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In 1966 Nozaki, Moriuti, Takaya, and Noyori reporied the first enantiocontroiled cataiytic
intermolecular cyclopropanation reaction.] Using a salicylaldimine ligand for copper(Il) that possessed a
pendant 1-phenethylimine (1), 6% enantiomeric excess was obtained in the major product from
cyclopropanation of (eq 1) with ethyl diazoacetate (EDA). This was the first reported use of a chiral catalyst
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elaborated salicylaldimines of Aratani (2), a student of Nozaki, whose catalyst applications at Sumitomo4-6
culminated in the highly enantioselective synthesis of ethyl 2,2-dimethoxycyclopropanecarboxylate (eq 2)
that was incorporated into the commercial production (with Merck) of cilastatin.”

H
L Me Me Me H
NN )\R \ N,CHCOOE! >A< —_— @)
K)\O'CU'O/\\R v 2 M¢ COOEt
>)2 92% ee
2
O,(/an Me o HOOC Hﬂj
PSS
=__2=\ Me NH COOH
R W4 o}
\Bul cilastatin

The next major advance in chiral catalyst design was the contribution of chiral semicorrin ligands (3)

for copper by Pfaltz8 These catalysts were found to provide even greater enantiocontrol for

cyclopropanation of monosubstituted olefins (eq \9 10 than did the Aratani catalysts, but, unlike the Aratani
CN 3/ (CH,CI
Ph_/ + N,CHCOOR D, 3)
(’“‘T S "‘\ 60 - 70%
NN Ph COOEt COOE
N 7\ )
+
id > UL “om )
3 Ph
(18,2R) - cis (18,25) - trans
% ee (cis) trans . cis % ee (trans)
R= FEt 80 73:27 92
Buf 92 81:19 93
d-menthyl 95 82:18 97
/-menthyl 90 85:15 91
with (R)-2: /-menthyl 54 R6:14 69
with (S)-2: d-menthyl 78 (1R2S) 84:16 81 (1R2R)

catalysts, their effectiveness was low with 1,2-disubstituted aikenes or trisubstituted aikenes, presumably for
steric reasons.!! In the course of these investigations, copper(I) was found to be the catalytically active
oxidation state, and the catalyst was understood to possess only one, and not two, chiral semicorrin ligands.10
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With the advantages of semicorrin ligands for copper firmly established, Masamune, 12 Evans,13 and
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direct access to the (bis-oxazoline)copper catalyst by in situ mixing of the ligand with stoichiometric amounts
of CuOTf (Tf = CF3802).13 The gem-dimethyl derivative 6, designed by Evans, has proven to be the most
widely used chiral bis-oxazoline; with isobutylene and EDA, catalysis with CuOT{/6 yields ethyl 2,2-
dimethylcyclopropanecarboxylate (eq 2) in >99% ee.13 Masamune has shown that the effectiveness of bis-

oxazolines for cyclopropanation of variously substituted olefins depends on the bis-oxazoline substituent
(e.g.. eq ).
l"le Me Me
u
Me[_\=< + N,CHCOOR ———2—» Me _\V< L Mé =\v< (5)
b CH2C12 Y Mo Y Mo
Me i AV i 1VIN
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Unlike catalytic epoxidation or aziridination reactions of simple alkenes where enantiocontrol is the

only stereochemical differentiation, synthetically effective intermolecular cyclopropanation requires both

diastereocontrol and enantiocontrol. High diastereoselectivi

t tiocontrol. Hig ivity for the trans isomer can be achieved with the
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h1g,h diastereocontrol is directly provided with the C2-symmetric 2,6-bis(2’-oxazolin-2’-yl)pyridine (pybox-
Pr) complex of ruthenium (9) reported by Itoh, Nishiyama and coworkers (eq 6).1’ 18 However, the
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ruthenium catalysts are less active than are copper catalysts towards carbene transfer, and their applications
arc more limited so that high product yields are achieved only with conjugated alkenes. The enhanced

B
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ol
N, i
3/ “*Ru” R R COO-I-menthyl
Pr nl/ i Pr +
Ci : Vv NV
HzC:CHz COO-/-menthyl
9 (1R,2R) - trans (1R,2S5) - cis
yield, % % ee (trans) trans . cis % ee (cis)
R= Ph 87 95 95: 5 76
(11~ Dh A8 Q7 o . 7
AL E - J 71 =4S N -
PCsHig 54 98 52:8 94
Me>CH=CH 86 98 79 : 21 79

stability of the ruthenium carbenes has allowed the isolation and characterization of stable carbene
complexes.19-20 Because the carbene is transferred from ruthenium to an alkene, the observation of metal
carbenes demonstrates that they are intermediates in the catalytic cyclopropanation reaction.

Chiral dirhodium(II) catalysts with carboxylate or carboxamidate ligands have recently been developed
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Scheme 1
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and Hashimoto/Ikegami (12)30  for tetrasubstitution around the dirhodium(ll) core, but their

enantioselectivities in intermolecular reactions with simple alkenes have been marginal.

