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The enantioselective intramolecular cyclopropanation of cis-substituted allylic diazoacetates catalyzed
by the chiral ruthenium Schiff base complexes [Ru(Schiff base}{FJRli) is described. Among this
class of complexes examined, [Ru(2-Br-salen)@p#P(iLa) is the most effective, catalyzing intramolecular
cyclopropanation ofis-allylic diazoacetatesis-(CRH=CH)CH,OC(O)CHN: (R = alkyl, aryl) in CHCk
solution to give [3.1.0]-bicyclic lactones with yields and ee values up to 71 and 90%, respectively. The
analogous reactions dfis-alkenyl diazoacetates using [Ru(Schiff base)(CQ) &s catalyst gave
comparable enantioselectivities (up to 91% ee) but lower product yields-688%. Treatment of [Ru-
(2,4-X-salen)(PP4);] (1d, X = Br; 1e X = ClI; 1f, X = 1) with N,C(p-YC¢H,). (Y = H, MeO) and
N-methylimidazole (Melm) or pyridine (py) gave the monocarbene complexes [Ru(2,4-X-salen)(C(
YCeHa)2)(Melm)] (3a, X =Br, Y = H; 3b, X =CI, Y =H; 3c, X=1,Y = H; 3d, X = Br, Y = OMe)
and [Ru(2,4-Br-salen)(CBX{py)] (4, Hz(2,4-Br-salen)= bis(3,5-dibromosalicylidene)-R 2R)-cyclo-
hexanediamine), respectively. X-ray crystal structure determinations reveate@(Barbene) distances
of 1.921(12) A for3a, 1.913(5) A for3b, 1.919(14) A for3c, 1.910(2) A for3d, and 1.917(4) A fo#.

A comparison of the structures and electrochemistr§, dRu(Schiff base)(CO)(Melm)]3, and4 with

those of the porphyrin analogues is presented.

Introduction
Cyclopropanes are usefuls@uilding blocks for organic

synthesis; they are also important structural moieties found in

many biologically active natural and therapeutic drug com-
poundst Among the myriad of stoichiometric and catalytic

for the construction of macrocyclic compounds with excellent

enantioselectivity and modest diastereoselectivity (Scherhe 1).
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using transition-metal catalysts have been receiving growing

attention in recent yeatg.Indeed, high enantioselectivities have

been achieved for intramolecular cyclopropanation of unsatur-
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In contrast to the extensive investigations of;@kil)- and
Cu(l)-catalyzed enantioselective intramolecular alkene cyclo-
propanations, examples of analogous reactions using other chiral
metal catalysts are sparse. Recently, ruthenium catalysts have
demonstrated useful applications in alkene cyclopropana-
tions26-9 Nishiyama and co-workers showed that high product
yields and ee values could be achieved in asymmetric intra-
molecular cyclopropanation dfansallylic diazoacetates by
employing chiral Ru(ll)-pybox (pybox= bis(oxazolinyl)-
pyridine) catalyst§.We,” Katsuki®band Scoft subsequently
reported the highly enantioselective intramolecular cyclopro-
panation oftrans-allylic diazoacetates using Ru(ll) catalysts
containing chiral porphyrin or sterically encumbered Schiff base [Ru(2,4-Br-salen)(C(p-MeOCgHy)o)(Melm];
ligands. Despite these advances, there have been no reports on4: R'=R?=Br,L!=CPhy, L2 = py, [Ru(2,4-Br-salen)(CPhy)(py)]-
ruthenium catalysts for highly enantioselective intramolecular Figure 1. Ruthenium Schiff base complexes prepared in this work.
cyclopropanation otis-allylic diazoacetates, which are useful ~For2a—c, the complexes could be five-coordinate 8 solvent
reactions for the construction of chiral bicyclic compounds. ~ moleculet®

