_ TBSO~p 94(50)% ee, 1:1 dr
| N L2 (6.0 mol%) ; 77 (R = 4-FCgHy), 77% yield
TBME, rt EtO,C H 85(41)% ee, 3:1 dr

76 (R = Me), 87% yield

/N N2 \
TBSO Me
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Figure 6. Catalytic enantioselective [3+2]-cycloaddition with indoles
(a) General reaction of oximidovinyldiazoacetate 13’ with substituted indoles
catalyzed by Cu(MeCN)4PF¢ with chiral SaBox ligand L2 at room temperature in
TBME.

(b) % Yields and % ee values for copper(l) catalyzed [3+2]-cycloaddition
products from 13’ and substituted indoles.

(c) % Yields and % ee values for copper(l) catalyzed [3+2]-cycloaddition products
from substituted oximidovinyldiazoacetate and 3-methyl-N-methylindole

Conclusion

This work provides the synthesis of diverse oximidovinyldiazoacetates that are
conveniently formed by base catalyzed Dimroth-type rearrangement of
multiply-substituted 1,2,3-triazine 1-oxides. These diazo compounds have J3,y-
unsaturation with an oxime functional group at the B-position. The oxime
hydroxyl group is unsuitable for most metal carbene reactions, but silylation
generates the diazo reactant that is effective for metal carbene formation and
reactions. Addition, insertion, and cycloaddition processes were selected to
exemplify the suitability of silylated oximidovinyldiazoacetates for catalytic
metal carbene transformations, and high product yields with exceptional
enantiocontrol were achieved under very mild conditions, suggesting that these
new vinyldiazoacetates will be appropriate for use in a larger array of metal
carbene transformations, as well as in the increasing number of non-metal
transformations of vinyldiazoacetates. The diazo compound reactants formed
from 1,2,3-triazine 1-oxides and their metal carbene derived products possess
the oxime functionality, which is among the most common nitrogen-containing
biological motifs,*> whose pharmacological applications include antibacterial,
anti-fungal, anti-inflammatory, anti-oxidant and anti-cancer activities.*34
Furthermore, the oxime functional group is amenable to conversions into other
functionalities.*>%¢ Overall, oximidovinyldiazoacetates offer a new platform for
catalytic asymmetric syntheses

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact

Requests for further information and resources should be informed to and will
be fulfilled by the lead contact, Michael P. Doyle (michael.doyle@utsa.edu).

Materials availability

New products generated in this study will be made available on request, but we
might require a payment and/or a completed material transfer agreement if
there is potential for commercial application.

Data and code availability
This study did not generate any datasets.

GENERAL

All reactions were carried out in flame-dried glassware under a nitrogen
atmosphere. Reagents and solvents were purified by standard means. See
Supplementary Methods for detailed conditions, traction optimizations, and
product characterizations.
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General procedure for the preparation of oximidovinyldiazoacetates

To a solution of triazine 1-oxide (0.1 mmol, 0.2 M in THF) in a dry 10-mL tube
was added all at once Cs,CO3; (20 mol%, 0.020 mmol, 6.5 mg) or DABCO (20
mol%, 0.020 mmol, 2.2 mg). The solution was stirred at room temperature
under air. When the reaction was complete (monitored by TLC), the reaction
mixture was purified by flash column chromatography on silica gel without
additional treatment (hexanes:EtOAc = 10:1) to give the oximidovinyldiazo
ester compounds.

General procedure for cyclopropanation with styrene

Catalysis by Rh2(S-PTTL)4: to a 10-mL oven-dried vial with a magnetic stirring
bar, styrene (0.20 mmol, 2.0 equiv.), Rhy(S-PTTL)s (1.2 mg, 1.0 mol%), and 4A
MS (50 mg) in anhydrous DCE (1.0 mL) was added a solution of the TBS-
protected oximidovinyldiazoacetate (0.1 mmol) in anhydrous DCE (1.0 mL) via
a syringe pump over 3 h at 0 °C under an argon atmosphere. When the reaction
was complete (monitored by TLC), the reaction mixture was purified by flash
column chromatography on silica gel without additional treatment
(hexanes:EtOAc = 20:1 to 15:1) to give the pure cyclopropane products.

