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Abstract

The first asymmetric [3+1]-cycloaddition was successfully achieved by copper(l) triflate/double-
sidearmed bisoxazoline complex catalyzed reactions of p-triisopropyl-silyl-substituted enoldiazo
compounds with sulfur ylides. This methodology delivered a series of chiral cyclobutenes in good
yields with high enantio- and diastereoselectivities (up to 99% ee, and >20:1 d.r.). Additionally,
the [3+1]-cycloaddition of catalytically generated metallo-enolcarbenes was successfully extended
to reaction with a stable benzylidene dichlororuthenium complex.
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The combination of two or more unsaturated structural units to form cyclic organic
compounds is among the most useful synthetic constructions in organic chemistry.[!] The
development of [4+2]-cycloaddition reactions have provided the most advantageous scheme
for the formation of organic compounds having six-membered rings,[2! and recently
available [3+3]-cycloaddition processes have added complimentary methodologies.[3]
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Dipolar cycloaddition reactions, especially those that combine a 1,3-dipole with an alkene or
alkyne, have offered access to five- and seven-membered-ring systems.[4l The synthesis of
four-membered rings have used [2+2]-cycloaddition,! but alternative [3+1]-cycloaddition
processes have rarely been reported. (€]

The four-membered all-carbon ring is an important structural motif that is present in natural
products and biologically active compounds, but is less accessible than are other ring
structures.l”] Furthermore, cyclobutanes and cyclobutenes are integral to synthetic strategies
involving facile ring-expansion or ring-cleavage reactions.8] Traditionally, [2+2]-
cycloadditions with alkenes or alkynes have been the preferred synthetic route to
cyclobutanes and cyclobutenes, but only recently has high enantiocontrol been achieved
using chiral Lewis acid catalysis in these transformations.[] [3+1]-Cycloaddition presents
an attractive strategy for the construction of structurally diverse four-membered all-carbon
rings; however, this approach has only recently been recognized and is underexploited.[8] A
ring expansion catalytic methodology has been reported in which vinyldiazo esters and
either another diazo compound[%] or iminoiodinanes[1] formed cyclobutenes or 2-
azetines in what is a formal [3+1]-cycloaddition process (Scheme 1a). An alternative
cycloaddition between azaoxyallyl cations and sulfur ylides has been reported to form -
lactams (Scheme 1b),[62] but neither of these approaches to formal [3+1]-cycloaddition
occurred in high yield or were suitable to high levels of enantiocontrol. We now report a
general methodology for highly stereoselective [3+1]-cycloaddition between
enoldiazoacetates and ylides, especially conveniently prepared stable sulfur ylides (Scheme
1c).

Metallo-enolcarbenes generated catalytically from stable enoldiazo compounds exhibit
electrophilic character at the vinylogous carbon and nucleophilic character at the metal
carbene carbon, making them metallo-1,3-dipole equivalents.[3211] These versatile
intermediates have emerged as a synthetically useful class of three-carbon adducts when
paired with a broad spectrum of dipoles and nucleophilic unsaturated compounds to
construct cyclic molecules through [3+3]-cycloaddition[3a11a.6] or by [3+2]-
cycloaddition.[*1¢=f1 Our intent was now to use these versatile intermediates for [3+1]-
cycloaddition reactions by addition/elimination with stable ylides whose nucleophilic
reactivity would allow bond formation at the electrophilic vinylogous position of metallo-
enolcarbenes that, with displacement of a leaving group from the intermediate adduct, would
form the desired [3+1]-cycloaddition product. To initiate this investigation, we selected
benzoyl sulfur ylides that have been utilized as one-carbon units in [2+1]- and [4+1]-
cycloaddition reactions.[2]