As part of our program to develop chiral ruthenium catalysts
for C—C bond formation reactions, we envision that chiral
ruthenium Schiff base catalysts have potential practical applica- Synthesis. The chiral (Schiff base)ruthenium catalysts
tions in enantioselective carbenoid transfer reactions (Figure 1).(Figure 1) were prepared by following literature methédls;
Our previous studies showed that amidation of silyl enol ethers treatment of [Ru(PPfsCl2] with chiral Hx(Schiff base) ligand
and aziridination of alkenes using PHNTs as the nitrogen  in refluxing MeOH solution containing BN gave [Ru(Schiff
source and chiral [Ru(Schiff base)(Rph catalyst proceeded  base)(PP¥)z] (1) as brown crystals. Reaction @fwith CO at
with high product ee valuéd.Zheng and co-workers reported room temperature gave [Ru(Schiff base)(CQ) (Figure 1).
that similar chiral ruthenium catalysts generated in situ exhibited The [Ru(Schiff base)(CO)R) complexes have a low solubility
moderate to good product ee values in the intermolecular in organic solvents but could be readily dissolved in pyridine
cyclopropanation of alkenes with ethyl diazoacetate (EEA).  Or upon treatment with Melm in Ci€l; (1/3 v/v) to give [Ru-
Herein, we describe enantioselective intramolecular cyclopro- (Schiff base)(CO)(Melm)]. In this work, we have also prepared
panation ofcis-alkenyl diazoacetates using chiral [Ru(Schiff the chiral carbene complexes [Ru(2,4-X-salen)X&CeHa)2)-
base)(PP}),] catalysts. The highest product ee value of 90% (Melm)] (33, X =Br, Y =H;3b, X=CI, Y =H; 3c, X =1,
accomplished in this work is comparable to that achieved for Y = H; 3d, X = Br, Y = OMe) (Figure 1). The five-coordinate
enantioselective intramolecular cyclopropanatiouisfalkenyl complexes [Ru(2,4-X-salen)(B{YCsHa)2)] were obtained as
diazoacetates using chiral &i,I1) catalyst®ni We also describe ~ green solids in quantitative yields by reacting [Ru(2,4-X-salen)-
the isolation and structural characterization of five ruthenium (PPR)2] (1d, X = Br; 1 X = CI; 1f, X = I) with the respective
monocarbene complexes containing Schiff base ligands havingdiazo compounds $C(p-YCe¢Ha)2 (Y = H, MeO) in CHCl,
long M---C(carbene) distances as defined by X-ray crystal solutions at room temperature under argon. Slow addition of

R'=Cl,R? = H, L' = L2 = PPh, [Ru(4-Cl-salen)(PPh;),];
R'=R2=Br, L' = L2 = PPh;, [Ru(2,4-Br-salen)(PPh3),];
R'=R?=Cl, L' = L2 = PPh;, [Ru(2,4-Cl-salen)(PPhs),];

R'=R2 =, L" = L2 = PPhs, [Ru(2,4-I-salen)(PPhg),];

R'=R2%=H, L' = L? = PPhg, [Ru(salen)(PPhs),];

R'=H, R2=Br, L' = CO, [Ru(2-Br-salen)(CO)];

R'=Br,RZ=H, L' = CO, [Ru(4-Br-salen)(CO)];

R'=R2=Cl, L' = CO, [Ru(2,4-Cl-salen)(CO)J;

R'=R2%=Br, L' = CO, [Ru(2,4-Br-salen)(CO)J;

R'=R2=|, L"=CO, [Ru(2,4-I-salen)(CO)];

R"=R?=Br, L' = CPh,, L2 = Melm, [Ru(2,4-Br-salen)(CPh,)(Melm)];
R'=R2=Cl, L' = CPhy, L? = Melm, [Ru(2,4-Cl-salen)(CPh,)(Melm)];
R'=R2 =1, L' = CPh,, L2 = Melm, [Ru(2,4-I-salen)(CPh,)(Melm)];
R"=R2=Br, L' = C(p-MeOCgHy),, L? = Melm,

1c:
1d:
1e:
1f:

1g:
2a:
2b:
2c:
2d:
2e:
3a:
3b:
3c:
3d:

Results

analysis.