Catalysis by Rh2(S-DOSP)4: to a 10-mL oven-dried vial with a magnetic stirring
bar, styrene (0.20 mmol, 2.0 equiv.), Rha(S-DOSP)4 (1.8 mg, 1.0 mol%), and 4A
MS (50 mg) in anhydrous toluene (1.0 mL), was added a solution of the TBS-
protected oximidovinyldiazoacetate (0.1 mmol) in anhydrous toluene (1.0 mL)
via a syringe pump over 3 h at 0 °C under an argon atmosphere. When the
reaction was complete (monitored by TLC), the reaction mixture was purified
by flash column chromatography on silica gel without additional treatment
(hexanes:EtOAc = 20:1 to 15:1) to give the pure cyclopropane products

General procedure for N-H and O-H insertion

To a 10-mL oven-dried vial with a magnetic stirring bar containing the X-H
insertion reagent (tert-butyl carbamate, alcohol, or water: 0.12 mmol, 1.2
equiv.), Rhy(TPA)s (1.4 mg, 1.0 mol%), chiral phosphoric acid 40f (2.8 mg, 5.0
mol%), and 4A MS (50 mg) in anhydrous toluene (1.0 mL) was added a solution
of the oximidovinyldiazoacetate reactant (0.1 mmol) in anhydrous toluene (1.0
mL) via a syringe pump over 2 h at room temperature under an argon
atmosphere. When the reaction was complete (monitored by TLC), the reaction
mixture was purified by flash column chromatography on silica gel without
additional treatment (hexanes : EtOAc = 15:1 to 5:1) to give the pure products.

General procedure for cycloaddition with indoles

The chiral catalyst was prepared by stirring Cu(MeCN)4PF¢ (1.8 mg, 0.005 mmol,
5.0mol %) with the chiral bisoxazoline ligand (3.6 mg, 0.006 mmol, 6.0 mol %)
in dry DCM (1.0 mL) in an oven-dried 10 mL vial for 1 h at room temperature
under an argon atmosphere, then DCM was removed and dry TBME (0.5 mL)
was added. A solution of 1,3-dimethylindole (0.10 mmol, 1.0 equiv.) in dry
TBME (0.5 mL) was introduced to the reaction mixture. Then
oximidovinyldiazoacetate (0.12 mmol, 1.2 equiv.) in dry TBME (1.0 mL) was
added dropwise over 2 min. The reaction solution was stirred at room
temperature for 12 h. When the reaction was complete (monitored by TLC), the
reaction mixture was purified by flash column chromatography on silica gel
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without additional treatment (hexanes : EtOAc = 20:1 to 15:1) to give the pure
[3+2]-cycloaddition products.

SUPPLEMENTAL INFORMATION

Document S1. Supplemental experimental procedures, Table S1-S4 and Figures
S1-S7.

Table S1. Optimization of the Cyclopropanation Reaction Conditions

Table S2. Optimization of the N-H Insertion Reaction Conditions

Table S3. Optimization of the [3+2]-Cycloaddition Reaction Conditions

Table S4. Crystallographic data and structure refinement for Compounds 17,
31’and 70’

Figure S1. NOE NMR spectra of 31’

Figure S2. NOE NMR spectra of 31’

Figure S3. Proton NMR spectra of the imine formed with chiral aldehyde 55 and
amino acid 54

Figure S4. NOE NMR spectra of 75

Figure S5. NOE NMR spectra of 78

Figure S6. ORTEP drawing of 17 showing thermal ellipsoids at the 50%
probability level

Figure S7. ORTEP drawing of 31’ showing thermal ellipsoids at the 50%
probability level

Figure S8. ORTEP drawing of 70’ showing thermal ellipsoids at the 50%
probability level
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