Our previous studies have demonstrated the advantages of copper catalysts for carbene
transfer reactions of enoldiazo compounds.[11213] Additionally, recent investigations[14]
reported the unique compatibility of copper catalysts in cycloaddition reactions of sulfur
ylides. Our inquiry began with the reaction of triisopropylsilyl (TIPS)-substituted
enoldiazoacetate 1a with easily accessible and stable a-benzoyl dimethylsulfur ylide 2a at
room temperature in the presence of a catalytic amount Cu(CH3CN)4BF4 in
dichloromethane (DCM). As proposed, the 1-carbomethoxy-2-triisopropylsilyloxy-4-
benzoylcyclobutene 3a was generated smoothly in 62% yield [Eq. (1)], and its structure was
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confirmed by X-ray analysis. No reaction occurred in the absence of catalyst. Further
screening of reaction conditions showed that nonligated CuOTf-Toly/, could improve yield
of the [3+1]-cycloaddition to 80% [Eq. (1)]. The reactions catalyzed by copper(ll) triflate
and allylpalladium(Il) also produced the desired cyclobutene product, however, with low
yields (48% and 16%, respectively). Neither dirhodium tetraacetate, silver (AgSbFg)
catalysts, nor cationic gold(l) ([PPh3]AuCI]/AgSbFg) were effective catalysts for this
transformation.

oTIPS 0 Me TIPSO, /CO?Me
COsMe : Cu' (5 mol %) =
)ﬁ'\/ * Ph)J\7 My —————— T
N, DCM, 16 h, rt =0
2
3a Fh

Cu(CH,CN)BF, 62 % yield
CuOTh.Toly, 80 % yield

1a 2a

0]

Encouraged by these results, we sought to perform this transformation enantioselectively by
employing chiral copper complexes for the reaction between 1la and a-benzoyl sulfur ylide 2
(Table 1). Promising initial results were provided by copper catalysts generated in situ from
CuOTf:Tolyy and Co-symmetric bisoxazolines (BOX); 3a was generated with low to
moderate enantiomeric excess in various yields (Table 1, entries 1-4). No reaction occurred
when the 2,6-pyridinebi-s(oxazoline) L5 was employed (Table 1, entry 5). Further ligand
screening found that the double-sidearmed bisoxazolinel!%] L 6 [(S5)-BTBBPh-SaBOX] stood
out as the superior choice (Table 1, entry 6). To further improve the enantioselectivity,
diphenylsulfur ylide 2b was employed, and its use gave 3a in 81% yield and 71% ee (Table
1, entry 11). Decreasing the reaction temperature to —20°C further improved
enantioselectivity to 83% at a prolonged reaction time (Table 1, entry 13). Alternative use of
the acetonitrile-coordinated copper(l) catalyst, Cu(MeCN)4BF4, with L 6 also gave 3a with
comparable enantioselectivity, but in lower yield (Table 1, entry 12). The absolute
configuration of 3a was unambiguously determined to be 3R through X-ray single-crystal
analysis (Figure 1).[26]

A y-methyl substituent on the enoldiazoacetate markedly increased the enantioselectivity in
reactions with sulfur ylides 2a or 2b performed at room temperature [Eq. (2)]. In these
reactions, a second stereocenter is generated. Excellent diastereoselectivity was observed in
the reaction with dimethyl-substituted sulfur ylide 2a (d.r. >20:1), while lower
diastereoselectivity occurred from reactions with the diphenyl analog 2b (d.r. 13:1).
However, no reaction occurred with y-phenylenoldiazoacetate (1c), suggesting steric
congestion in the cycloaddition process. The frans configuration of 4-benzoyl-3-methyl-2-
triisopropylsilyloxy-cyclobutene 3e was determined by a 1D-NOESY experiment. Chemical
shift differences between #ransand c/sisomers of 3e were distinguishable.
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CuOTf Tal;
oTIPS o R (5mol%) TIPSO _COzMe
Me \ywrcozrde . _&__ _ L6 (8 mol %) '
Ph e ——— 3
N, DCM, i, 24h  Mé ;;»'0
Ph
3e

1b 2a R =Me from 2a, 78%, 93% ee, =20:1 d.r.
2b, R =Ph from 2b, 82%, 95% ee, 13:1d.r.