(5) Doyle, M. P.; Hu, W.Synlett2001, 1364.

(6) Park, S.-B.; Murata, K.; Matsumoto, H.; Nishiyama, Fetrahe-
dron: Asymmetry1995 6, 2487.

(7) Che, C.-M.; Huang, J.-S.; Lee, F.-W.; Li, Y.; Lai, T.-S.; Kwong,
H.-L.; Teng, P.-F.; Lee, W.-S.; Lo, W.-C.; Peng, S.-M.; Zhou, Z.J.
Am. Chem. So2001, 123,4119.

(8) (a) Saha, B.; Uchida, T.; Katsuki, Tetrahedron: Asymmeti3003
14, 823. (b) Saha, B.; Uchida, T.; Katsuki, Them. Lett2002 846. (c)
Saha, B.; Uchida, T.; Katsuki, Bynlett2001, 114. (d) Uchida, T.; Saha,
B.; Katsuki, T.Tetrahedron Lett2001, 42, 2521.

(9) Munslow, I. J.; Gillespie, K. M.; Deeth, R. J.; Scott, Ehem.
Commun 2001, 1638.

(10) Abbreviations: H2-Br-salen)= bis(3-bromosalicylidene)-&,2R)-
cyclohexanediamine, #-Br-salen)= bis(5-bromosalicylidene)-( 2R)-
cyclohexanediamine, ##-Cl-salen)= bis(5-chlorosalicylidene)-,2R)-
cyclohexanediamine, #R2,4-Br-salen)= bis(3,5-dibromosalicylidene)-
(1R,2R)-cyclohexanediamine, #R,4-Cl-salen)= bis(3,5-dichlorosalicylidene)-
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hexanediamine.

(11) Liang, J.-L.; Yu, X.-Q.; Che, C.-MChem. Commur2002 124.

(12) Yao, X.; Qiu, M.; Ly W.; Chen, H.; Zheng, ZTetrahedron:
Asymmetry2001, 12, 197.

N2C(p-YCeHa)2 was needed to minimize catalytic decomposition
of the diazo compounds. The [Ru(2,4-X-salentGCsH4)2)]
solid has a low solubility in MeOH, CHgJland CHCl, and is
only sparsely soluble in DMSO and DMF but can be recrystal-
lized by slow diffusion of EXO into a CHCI, solution in the
presence of Melm to giv8 as yellow-brown crystals. The fact
that both2 and [Ru(2,4-X-salen)(@tYCgHa),)] are soluble in
CH.Cl, solutions containing an excess amount of Melm could
be due to the coordination of an axial Melm ligand to ruthenium,
resulting in the formation of [Ru(Schiff base)(CO)(Melm)] and
3, the structures of which have been characterized by X-ray
crystallographic analysis (see below).