0
zZ =
BZ h I/’\I( B ¢
R - R} ﬁ‘f‘N g VJ H\."‘/N\/“\/
/’I\ /J\ of Q0 /J‘\ ”
70 0 >0
Rh™Rh” Rh™Rh” Rh=—Rh~
“1 7 “ 7 “ 1 7
10 11 12
R = H, Me, Ph, OH, NHAc, CF3 Z=H R = PhCHj, Bu!
Chiral carboxamidate-ligated dirhodium(IT) compounds have been designed and developed by Doyle

p—rt

and coworkers.3! In these compounds the dirhodium(II) core is bound to four carboxamidate ligands so that

2N and 20 atoms are bound to each rhodium with a cis array (13); the chiral center is the carbon atom
adjacent to the ligated nitrogen (14), where A is the attachment to the chiral center).32

0 0 o A
o—th (N O—Rl'h—N O——R|h ’NL
—C , —®
AN A N AN
R-14 13 s-14

Four different classes of carboxamidate ligands have been reported, the most effective being those with
carboxylate ester attachments (A) to amino acid-derived 2-oxopyrrolidines (15),32 2-oxooxazolidines (16),33

0" N TCOOMe (O N~ Y“COOMe 0” N TCOOMe Q v
bt T AT LT
kg e 17 2
15 16 17 18
Rhp(55-MEPY)4 Rhp(45-MEOX)4 R =Me: Rh>(4S-IBAZ)4
Rhy(4S-MACIM)4
R =PhCHCHj

RhH(45-MPPIM) 4
T\ Fomr VU4
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iazoacetates3 1 provided lower stereocontrol than that of the

a.
o]

reactions between styrene and /- or d-menthy
Aratani catalysts (eq 3).

As might be expected, the tests for catalyst effectiveness in intermolecular cyclopropanation reactions
have focused on three olefinic substrates, each of which has commercial applications (2,5-dimethyl-2,4-
hexadiene, eq 5, and isobutylene, eq 2) or can provide analytically convenient analyses (styrene, eq 3). Chiral
copper catalysts, especially those constructed with bis-oxazoline ligands were found to be more effective than

those of rhodmm in producing the highest levels of enantiocontrol. However, diastereocontrol provided an

writh wardaial
willh wWiicn

iy PR Aant advran~an wrm Fmmiromd e Aantalirate and o
lUIUgy. LVlUlC ICLCIIL aUuvalilod 11avo 1ULUStU UIL Laldaiyosily alid >
total stereocontrol could be achieved. Intramolecular cyclopropanation, which avoids the formation of

diastereoisomers, is currently the most advanced methodology for complete stereocontrol.

II. Intermolecular Cyclopropanation Reactions

qunlvcfc ave heen farmulatad with antically active hinvridine Lioande 110136-38 the asm_dinhanvul_hic_
“LL‘.IJ DL HIAYWw UVUwwii AVIIIIWIGYWNS YYiwul Uy\l\(ull] GwiilYw Ull.l] LiNdillw IISNA\JQ \A s} [ 39 L8 b(«"l ulyll\«ll 1Tu1o
oxazoline analogs of the Brunner/Nishiyami Pybox-ip (20),39 bis(pyrazolyl)pyridines (21),40 and chiral 1,2-
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et has haneaa seam o ismrnnstant fae vlida canaratiann/ingartinn 42.
SYSLCHI Ik DCLUILG 11IVIT 111 Tialn 101 y1iuc gliiauuiy iisiiuun. 5
H
Ph CuOT#/ 19 (n = 1, R = TMS) Ph |
{ >
\=\ + N,CHCOOBU e > (7
AT
Me 272 H Me 'COOBY
54%
>99% ee (15,25,35)
24% ee (1S,2R,3R)
trans/cis (to Me) = 40 : 60
Neither 2039 nor its simpler pybox-ip hgandlg or 2140 provide stereocontrol that is competitive with

19 or the semicorrin and bis-oxazoline ligands. Similarly, a tartrate-derived bis-oxazoline (23) ligand gave
only modest enantioselectivity for the cyclopropanation of styrene,"" but higher levels of enantiocontrol
might be observed with more highly substituted alkenes (e.g., eq 5). In addition, ligands having C3 symmetry
are highly specific in alkene cyclopropanation reactions, but they exhibit no advantage thus far for enhanced
enantiocontrol. 43, 46 Aza-semicorrin ligands, especially 24, provide high enantioselectivities in the copper(l)

Me, Me 7
X l‘."e
¢ p
| H
[ :
N—~N N\( \‘
3 L TMSO A ' OTMS
Ph Ph
23 24

catalyzed cyclopropanation of styrene by d-menthyl diazoacetate (99% ee for the trans isomer), but
diastereocontrol is only modest (trans: cis = 84:16). 47 However, (2 symmetri 22 with Cu(QOTf)» (gaml

A Aingt 4+
ana aiasiereocontiro

ation of styrene with d-menthyl diazoacetate,
with more highly substituted alkenes, including 2,5-dimethyi-2,4-hexadiene, stereocontrol was inferior to that
provided by either the Aratani catalyst or Masamune's bis-oxazoline 5 (eq 5). A Cp-symmetric bis(aziridine)
was found to be moderately effective for asymmetric cyclopropanation of styrene but not to the level of 22.48

Reissig has examined enantiocontrol for the synthesis of donor-acceptor cyclopropane compounds (eq
8) with a selection of catalysts.#9-51 As seen in these results, the Cu(I)/bis-oxazoline systems provide the
highest % ee’s or diastereocontrol, but not both. There have been few comparisons among chiral catalysts
that allow one to distinguish unique control features appropriate for either or both, enantiocontrol and

diastereocontrol.
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IOTMS AT A\

=/ + N,CHCOOMe —— i ANy (8)

* TMSO™ COOBY

ML, yield, % trans : cis  %ee (trans) %o ee (cis)

3 43 75 : 25 33 12

2a 53 72: 28 30 30

5/ CuOTf 50 >97: 3 11 -

6/ CuOTf 55 66 : 34 73 76

9 44 72 : 28 41 13

15 35 43 :57 <5 24

IModified Aratani catalyst with R = 2-MeOCgH, and benzyl, rather than methyl, at the chiral center.

