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As part of our studies on the design and development of new Table 1. Screening of Ligands?

metal-catalyzed reactions, we previously reported the first examples mE
- iti i R [Rh(P--P)I* R OO Phy

of metal-catalyzed [5+ 2] cycloadditions of vinylcyclopropanes 7z Sora (10 i) : R solv

(VCPs) andr-systems.Rh(l) catalysts have proven to be the most ¢ \/\Jl;» o RH

general for this procegayorking for both inter and intramolecular 0.01 Min DCE B Oe g; Ssolv
cycloadditions, the latter with alkynes, alkenes, or allenes as the 1R-H 2R-H 2
2-r component. In addition to commercial Rh(l) sources, we have  3R=Me 4R=Me [((R)-BINAP)Rh]*
reported areneRh(l) complexes that catalyze these reactions in entry substrate, ligand (P—P) temperature conversion _ee

minutes at room temperatdrand a water-soluble Rh(l) complex 1 1, (5.5)-DIOP It 80% 28%
that effects the reaction in water without organic solvérithie ; i (ﬁ’?‘%‘\ERBSg E}(I)SS ;8 g >ggz’ ;;Z’
application of this new reaction class to many targets of biome- » (RR)-ELEt- o Zo el
icinal i tanc@’ requires a solution to the problem of control- 1 LGSBORP 0 o P
dicinal importa quire thep ) 5 1,(R)-BINAP’ rt 5% 69%
ling absolute stereochemisttyToward this end, we describe a 6 1, (R)-BINAP 50 °C >99% (96%)° 60%
comparative evaluation of several chiral catalysts found to effect 7 1, (R)-tol-BINAP® rt 15% 66%

this process, evaluation of a preferred catalyst with substrates
O O e o e e O Y BLE L2 deostons. Comon
excesse2.9.5% for several systemsand a predictive model for and ee were measured by%ac. ' '
the selectivity.

In a preliminary study of catalystd,we previously observed  Table 2. Asymmetric [5 + 2] Cycloaddition Reactions®
that the use of [Rh(,),Cl], modified with silver triflate and$S)- entry _ substrate cycloadduct conditions yield, ee
bis(diphenylphosphino)butane resulted in moderate enantioselec-

R R
E D

tivity (up to 63% ee) in a single substrate studied. Subsequent E 4 @
investigations (unpublished) with other substrates and this catalyst E X E H

system produced similar results often with poor conversions. To | 7R =Me 8R=Me 70°C,2d,005M  72%, >95%"
address these selectivity and efficiency problems, we have more 2 9R=CH,0Bn 10 R=CH,OBn 70°C,2d,0.01 M 80%,>99%"
recently conducted a screen of catalyst systems using the readily 3 11R=H 12R=H  50°C,1.5d.0.03M 73%, 52%"

available VCPL as a test substrate (Table 1). The modest selectivity ~7 H
observed for this tethered ene-VCP contrasts the high enantiose- TSN\/\JB TsN\/:Q
lectivity observed with some chiral catalysts in rhodium-catalyzed ]

[4 + 2] cycloadditions of ether tethered ene-diehd&vertheless, 4 40-60°C,8d,0.01 M 90%, 96%*

13 14

while the selectivity with substrate and its methallyl analogue E 7 E 5
(3) were modest, the conversior §9%) and yield (96%) for the E N E)<:Q

formation of 219 with [((R)-BINAP)Rh]" SbR~11 observed in this f

16

screen were sufficiently encouraging to warrant further investigation 5 15
of this catalyst system. <
. . . X
Structure-selectivity studies for a range of substrate variations \/\JX
with the BINAP catalyst are summarized in Table 2. Significantly, 6 17 18 X =TsN 1,2d,0.01 M 87%, 56%"
high yields and excellent enantioselectivities are obtained in several 7 19 20X=0  70°C,2d.0.01M  95%.22%"

cases, most including synthetically versatile sulfonamide and D ed by GCP D ed by HPLC. Prom/h |