Reactivity. In the literature, Nishiyam& Woo !4 and Bian-
chini'®> demonstrated that a number of monocarbene complexes
of ruthenium and osmium can undergo stoichiometric cyclo-
propanation reactions. In light of these works, we were intrigued
about the possibility of developing similar stoichiometric alkene
cyclopropanation chemistry with the [Ru(2,4-X-salenfC(
YCeHs)2)] complexes and. However, treatment of [Ru(2,4-
Br-salen)(CPp(Melm)] (3a) with either excess styrene or
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p-methoxystyrene (20 equiv) in toluene under reflux conditions cyclohexane ring protons syn to the CO ligand and vicinal to
for 24 h gave no reaction, as determined'syNMR and GC the bridging methylene C atoms are the only signals found to
analysis of the reaction mixtures. Similarly, [Ru(2,4-Br-salen)- slightly shift downfield (2.4%2.69 ppm vs 1.962.00 ppm for
(CPhy)] was found to be inert toward stoichiometric cyclopro- the free ligand), presumably due to through-space deshielding
panation of either styrene prmethoxystyrene, but it could act  effect by the axial CO ligand. Replacing the axial CO ligand in
as a catalyst for intramolecular cyclopropanation oig-3- 2 with a CAR, ligand to form [Ru(2,4-X-salen)(@€YCsH.)2)]
phenylallyl diazoacetate (see below). This reaction is comparablehas a minimal effect on the proton chemical shifts of the
to that reported for the analogous stoichiometric and catalytic cqgordinated Schiff base ligand. For example, a comparison of
cyclopropanations using [RDg-Por)(CPh)] (Hz(D.-Por) = 2d and [Ru(2,4-Br-salen)(CRJj, both containing the same
5,10,15,20-tetrak{1S4R 5R,89)-1,2,3,4,5,6,7,8-octahydro-1,4:  cpira| Schiff base ligand, reveals that the azomethine proton
5,8-dimethanoanthracene-3pbrphyrin)? The reaction of [Ru- signals in these complexes are locatedyatcy 8.26 and 8.36
(2,4-Br-salen)(Q¢MeOGHa)2)] with excess PPA(10 equiv) ppm for 2d and at 8.26 and 8.41 ppm for [Ru(2,4-Br-salen)-
in CH.Cl; so_Iution under reﬂux conditions for 16 h did not lead (CPhy)]. One possible reason for this observation could be the
to any reaction, on the ba5|s’<HI_NMR spectroscopy and FAB long Ru=C distance ir3 (see below) minimizing the increase
spectrometry. In contrast, treating a §€Hb suspension of [Ru- in the inductive effect of the axial carbene ligand.

(2,4-Br-salen)(CPJ] with pyridine at room temperature fol- oo
lowed by recrystallization by diffusion of ED gave [Ru(2,4- For [Ru(2,4-X-salen)(Q¢YCeHa)2)], a low-field °C NMR

Br-salen)(CPB(py)] (4) (Figure 1) as dark red-brown crystals. signal that can b_e attribut_ed to the _resonance of the coordinated
Characterization. The complexes [Ru(Schiff base)(Rfph carbene C atom is found in the regiop~c 316.3-317.3 ppm.
(1) are stable in solid state and can be stored under ambient! '€S€ resonances are comparable to those reported for [Ru-
conditions for several weeks. They are insoluble in EtoH and (TPP)(CPB)] (du—c 317.5 ppm, H(TPP) = 5,10,15,20-tet-
MeOH but could be dissolved in either CHGbr CH,Cls. raphenylporphyrin), [Ru(TTP)(CRJ} (du—c 316.4 ppm, k-
Exposure of a CHGI solution containing [Ru(2-Br-salen)- (TTP) = 5,10,15,20-tetrg-tolylporphyrin)i™® and [RuDs-
(PPhy)2] (1a) to air at room temperature for 5 min led to an POr*)(CPR)] (du—c 315 ppm)’ This suggests that the electronic
immediate color change from crimson red to dark brown. Properties of the R&C moieties in [Ru(2,4-X-salen)(@{
Analysis of the resultant dark brown solution by FAB mass YCeHa4)2)] could be similar to those reported for ruthenium
spectrometry revealed the presence of cluster peakiza33, porphyrin carbene complexéd\s a matter of fact, [Ru(2,4-X-
996, and 998 that could be assigned to fM2PPh]*, [M — salen)(Cp-YCeHa)2)l, 3, and [RuP4-Por*)(CPh)] are unreac-
PPh]*, and [M+ H — C¢H.Br;0O]*, respectively. The sensitiv-  tive toward stoichiometric cyclopropanation of styrenes. The
ity of 1 toward air in various deuteriochlorinated solvents almost identicabr,~c values for [Ru(2,4-Br-salen)(CRf(oru—~
rendered characterization by NMR spectroscopy difficult. The ¢ 317.0 ppm) and [Ru(2,4-Br-salen)({@EiMeOGHa)2)] (Oru=c

instability of 1 in solution could be attributed to PRtissocia- 317.3 ppm), which contain the same chiral Schiff base ligand,

tion to give the complexes [Ru(Schiff base)(BRb)] (L = reflect that the two carbene ligands affect the electronic

solvent molecule, vacant), which are susceptible to attack by properties of the R&C bond to comparable extents.