B.  Chiral Dirhodium(lI) Catalysts
As reported in the Introduction and suggested by the data for 15 [Rhp(5S-MEPY)4] in eq 8, chiral

Tiantad Aiulh o A aeas I TIY Anntnlarnt 1@ it Anley avhilhito hink anantinnanten]l anmanialley Ffae tha ~io tonman ket 2laa
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produces the thermodynamicaily less stable cis isomer as the preferred product.33 Curiously, the size of the
ester R group has little effect on diastereocontrol.
A R
/ 18 NPAN /\ (9
==/ + N,CHCOOR W + )
2 COOR R COOR
R= (c-CgH11)2CH
A= Ph 77% ee 34: 66 95% ee
MerC=CH 66% ee 46 : 54 91% ee
Ml ot ob s cncne shees hioh Taoale of aeamdlmomrdes] o Lane arbhisond aws te wamat:~ma AL
WLICT NOEDIC CadUy WIICIC 1HEH ICVCLS U1 Cl1aluOCUINIOL 1IdVe Dol aClHicved darc i reacuons ol
. 3 L. . PN 2 1 oo 'R h . . N - L 4 " ~ .
aryldiazoacetates (eq 10)2:33 and of vinyldiazoacetates (eq 11).5%55 For these substrates the preferred
Ph, Ph.__COOMe  ppy Ph =\ Ph Ph = . COOMe
_ + \n/ Rilglg | + (10)
N COOMe Ph
E z
RhoLj4 solvent yield, % E %ee E:Z
11 (Z = Bw) CH>Cly 77 61 97:3
pentane 73 85 9 :4
25 CH)Cly 63 77 95:5
pentane 69 75 94:6
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or n-dodecyl group, 11 produces higher product % ee in pentane than in CH2CI2, and because this solvent
effect is not observed with the rigid dirhodium(Il) carboxamidates, including 25, Doyle and McKervey
concluded that pentane influences the alignment of prolinate ligands on dirhodium(Il) to increase
enantiocontrol.>2 For reactions of 26 with monosubstituted alkenes, enantiomeric excesses of 59%
(EtOCH=CH3) and higher, but generally at or greater than 90% ee, are observed at room temperature in

pentane; when performed at -780 C, even higher % ee values, including 93% ee for ethyl vinyl ether, are

obtained.>>

Rh,(4S-MBOIM),

Corey has employed this methodology for the synthesis of the antidepressant sertraline (27),36 and
. . is of

unctionalized tronanes (28)37 and to the
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C. Other Chiral Catalysts
The contributions of Nishiyama and Itoh using RuCly(Pybox-/Pr) has offered the most significant

=
R
I N

or intermolecular cy_,!gnrnpnn ion (e
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monosubstituted. Electron withdrawing substituents at the 4-position of the pyridine ring increase catalyst
reactivity without diminishing diastereoselectivity, but enantioseiectivity is affected (p = 0.5).> 9

Kodadek’s “Chiral Wall” (30a) and *“Chiral Fortress™ (30b) porphyrir1560'62 have been designed to
achieve enantiocontrol in catalytic cyclopropanation reactions, but selectivites were moderate to low (< 60%

ee), although turnover numbers were high and diastereoselectivity for cyclopropane formation favored the

Ar
T Mg
Non ] N N

30a: Ar= 1,1 -binaphthyl-2-yl 31 (R = H, Me, Bu)
30b: Ar = 1’-pyrenyl-1-naphth-2-yl

cis/syn isomer. The aryl groups are apparantly too far removed from the carbene to strongly influence

Katsuki has reported the use of Co(ill)-salen complexes (31) for asymmetric intermolecular
cyclopropanation.63 Using fert-butyl diazoacetate, styrene yielded, preferentially (>94:6), the trans
cyclopropane diastereoisomer in 69-75% ee. With 31 having R!= ‘Bu or Me there was no cyclopropantion,
but when R4 or R®> = Bu or H high diastereocontrol and moderate enantiocontrol were observed.
Surprisingly, methanol catalyzed cyclopropane formation, but the reason for this effect has not been
established.

I1L.
A. Background
Nozaki and coworkers were the first to report enantiocontrol in an intramolecular cyclopropanation

reaction.2 Using a chrial salicylaldimine from phenylethylamine, they achieved 8% ee in the reaction of allyl
diazoacetate or a diazoketone (eq 12). Further improvement using a modified chiral salicylaldimine was

Ph Ph\ Lo H
J e
cyclohexane Y (12)

-
\"/L’2 64 o}

/

O 8% ee

o
BN

<
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provided by Hirai and Matsui,04 who were able to achieve 34% optical yield in the construction of
b dennhevaanthamnlastan Nanhan emnlaved the Aratani chiral salicvlaimine conper catalvst (benzyl
J 1 LFAGUUVLL VLIV WA v SR duiail Wialise Oy rr J \ -y

instead of methy
13),85 and he was able to achieve up to

J 2R-Bo) /-—(/ (13)
Y

e el VA s A P P

o *at 1 1 x -~ T _at 1 24l 4L + Lol .
/7% ee with diazoketone 3Z. rnantocontrol wiin i€ nexit migner

benzene
T 54% J
0 O
32 77% ee
homolog fell off to 29% ee, and with the corresponding diazoketoester, cyclopropanation products were
formed in good yield but low % ee values.
1. PO STy L. S PV pros PV -