@

Substrate generality was investigated by changing the aryl groups of sulfur ylides 2 (Table
2). Those with electron-rich and halogen substituents on the aromatic ring of the acyl group
reacted smoothly with 1b, generating the corresponding cyclized products in good yields
(72-86%, 3e-3k) with excellent enantioselectivities (93-99% ee) and good to excellent
diastereoselectivities. High enantiocontrol (97% e¢) was achieved with the electron-
withdrawing cyano group at the para-position of the aryl group (R3) of sulfur ylide 2 albeit
with a lower % conversion of 2| and a lower yield of isolated cyclobutene 3l. This screening
also confirmed that the presence of a methyl group at C4 of the enoldiazoacetate (R1)
significantly improved enantioselectivity (93-99% ee) (3a—3c vs. 3e, 3i, and 3j). The
products 4-aroyl-3-methyl-2-triisopropylsilyloxy-cyclobutene 3e-3| were assigned to be 3R,
4R based on X-ray single-crystal analysis of 3a and NMR analysis of 3e-3I.

Recently, donor—acceptor-substituted cyclopropenes generated from enoldiazo compounds
by dinitrogen extrusion have been identified as the first-formed intermediates in many metal
carbene reactions,[17] and they have proven to be efficient metallo-vinylcarbene precursors
in cycloaddition reactions.[*8] A close spectroscopic inspection of the reaction of 1a with 2b
demonstrated the formation of donor-acceptor-substituted cyclopropene 4a under standard
reaction conditions. Furthermore, the reaction of pre-prepared cyclopropene 4a with sulfur
ylide 2b [Eqg. (3)] delivered identical enantioselectivity (71% eg) and similar yield (80%) as
the outcome from the reaction with enoldiazoacetate 1a (Table 1, entry 11) that was
performed under identical conditions. These results are consistent with the donor—acceptor-
substituted cyclopropene being a principal metallo-enolcarbene precursor along the pathway
to product formation.

CuOTfTolz TIPSO CO;Me
h (5 mol %) N=

0 P
A I & L6 (6mol%) L
TIPSO CO,Me ph/l\? “Ph > =0
c DCM, i, 24h 3,

Ph
4a 2b 71% ee

80% yield

©)

The probable mechanism for this cycloaddition reaction is described in Scheme 2. The

donor—acceptor-substituted cyclopropene maintains a constant source of the reactant copper-
enolcarbene intermediate (5). Nucleophilic addition of the sulfur ylide onto the electrophilic
vinylogous carbon of the metal carbene generates the proposed vinylcopper intermediate (6).
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A striking feature of this pathway, and one not seen in previously reported metallo-
vinylcarbene cycloaddition reactions, is the requirement for displacement of the R,S leaving
group (6—7) rather than addition—elimination that occurs in [3+3]- and [3+2]-cycloaddition
processes, 3] which opens a new cycloaddition reaction pathway and also suggests leaving
group requirements.

The [3+1]-cycloaddition of the metallo-enolcarbenes with sulfur ylides should be but one
example of this class of reactions, dependent on the leaving group. The simple phosphorus
ylide, PhaP=CHo, is unsuitable because of the formation of triphenylphosphine. However,
we envisioned that this reaction could be extended to other stable ylides, one class of which
is stable metal carbenes. The [3+1]-cycloaddition of metallo-enolcarbenes was examined
with a stoichiometric amount of the first-generation Grubbs catalyst 8, which is a stable
metallo-benzylidene ylide.l'%! As indicated in Equation (4), the [3+1]-cycloaddition of
enoldiazoacetate 1a and 8 proceeded smoothly, catalyzed by copper(l) triflate, generating
cyclobutene 9 in 71% yield, while no reaction with 1a occurred in the absence of catalyst.
The success of the transformations of catalytically generated metallo-enolcarbenes with
sulfur ylides and with stable metal carbene 8 demonstrates the potential generality of [3+1]-
cycloaddition reactions between a reactive dipole and a stable ylide.

oTIPS P(Cy)s
CudTtToh, 1ipso  coOMe
Arcoome . ’R%Jg/ Ph (5mol%) _
N, C bcy);  DCM,40°C.8h s
1a 8 9
1.2 equiv. 1.0 equiv. T1% vield