dioxygen. Recall that the reaction bfvith CO gas readily gave In contrast, théH NMR spectra of8 in CDCl; reveal poorly

[Ru(Schiff base)(CO)]2). resolved broad signals at normal fields. Presumably, the trans
Unlike 1, complexes?, [Ru(2,4-X-salen)(Q¢-YCeHa)2)], 3, Melm ligands of these complexes undergo dissociation in GDCI

and4 are all stable in solid state and in solution. The [Ru(2,4- solution. Indeed, precipitation of [Ru(2,4-X-salen)§{CeHa))]
X-salen)(Cp-YCeHa)2)] complexes are also thermally stable, was observed when CDglsolutions of 3 stood at room
as demonstrated by the following experiment. Heating a temperature for 10 min; the precipitate could be redissolved
suspension of [Ru(2,4-Br-salen)(Gjhn toluene solution under  jnio solution upon addition of excess Melm (10 mg).

reflux conditions for 24 h did not cause any observable change, The UV-—vis spectra of [Ru(Schiff base)(CO)(Melm)] (see

and no product resulting from coupling of the carbene ligands : . .
. _ Table S1 for spectral data and Figures-&# in the Supporting
was detected by eithéH NMR spectroscopy or mass spec Information) show one absorption band at ca. 330 nm with a

trometry. :
y shoulder at ca. 360 nm and a second absorption band at ca.

1 -X-
e W s 12 s (S e 55 50 i
61142 Py 9 respective log values in the ranges—44.03 and 4.074.13

at normal fields, consistent with the diamagnetic nature of drr® mol2 et are dominated by intraligand charge-transfer

i 17 -
mgm g (;Iﬁg;:gh;ggrs(lgr ecgl?;jﬁlt?; Eﬁﬂ o (;: Sz)fize’l éhgy 3_233 transitions of the coordinated Schiff base ligands. As depicted
£ in Figure 2, the UV-vis spectra oBa and4, as representative

0.22 ppm relative to the respective signals in the free Schif
base ligand (6.668.60 ppm), which is assignable to a shielding

i i imi i i (17) (a) Gallo, E.; Caselli, A.; Ragaini, F.; Fantauzzi, S.; Masciocchi,
gffgq by thfhai(lal Cfl_l:::%azg' A Slm”;l%;gﬁg(l)d Shlﬁf fo:hthe N.; Sironi, A.; Cenini, Slnorg. Chem 2005 44, 2039. (b) Khalil, M. M.
ridging methylene (3.113.46 ppm vs 3. -6U ppmior the H.; Aboaly, M. M.; Ramadan, R. MSpectrochim. Acta, Part 2005 61,

free ligand) and cyclohexane protons (6-4874 ppm vs 1.46 157. (c) Li, Y.; Chan, P. W. H.; Zhu, N.; Che, C.-M.; Kwong, H.-L.
1.85 ppm for the free ligand) has also been observed. The Organometallics2004 23, 54. (d) Li, Y.; Huang, J.-S.; Xu, G.-B.; Zhu,
N.; Zhou, Z.-Y.; Che, C.-M.; Wong, K.-YChem. Eur. J2004 10, 3486.
(e) Thangadurai, T. D.; Anitha, D.; Natarajan, 8ynth. React. Inorg. Met.-
(13) (&) Nishiyama, H.; Aoki, K.; Itoh, H.; Iwamura, T.; Sakata, N.;  Org. Chem2002 32, 1329. (f) Flower, K. R.; Howard, V. J.; Pritchard, R.
Kurihara, O.; Motoyama, YChem. Lett1996 1071. (b) Park, S.-B.; Sakata, = G.; Warren, J. EOrganometallic002 21, 1184. (g) Zhou, X.-G.; Huang,