Surprising from the standpoint o attention was given to asymmetric
cataiytic intramoiecuiar cyciopropanation prior to 1990. Uniike intermolecular cyclopropanation where
diastereocontrol is an important but elusive consideration, in the intramolecular process only one
diastereoisomer can be formed. Preliminary data using chiral salicylaldimines were disappointing, and even
semicorrin-ligated copper(l) complexes were reported to give only moderate levels of enantiocontrol with

diazoketones such as 32.11

~1
-

ium( have proven to be the singularly most selective
L1 ) P [ 1 1 1 v L. ~ o . e .. KA = N
catalysts Ior iniramoiecuiar cyclopropanation reactions oi diazoacetates and diazoacetamides.™ In the

simplest case, allyl diazoacetate, use of Rhy(5S-MEPY)4 and Rh)(5R-MEPY)4 in amounts as low as 0.1 mol

A 0.1 mol% I 0.1 mol% A
6\, _ Rhy(SR-MEPY), K Rhy(5S-MEPY), (S
) ami® - CH,Cl, O.__CHN, CH,Cl, o 0—{ (14)
0 72% T 75% 0
(15,58) © (1R,55)
95% ee 95% ee

D I
N AN \\11
/. J N
A et ! Rh,(55-MEPY),
0" "N” COOMe —> (15)
I I

ol O CHN, CHyCl, 0—
AR I 73 - 88% 0
) > 94% ee
Rhy(55-MEPY),

R = Et, Pr', isoBu, Ph, Bn, (Bu"),Sn, I
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catalyze the formation of the enantiomeric 3-oxabicyclo[3.1.0Jhexan-2-ones in 95% ee and in good
Substituted allyl diazoacetates undergo intramolecular cyclopropanation with similar high enantiocontrol.
With cis-substitution ail substituents examined thus far provide = 94% ee (eq 15), independent of size, with
catalysis by Rhy(5S-MEPY),. The frans-substituted allyl diazoacetates show lower % ee values in reactions
catalyzed by Rhy(MEPY)4 catalysts (eq 16), but the sterically more restrictive Rhy(45-MPPIM),
increases enantiocontrol to > 95% ee.67 High enantiocontrol has also been recorded for trisubstituted ally!

Ph O
_\_< l/ R H\A.\“\R
N— | Rh,L*,
_—_—_—_—»
A IH ¢ CH,CI AN (16)
07 N7 YCOOMe 0. .CHN 2+ \
| | 7 ) T 61-93% TN
RhZ-Rh T (o}
“ 7 0
Rh,(4S-MPPIM),
DL ST NAT DU TL _/AC AADNTR 42\
NIZ\JD‘l\ﬂDF X )4 I\ﬂz\‘h)'l\’lrl"ll\/l)ll
R=Ph 68% ee 96% ee
Me 85% ee 95% ee
diazoacetates, including those derived from nerol and geraniol.66 Even methallyl diazoacetate and its ”"Bu
__nalgg exhibit hlgh enantiocontrol for cvclonronane formation with the use of Rha(4S_MPPIM\ . (g 17) 68
J r r LA VTALAL VAW LW WA lulz\ ThJ AVYAA i ll'll4 \U\-l F vl I,
but with these substrates the absolute configuration of the cyclopropane product is opposite (15,5R) to that
from cyclopropanation of other allylic diazoacetates (IR, 55).
)
K
| A
N Rhy(4S-MPPIM), AR
| - — IRiiiii 7 (17)
O-_-CHN, CHyCl, o
g 75 - 82% 0
0 (18,5R)
R= Me 89% ee
hBu 93% ee

A comparison of chirai cataiysts for intramoiecular cyclopropanation has demonstrated that
dirhodium(II) carboxamidates are superior to copper(I) or ruthenium(Il) catalysts (Scheme 2).68 Methallyl
diazoacetate, which undergoes highly enantioselective cyclopropanation catalyzed by Rh>(4S-MPPIM)4 (eq
17), also undergoes the same highly selective reaction with CuPF¢/6 (87% ee), but Nishiyama’s Ru(Il)
catalyst 9 is unreactive towards this diazo compund. The influence of the metal and its chiral ligands in these

reactions has been discussed.06:68
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o -0 ~ 0 "0
% €€ % ee? % ee? % eed
CuPFg/ 6 20 13 (29) (37)
9 - (76) 78 21
Rhy(58-MEPY)y 95 95 85 94
Rh5(4S-MPPIM)4 - - 95 -
INumbers in parantheses signify enantiomer of opposite configuration

Scheme 2

Several pharmacologically relevant compounds have been prepared using this methodology with either
or both Rhp(55-MEPY)4 and Rh2(5R-MEPY)4. Martin has prepared nearly enantiomerically pure 1,2,3-
trisubstituted cyclopropanes in conformationally restricted peptide isosteres (Scheme 3) for renin (33)69 and

collagenase’0 inhibitors. Poulter has reported the synthesis of optically pure presqualene alcohol (34) from
farnesyl diazoacetate in high yield. In addition, the products of allylic cyclopropanation reactions are
L CoL G TD T 73
synthetic precursors to cis-chrysanthemic acid’ = and 1o th€ pheromone K-{-)-dictyopierene. '~
R}
U K U
thZ(SS-MEPY)4 96%1 Rh,(5R-MEPY),
Y |