4

In conclusion, we have established the viability of highly stereoselective [3+1]-cycloaddition
processes. The reaction between B-TIPS-protected enoldiazo compounds and nucleophilic
sulfur ylides, catalyzed by a chiral copper(l) triflate/double-sidearmed bisoxazoline complex
catalyst, produces highly functionalized cyclobutene products with high enantio- and
diastereocontrol in good yields, and we have shown that this [3+1]-cycloaddition strategy
between a reactive dipole and a stable ylides has a promising generality.
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TIPSO CO,Me

3a

Figurel.
ORTEP diagram of the X-ray crystal structure of (/)-methyl 4-benzoyl-2-

(triisopropylsilyloxy)cyclobut-1-ene-carboxylate 3a.
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a) Ring expansion and formal [3+1]-cycloaddition (ref 10a)

R - . COOEt
RC eyl j S |
COOEt + ;
)}r Z:NZ e i R2 4
N, R R2C R’ R R
| RS | 48-73%

R
base
SMe, —
x)ﬁf OR Ph)K/ >

@)

O 65.85%

c) This work: catalytic reaction of metallo-enolcarbene with ylides

OSiR; R3 Cul R1 OSiR;
1 2 u
R~ COOR + >:ZL,, | +2ZL,
R4 Rs; 2
N, R4 COOR
Scheme 1.

[3+1]-Cycloaddition reactions.
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R! OTIPS OTIPS
I R E
R2 \\"
~\(\D 5 E [Cu] 1N,
®
R OTIPS
OTIPS E
R? ~E R1\%WE vl R1
T [Cul +[Cu] H
7 ) 4 OTIPS
SR kSRz
Scheme 2.

Mechanism of [3+1]-cycloaddition with enoldiazoacetates.
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Table 2

Scope of the asymmetric [3+1]-cycloaddition reaction of enoldiazoacetate 1 with sulfur ylides 2./4/

, OoTIPS . o gt CuOTFToli(5mol%) TIPSO S OR?
R \//'YCOZR 4 EU\,.é\ \ L6 (6 mol %) = )
R R DCM, rt, 24 h ! ‘F,.O
1 2 3 R
TIPSO CO,R?
-
Ar

Yield@6)/2  eeo)lC]
3ale 1] 72 83 (R?=Me, Ar=Ph,R*=Ph)
3b: 81 72 (R? = Me, Ar = 4-CICgH,, R* = Ph)
3c 82 70 (R? = Me, Ar = 4-BrCgH,, R4 = Ph)
3d: 73 73 (R%=Bu, Ar = Ph, R* = Ph)

TIPSO, CO;Me
i
" Arf’

Yield©o)2!  eq)le]  drld
3e 74 93 >20:1  (Ar=Ph,R*=Me)
3f: 80 93 16:1  (Ar=4-MeCgH,, R* = Me)
3g: 82 98 141 (Ar=4-MeOCgH,, R* = Me)
3h: 72 99 >20:1  (Ar = naphthyl, R* = Me)
3i: 80 95 18:1  (Ar=4-CICgH, R* = Me)
3: 74 97 >20:1  (Ar=4-BrCgH,, R* = Me)
3k: 86 96 1511 (Ar = 2-thiophenyl, R* = Me)
3l 58 97 16:1  (Ar = 4-CNCgH,, R4 = Ph)

[a]Reaction conditions: 1 (0.24 mmol, 1.2 equiv) in dry DCM (1.0 mL) was added to a 1.0 mL DCM solution of 2 (0.20 mmol, 1.0 equiv),

CuOTf-Tol1/2 (0.01 mmol), and L6 (0.012 mmol) under N2 within 1 h.
11,
[C]Enantiomeric excesses determined by HPLC analysis with a chiral stationary phase.
I/
el

i

Reactions performed for 48 hours.

ield of isolated product 3 based on the limiting reagent 2.

iastereomeric ratios were determined by 14 NMR analysis of the reaction mixtures.

eactions performed at —20°C.
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