N.; Nishiyama, H.Chem. Eur. J199§ 2, 303. J.-S.; Ko, P.-H.; Cheung, K.-K.; Che, C.-M. Chem. Sa¢Dalton Trans
(14) Smith, D. A.; Reynolds, D. N.; Woo, L. Kl. Am. Chem. Sod993 1999 3303. (h) Klose, A.; Solari, E.; Floriani, C.; Geremia, S.; Randaccio,
115 2511. L. Angew. Chem., Int. EAL998 37, 148. (i) Galardon, E.; Le Maux, P.;
(15) Lee, H. M.; Bianchini, C.; Jia, G.; Barbaro,®rganometallicdl 999 Toupet, L.; Simonneaux, ®@rganometallics1998 17, 565. (j) Slebodnick,
18, 1961. C.; Seok, W. K.; Kim, K.; Ibers, J. Anorg. Chim. Actal996 243 57. (k)

(16) Ariel, S.; Dolphin, D.; Domazetis, G.; James, B. R.; Leung, T. W.; Bonnet, J. J.,; Eaton, S. S.; Eaton, G. R.; Holm, R. H.; Ibers, J. Am.
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Table 1. Electrochemical Data for the Ruthenium Schiff
Base Complexes 1df, [Ru(2,4-Br-salen)(CO)(Melm)], 3, and

4 in CH.Cl,
complex oxidn (V}
1d —0.3620.9P
le —0.3820.91°
1f —0.36°0.89

0.201.3#

[Ru(2,4-Br-salen)(CO)(Melm)]
3a 0.04¢0.25¢0.36¢ 0.8691.0591.25!

3b 0.08¢0.24¢0.36°0.77¢0.864 1.0
3c 0.06°0.25¢0.34¢0.77¢0.989 1.28!
3d —0.04¢0.11¢0.23¢0.71¢0.889 1.14

0.15¢0.40¢ 0.63¢0.89'

aVersus the Cgre™® couple.P Reversible, Eyp. © Irreversible, Ep a
d Quasi-reversibleEy .

examples, reveal a weak low-energy absorption at ca—630
660 nm (loge = 2.80-3.12 dn? mol~! cm™1). We attribute
this low-energy absorption to-etl transitions. Such transitions
have previously been reported at 520 nm (bogr 2.56 dn?
mol~1 cm™1) for [RuChL(=CHPh)(PCy);] (Cy = cyclohexyl)1®

The electrochemical properties dfi—f, [Ru(2,4-Br-salen)-
(CO)(Melm)], 3, and4 in CH,CI; solutions have been examined.
The electrochemical data are tabulated in Table 1. Figure 3
shows the cyclic voltammograms bd, [Ru(2,4-Br-salen)(CO)-
(Melm)], and3a.

The cyclic voltammograms ofd—f show two reversible
couples. We attribute the first coupletat, values ranging from
—0.36 t0—0.38 V as the Ru(ll)/Ru(lll) couple and the second
couple atE;j, values ranging from 0.89 to 0.91 V to ligand-
centered oxidation. We note that the cyclic voltammogram of
[Ru(2,4-Br-salen)(CO)(Melm)] also reveals two reversible
couples at 0.20 and 1.34 V assigned to the Ru(ll)/Ru(lll) couple
and ligand-centered oxidation, respectively. In contrast, elec-
trochemical oxidation of3 exhibits a series of irreversible
oxidation waves. The first oxidation wave 8with Ep 2 values
ranging from—0.04 to 0.08 V are more anodic than tBg,-
[Ru(I)/Ru(ll)] values of 1d—f but less anodic than those of
[Ru(2,4-Br-salen)(CO)(Melm)] and. For 3 and 4, there are
quasi-reversible oxidation waves wilj,, values ranging from
0.88 to 1.02 V, which could be due to ligand-centered
oxidations.

For 1d—f and 3a—c, the halogen substituent on the Schiff
base ligand has little effect on th&[Ru(ll)/Ru(lll)] values

(18) Wong, C.-Y.; Che, C.-M.; Chan, M. C. W,; Leung, K.-H.; Phillips,
D. L.; Zhu, N.J. Am. Chem. So@004 126, 2501.
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Potential vs Cp,Fe™(V)

Figure 3. Cyclic voltammograms of (add, (b) [Ru(2,4-Br-salen)-
(CO)(Melm)], and (cBain CH,CI, solutions at 298 K with 0.1 M
(BusN)PFRs as supporting electrolyte (scan rate, 50 mV; svorking
electrode, pyrolytic graphite).