K\'.“\‘\R] v\/\/\/l/,‘,/ Me

(q I I

O0— =>%%ee O  >94%ee
|

e

b :

C

{

AR - <N H
o ) O (’ OH PN <
RY R, (D OH

33, renin inhibitor 34, presqualene alcohol
Scheme 3



7932 M. P. Doyle, M. N. Protopapova / Tetrahedron 54 (1998) 7919-7946

Relative to allvlic diazoacetates, there is a moderate reduction in enantioselectivity with the use of the
Rh iMEDPVY), catalvets in intramolecular gvnlgnrgn;m_a,i@n reactions of homoallylic diazoacetates (eq
INLE \AV.IJ_AI 1}4 \«ul.“.lJ T Aax AAANE VRALZAN AW W WA A g r il 7
1or 0674 11ccniinn 0/ an vahioe ara lace cnthiart ta the cithetititian nattern of the carhan-carhon douhble
10). ? FAOWEVEL, 7o €C VaIuts art i€35 SUYJCCL 0 Uil SUUSULULOL patitill U1 tib LalivLimlaivon: SUBILY
!
R . )
; | R aWR
R‘ YA
#Z “R¢ i,
o n 'lllll
4S5-MPPIM :
RhZ( S )4 (18)
CH,Cl, Y
0. CHN, 0——&
| o]
ey
v
R! R¢ R yield, % % ee
H H H 80 71
Me Me H 74 77
H Ph H 73 88
DL I I £8 T2
il Il Il [ e 1
Y T Ty [+ 7Y nn
A Kt ov 4V
Et H i 6 82
H H Me 76 83

bond. Furthermore, other chiral dirhodium(II) carboxamidates did not improve enantiocontrol in this
system as they did with allylic diazoacetates. 67 with allylic a- dlazopropxonates lower enantiocontrol was

also observed (eq 19), 75 but % ee values in est for intramolecular

runlanrananatinn nf diaznactare in which tha emall hvdracen af diaznacatate wac reanlaced hy a larasr methyl
- \dlu}]luymlul‘lull IR AIGLAWOLWE D AR VY AIEWIE BIkW Jitidini 11! u;usuxl Vi viGovavviawvw vyvao lvyl“\/\/“ v “ lmb\dl EERINVLILY X
crileaditziamts 1T Lo dansne smnirvmntinm funmn tha tmather] vunsiem szrno thin smwianisan] Antavovadiom man dl ne
SUDSLILUCTKEL, l,L-H_yUK BU 1 lllsl LIUIL LTOIL LT THCULY 1 51Uu wdad L11c Pll lblpal LCOHIPTUIE 1TACliVIL
RC R! RL
Y \'.“\\R
N - tMe (19)
0\* CH,Cl,
Me 0 >
1 0
v
nt nr s 1.1 07 oz
Kt K" yiela, o 7o ee
Me Me 81 71
npr H 62 85
H hpr 46 52
N-Allyl- and N-homoallyldiazoacetamides also undergo highly enantioselective intramolecular
cvelanrananatinn reactinne ecatalvzed hv chiral dirhadinm(IN carhavamidatec In the cimnlect cace Al
wvyLviuv lUl,l(ulullUl]. 1VavLIVILD Uuw)] LN UJ ARLICAR ullllu\.‘kulll\ll} wvaivvAaQllllvalvo ARL MRIN JllllPl\(L"r Wwlhidwe 1V
Atroov 2 a ot L] dh o o nvwn e A crralacemnmmnes AT A nsanlan tia D00/ o o sxrhiae tlan o cmaadiao s
dllleIaL()dLCld 11AC 10TTIICU UIC COULIC PU 1U1ILE byblUplUPd}lC UADA alldlug 11 70 /0 TT HICIL UIC jCalilull wdd

catalyzed by Rhp(4S-MEOX)y (eq )66 However, further extensions with these simple substrates were
limited by competing dipolar cycloaddxtionf"6 With N-methyl substituted N-allyldiazoacetates, however,



M. P. Doyle, M. N. Protopopova / Tetrahedron 54 (1998) 7919-7946 7933

high product yields and high % ee values were uniformly achieved (eq 21) 77 the influence of catalyst ligand
structure on enantiocontrol was evaluated. The N-methyl substituent maximized catalytic intramolecular
cyclopropanation at the expense of intramolecular dipolar cycloaddition.
O A
QR H
0" "N” SCOOMe ~__N__CHN, _ R(SMEOX), 20)
’// S~ ST T A Lol A\ \LU]
Rllkf— th, h CH,Cl, N
g I - I O AN0/L H O
U0
Rm ““Rt
Me
| Rh,(45-MPPIM),
R~ AN -CHN, N @1
R Me” o
R? R€ yield, % % ee
Me Me 88 94
hpr H 93 92
H hpr 88 95
N-tert-Butyl-N-homoallylic diazoacetamides gave results that were similar to those achieved with
homoallylic diazoacetates (compare eq 18 with eq 22).76 Only the Rhy(MEPY), and Rhy(MEOX),4 catalysts
R¢ ¢
| R/ R AR
Rt o R’”’l,
Rh,(5S-MEPY), - o
- 22
1N CHN CHCl KN'J\\ -
Bu i Bu el
o)
Rt Re Ri yield, % % ee
H H H 60 60
Me Me H 75 75
Et H H 62 67
H Et H 94 90
H H Me 87 78
were employed, so it may be possible that higher levels of enantiocontrol can be achieved with the use of

chiral imidazolidinone-ligated dirhodium(iI). Carbon-hydrogen insertion was a competing reaction.
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C. Enan

enantiomers of secondary allylic diazoacetates. Martin and coworkers have described the enhanced
diastereoselectivity that resuits from the configurational match between chiral substrate and chiral catalyst (eq