H H : etermine Yy ® Determine Yy , 1-Pr exane eluent,
malonodiester groups. For example, reaction of VCBearing a o, pa paK AD column. ¢ Determined by GC following treatment with
methyl group at the internal carbon of the alkene (entry 1) proceeds m.cpBA.  Conversion determined by GC; 10 mol % excess BINAP was
with high selectivity £95%). The benzyloxymethyl-substituted used.e Conditions: 10 mol % [Rh)-BINAP)]* Sbks~. E = CO;Me.
alkene9 reacts with similarly high selectivity99%). In contrast  Substitution on the cyclopropane also favors a highly selective
and providing information on the stereochemistry-determining step process. Reactions of tethered alkyCPs were less selective
of this process, VCR1, which possesses a hydrogen on the internal than alkenes with this catalyst (entries 6 and 7).

70°C,6d,001 M 92%, 95%°

alkene carbon, provides cycloadddin only modest selectivity, Preliminary mechanistic studies revealed that the enantiomeric
similar to that found for the analogously substituted sysferim excess of the produc8) is constant over the course of the reaction.
addition to substitution effects, the substrate tether is also found to Furthermore, the product enantiomeric excess is proportional to that
influence the selectivity. For example, in contrast to VOPVCP of the catalyst. These observations are consistent with a mechanism

13 affords a cycloadduct in high yield and enantiomeric excess. that involves a single catalytic species bearing 1 equiv of BINAP
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Scheme 1. Proposed Model for Stereocontrol

I: cleavage first

II: cleavage second

Scheme 2. Stereochemistry-Determining Steps

Favored
(Major)

Disfavored
(Minor)

throughout the reaction. The absolute sense of induction was

established by an independent eight-step synthesis of cycloadduct

(+)-2 from ethyl-§)-3-(2,2-dimethyl-1,3-dioxolan-4-yl)H)-2-pro-
penoate (see Supporting Information).

A mechanistic model for the observed sense of induction is
outlined in Schemes 1 and 2. The reaction begins with coordination
of the VCP to the [(R)-BINAP)Rh]" cation. The proposed structure
of this intermediate is based on X-ray data folRBINAP)Rh-
(nbd)I" (nbd = norborna-2,5-dien&) from which the nbd ligand
has been removed and replaced viitScheme 1a). The alkene-

VCP fragment aligns itself so that the bulky cyclopropyl and alkenyl
R groups are pointed away from the forward-leaning phenyl groups
of the BINAP ligand (indicated by bold icons &). Two pathways
lead froma, differing in the sequence of cyclopropane cleavage
and oxidative coupling. DFT studies of an ethyne/VCPH{%]
reactiot? suggest that the step following VCP coordination is
cyclopropane opening to givie (sequence I, also illustrated in
Scheme 2). €C bond formation follows to give, from which

the cycloadduct is formed by reductive elimination. A complemen-
tary argument can be made for pathway Il proceeding thrdaigh
(see Supporting Information).

Scheme 2 illustrates the favored and disfavored stereochemistry-

determining steps for sequence |, the DFT-preferred path. Stereo-
chemistry would be set irreversibly in the conversiorbdbd c, so

the relative energies for the transformationsadb c and diab to

diac would dictate the sense and degree of enantioselectivity.
Examination of models of intermediatésand c in the favored
pathway indicates little destabilizing interaction between the
substrate and ligand. In contrast, in the disfavored pathway,
destabilizing interactions occur in diaand persist in the product
diac. One of these interactions is between alkene substituent (R)
and a phenyl group of the BINAP ligand. This is consistent with
the observation that increased steric bulk at this position gives higher
enantiomeric excesses. This model is also consistent with the high
selectivity observed for methyl-substituted VAB in which a
methyl group would be placed in a space unencumbered by the
ligand in the favored starting complex (and transition structure)
but would be placed in a sterically occupied space in the disfavored
path.

In summary, the first catalyst system for effecting asymmetric
[5 + 2] cycloadditions of alkenes and VCPs is described. High
yields and high enantioselectivities are obtained with several
substrates differing in substitution of the reactive functionality and
in the tether. The best results are attained with tethered alkenes as
the 25t component. Further studies involving the selectivity of the
[5 + 2] reaction are ongoing in our laboratories.
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