23).73 A selection of chiral secondary diazoacetates was examined with generally consistent results,

j{\ Bu'a_.wH Hu,, _eBU"
- H N ral iy N [ MC H
Bu"® S CHN Rh,L H
LT e X - [OX @3)
Me” Y07 Y0 = H O O)—o Me
endo, % exo, %
Rhy(55-MEPY)4 >95 <5
Rhy(5R-MEPY)4 40 60

including higher yields with matched pairs than with mismatched pairs (80% versus 39% for eq 23).
Enantiomer differentiation from racemic secondary allylic diazoacetates was achieved with cycloalk-2-en-l-yl
diazoacetates so that, using Rhy(MEOX)4 catalysts, one enantiomer underwent intramolecular
cyclopropanation whereas the mirror image isomer formed the cycloalk-2-enone vig a hydride abstraction
mechanism.’”® This unique form of enantiomer differentiation is exemplified in Scheme 4 by results from

O
Zﬂ%4S‘MEOX)4 R112(4S—MEOX)4/r (g
50% 40% H
H, /—— /~\ (H 94% ee
1S2R.6
NzCHCOOM &)\OOCCHNZ ( >
(-)\ AND/ g (R) (S) ~. SNn/s

0% ~
Z

éﬂ » Rhy(4R-MEOX), Rhy(4R-MEOX), ™= &}:

g
94% ee
(1R,2S,6R)

N e} PN 9) \ A~

A4 4 O
(S O w0 (s
94% ee 95% ee 95% ee 95% ee
Scheme 4
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reactions of racemic 2-cyclohexen-1-yl diazoacetate catalyzed by Rhy(4S-MEOX)4. The match of catalyst
and cuhatrata C with € and with nraoduces the nroduct from intramolecular cvelonrananation. The
and SUOSUHAIC, J WWilll J Gl Il Wilki 41, pPIUMLWLS IV piUGuabl VIR IR GURUIVEALGE Ly vivpaUpa LY

O
i
'\
3
o
=

discussed. 80 Enantiomer differentiation is general for 2-cycloalken-1-yl diazoacetates where 94-
the intramolecular cyclopropanation products are uniformly achieved.
With acyclic secondary allylic diazoacetates the hydride abstraction pathway is relatively unimportant,

and diastereoselection becomes the means for enantiomer differentiation (e.g., eq 24). Here there is significant

N,CH Mo A A n
pa IV1C H
_ >= o _ RhiL, \(S 4
g CACL, N ¥ e @9
\‘a’r O O Me
iviv g
35 endo exo
Rhy(5S-MEPY)4 83 (3 1% ee) 17 (84% ee)
Rhy(45-MEOX)4 70 (70% ee) 30 (30% ee)
catalyst dependent diastereoselection and enantiocontrol, but not to the level that has been achieved with 2-

cycloalken-i-yl diazoacetates. The endo:exo diastereoselectivity varies over a narrow range when the methyl

group of 35 is replaced by n-pentyl, phenyl, or cyclopropyl, but enantioselectivity varies widely.
D. Chiral Copper(l) Catalysts with Diazoketones

The first application of chiral catalysts to intramoleculaar cyclopropanantion reactions of diazoketones
is attributed to Hirai who employed the Aratani catalyst for the synthesis of dihydro-chrysanthemolactone.64

Dauben subsequently applied these catalysts to systems such as 32 (eq 13) with higher levels of
enantiocontrol.®5 It was not until the advent of Pfaltz’s semicorrin-ligated copper(Il) that high
nnnnnnnnnnnnnnnnnnnnn 14 lan arnhivrad DEfalés wamnvtind thnt cametnmesmien nabmlerat B A~ 1.1 Lo RPN [P S
ClldllllUbClULllVlllC\ COUIA DO duillvOu. I'lalits iCPULICU Ukdl SCLIVUITL Cdlaly St 3 COUIU DC USCA 10 dCIHCVE Up o
95% ee with 36 (eq 25);18 however, % ee increased with increasing mol % of catalyst employed u up to
O O
Il 1l ,
CHN, 3
0 (25)
A CICH,CH,Cl, 23°C
N = < N
57%
36 95% ec
< mo 0/ Qiaseemse:ciemler tlan Toassrae Ln.._‘ AL L mn A d el Lo 1.1 P IR . Vg VAR
5 mol %. Dlupl nmgly, i€ 1I0WEr nonioiog o1 Ju pluuuucu the bicyclo[3.1. (}hexan-2-one in onty /3% €€,

sustitution of alkyl groups onto the carbon-carbon doubie bond do influence enantiocontroi (37-39), but in
unpredictable ways. Recently, Doyle and coworkers have communicated the comparable failure of
dirhodium(II) carboxamidates to reach even moderate levels of enantioselectivities with 36, its homolog, or

with 37.82 Extracting high level of enantiocontrol from diazoketones remains a formidable challenge.



7936 M. P. Doyle, M. N. Protopopova / Tetrahedron 54 (1998) 7919-7946

0 0o
A P,

NG 3
Ny ——3—-» 85% ee HN; 2 5 83%-ee ANy = e 24%ce
x AN AN
37

| I 39

o
-]

A thorough study of Cu(l)/bis-oxazoline catalysts for enantioselective intramolecular

LYAR]

s . ~ e . : Y . i sl 1 Pl gq A A SRS A [RS ST R
cyclopropanantion of diazoketone 40 (eq 26) has recently been reported.®> The enantioselective synthesis of

oM 0 OSiEty  Dsiky
CT T A A~ AL cotira RN o
YN N\{ N,HC ~ Y \‘!' CTI,Cl, 0°C - \/l{\ (26)
% N 70% g H
OTMS TMSO
41 | 40 42,92%ee

42 was part of the strategy used in construction of the CD-ring of phorbol derivatives 43. Enantioselectivity

increased with increasing size of bis-oxazoline substituents,

44 45 46, 90% ee
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A~-OH OH

47, sirenin

W

catalysts, including 6 (60% ee) and Rhy(55-MEPY)4 (30% ece), gave lower levels of enantiocontrol in the

intramolecular reactions of 45. -

E. Catalytic Enantieselective Macrocyclic Cyclopropanation
Catalytic cyclopropanantion has recently been reported to be a new and effective methodology for the
et oo e REBE Myl Dolea o I TN TSNPV TPt NPRRE RN
construction of macrocyciic lactones.®-»°° Doyle, Poulier and COWOIKETS nave reporied inat whereas

trans, trans-farnesyl diazoacetate (48) underwent intramolecular cyclopropanantion exclusively at the allylic
double bond (Scheme 3) with the use of dirhodium(II) carboxamidates, including those with chiral ligands,
with the use of dirhodium(Il) carboxylates addition took place solely at the terminal double bond to produce a
13-membered cyclopropane-fused lactone (eq 28).85 High dilution was not required, and macrocycle 49 was
formed in relaltively high yield and with diastereoselectivity that was dependent on the catalyst ligands.

Me vie e} Me
L (\‘\\/-\ 0
0" "CHN, hy(OAc) 1

o )
Me/\Me 63% MCN 7——Me

48 49

-=/_
/
g
)

Subsequent investigation revealed that diazoesters derived from 1,2-benzenedimethanol underwent
intramolecular cyclopropanantion to form 10-membered ring lactones in high yield and, with catalysis by
Cu(MeCN)4PFg/bis-oxazoline 6, high % ee (eq 29).86 With Rhy(55-MEPY)4, 51 was also formed in high

R
Me\ /Me \/ :l{ -
~ N

O~ -0, P QOIS AT Y
N N WA o_am, " N O o
T 4 SN0 CHN, i
Bu' B! 0 O
0
50 51
R-Me 82% yield  87%ee
R-H 71% yield  80% ee

yield (77%), but with only 47% ee; still, enantioselectivity in this case is much higher than the 7% ee that was
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leads to the allylic cyclopropanation exclusively (eq 30). That the success of these macrocyclization reactions
is not due solely to entropic factors associated with the Z - geometry of 50 and 52, the ethylene analog of 52
underwent macrocycization in reactions catalyzed by Cu(MeCN)4PFg/6 (43% yield) to form the
cyclopropane product with 91% ee.

Me
N Me - ) A H
- ] ML, . /\ﬂ /\M \/’\ O/Y
~o” —_— || = + M (30)
| o CH,Cl, 0] e
CHN
~~ 2 i o
Il 0 N
h ~r
|\
52 53 54
CuPFg/6 43% (87% ee) 19% (41% ee)
Rhp(55-MEPY)y 0% 84% (96% ee)

Further exploration of the extent of macrocyclization detailed the amazing selectivity achieved in the
cyclopropanation of S5 which offered for the reacting carbene competition between formation of 10- and 15-

membered rings through cyclopropanantion, (Z)- versus (E)- cyclop

,,,,, Fallalitiull, vEialla

selection. With catalysis by Cu(MeCN)4PF¢/6, however, only one product is formed (eq 31) and in
highyield and exceptional chemoselectivity, regioselectivity (>50:1), dias astereoselectivity (>50:1), and

» é é (31)

55
& 56 90%ee

enantioselectivity (90% ee).86 This preference for 15-membered ring formation is due in large part to the
difference in relative reactivity between a methallyl double bond and the cis-2-buten-1,4-diyl double bond,
but the formation of a 15-membered ring with significant enantiocontrol and in such high yield without

e

resorting to high dilution techniques is extraordinary.
IV. Intermoiecuiar Cyciopropenation Reactions

Catalytic decomposition of diazocarbonyl compouds in presence of alkynes yields cyclopropenes, and
this methodology is commonly used for the preparation of cyclopropene-3-carboxylates and their
derivatives.87-89  Due to their high reactivity,?0 cyclopropenes have attracted considerable attention as
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©
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lraﬂluonduy COpPpET salts were used as catailysis in caroene synineses o C‘y’ClOpT“p&. ILLZLTDUKyldt
However, they required high temperatures (90-140°C), and yields of products usually were only moderate.
The emergence of Rhy(OAc)4 as a new and efficient catalyst for diazo decomposition has allowed the
synthesis of cyclopropenecarboxylates at room temperature in high yields.loz’lo3 In addition, recently
developed chiral dirhodium(II) catalysts have provided a direct route to chiral cyclopropenes which earlier
were obtained via chiral resolution,104,105 by using chiral auxilaries,1 06 or from natural sources.!07

Chiral dirhodium(ll) carboxamidates were demonstrated to be exceptional catalysts for highly
enantioselective intermolecular cyclopropenation reactions:108, 109 with Rhy(5S-MEPY)s or Rh
MEPY)4 catalysi

S
PR A P I e 38 ]
£00d4 YICIas (€ >4

cyclopropenecarboxylate ere formed from diazoacetates with ee’s up to 98% and in

Y all 3

-34). Both catalysts provided virtually identical results, except for absolute configuration:

HI/,J COOMC
(Et0),CH + N,CHCOOMe Rby(3S-MEPY), (32)
RT, CH,Cl, (EtO),CH™
0,
57 2% 58, > 98% ee
rR'00C H
/,".
R—== + NCHCOOR' _RMORMEPY), A 33
RT, CH,CI = 53
» 2~12 R

59 60

R _]Ei yield, % % ee

CHyOMe Et 73 69

CH>OMe Bu 56 78

"By Et 70 54

Bu Et 85 57

Rhp(5S-MEPY)4 was established to produce cyclopropenecarboxylates having predominantely the (S)-
configuration, whereas use of Rha(SR-MEPY)4 gave products in the (R)-configuration. Enantioselectivities
were observed to increase with the steric size of the diazoester. The polarity of the alkyne also influenced

I Me,N(O)C,, LH
Rh,(5R-MEPY), -

R—=  + N,CHCONMe, > /( (34)
) ) RT, CH,Cl, /L—\ o

59 61

R yield, % % ee

CHyOMe 22 > 94

n-Bu 49 78

t-Bu 47 89
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alkynes 57 ..d 59 (R = CszMc) NN nlmetbvldi acetamide p.ovzded. a h;gher level of enantiocontrol
(eq 34) than did diazoesters, but reactions generally occurred in lower yields. The use of disubstituted
acetylenes in the cyclopropenation reactions with chiral dirhodium(ll) carboxamidates gave lower product

yields and low enantiocontroi (<20% ee).
Diastereoselectivities achieved in cyclopropenation reactions with the same set of alkynes and
appropriate match of catalyst configuration and d- or /-menthyl diazoacetate were also high (eq 35). These

e R' 00C,, LH
R—== + N,CHCOOR Ky ORMEPY ), K .
RT, CH,Cl, == N
R R! yield, % dr
CH,OMe d-menthyl 43 >97:3
CH>OMe [-menthyl 45 72 :28
"Bu d-menthyl 46 93:7
"Bu !-menthyl 46 60 : 40
/Bu d-menthyl 51 88:12
By [-menthyi 50 78:22

numbers were unexpectededly high considering that diastereoselectivities in intermolecular cyclopropanation
reactions of d- or I-menthyl diazoacetates provided by these same catalysts were not greater than dr 93 :
7.110 In addition, double diastereoselection in these reactions was also dramatic. Use of diazoacetates of

O
M ,0—{
\ QH CHNz f\AlPh CHN‘
(o q Ko}
O b N\
O
62 63

other chiral auxilaries such as 62 and 63 didn’t provide enhancement of selectivity.l1l Catalytic

H,, COOR!

R
|
HNNH or H,/Pd j\_ ,COOR'
" / (36)

60 6

R
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corresponding cis-cyclopropanes 64 and 65 (eq 36, 37), providing a direct route to chiral cis-disubstituted of

moderate to high optical purity.

T TE TTTETT

CHO
H/,"A ’COOMC l e s
/ HNNH_~_HO" /N ptOOMe 37D
(Et0),CH™ A
H H
58, > 98%ee 65, > 98% ee

V. Conclusion

Although a large number of catalysts have been introduced for catalytic asymmetric cyclopropanation
reactions, only a few have high potential to achieve enantioselectivities of = 95% ee. For intramolecular
cyclopropanation reactions of allylic and homoallylic diazoacetates, chiral dirhodium(Il) carboxamidates are
clearly superior to all other chiral catalysts, but the jury is still out on relative catalyst effectiveness for the
formation of macrocycles. In intermolecular cyclopropanation reactions, copper(l) and bis-oxazoline 6 has
given the highest % ee values for cyclopropanation of styrene, isobutylene, and 1,1-diphenylethene, but

o7 = =l f it S

universcal nnnlmal'nhfv of this catalvtic svstem has been elusive In addition, diastereocontrol in
universal applicabilit this catalyfic system has been elusive. In adqdition alastereocontrol In
intarminlaninlar Avalasmenmanatinm raantinng rantinnag ta ha a mealldam althangh sithh tha ~hienl D Thas
LIILCLIIIUICVULAl \/.ybluyluya.uauuu AVALVUIUVILD VULLILIIIULD WU Uv a PlUU‘\/lll, aluluusu Willl WIC vlillail I\U‘p)’UU\

catalyst 9 some improvement has been achieved. Cyclopropenation is still best performed by chiral
dirhodium(1l) carboxamidates, but further investigations are warranted.
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