Figure 4. Perspective view ofla Hydrogen atoms have been
omitted for clarity. Selected bond lengths (&) and angles (deg):
Ru(1}-N(1) = 1.997(7), Ru(1}3N(2) = 1.975(6), Ru(1}O(1) =
2.092(5), Ru(1y0O(2) = 2.094(6), Ru(1yP(1) = 2.413(2), Ru-
(1)—P(2)= 2.393(2); N(1}Ru(1)-N(2) = 83.3(3), O(1yRu(1)—
0O(2) = 92.0(2), N(1yRu(1)-P(2) = 97.0(2), O(1}-Ru(1)}-P(2)

= 89.71(16), P(yRu(1)}-P(2) = 171.92(8)?

of 1d—f andE, {Ru(Il)/Ru(lll)] values of 3a—c. Moreover, the
[Ru(ID/Ru(l)] couples of 1d—f, [Ru(2,4-Br-salen)(CO)-
(Melm)], 3, and4 occur atk;, values significantly less anodic
than that for the ligand-centered oxidation of [Ru(TPP)(CO)]
(El/z = 0.87 V).19

IR spectroscopic measurementslofeveal the absence of
v(OH) stretches at ca. 3410 ¢y suggesting that the phenolic
OH groups of the coordinated Schiff base ligand are deproto-
nated. Fo2, thev(C=O0) stretching frequencies occur at 1917
1939 cn1l. These stretching frequencies are comparable to the

(19) Mu, X. H.; Kadish, K. M.Langmuir199Q 6, 51.
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Figure 5. Perspective view of [Ru(2-Br-salen)(CO)(Melm)]. Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and
angles (deg): Ru(HN(L) = 2.114(11), Ru(1}N(3) = 2.006(12), Ru(1yN(4) = 2.033(11), Ru(1}0O(2) = 2.098(9), Ru(1}0O(3) =
2.100(9), Ru(1)C(1) = 1.846(13); N(3y-Ru(1)-N(4) = 83.0(5), O(2)-Ru(1)-0(3) = 93.1(3), C(1)-Ru(1)-N(3) = 93.2(5), C(1y

RU(1)-0(2) = 94.4(5), C(1}Ru(1)-N(1) = 179.1(5)22

Br2

v(C=0) values of 1941, 1939, and 1930 chobserved for
[Ru(TPP)(CO)I:® [Ru(TPP)(CO)(Melm)I”i and [Ru(TMP)-
(CO)] (H(TMP) = 5,10,15,20-tetramesitylporphyri?f respec-
tively, but are slightly lower than that reported for [Rax-
salen)(CO)(py)] (1955 cmi; Hx(rac-salen)= bis(salicylidene)-
(£)-cyclohexanediamine’}. The FAB mass spectra dfb—g,
3c,d, and4 exhibit a signal that can be attributed to the parent
ion [M]* for 1b—g, the [M — Melm]* fragment for3c,d, and
the [M — py]™ fragment for4. Similarly, the positive ion high-

(20) Scharbert, B.; Zeisberger, E.; Paulus)EOrganomet. Cheni995
493 143.

(21) Karvembu, R.; Hemalatha, S.; Prabhakaran, R.; Natarajdnokg.
Chem. Commur003 6, 486.

=)

‘l“

s
»

[
C37 ‘Ell"

Figure 6. Perspective view o8a. Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (deg)- Ru(1)
O(1) = 2.049(9), Ru(1)}0O(2) = 2.061(9), Ru(1yN(1) = 2.018(12), Ru(2yN(2) = 1.988(11), Ru(1yN(3) = 2.289(11), Ru(1}C(21)
= 1.921(12); N(2yRu(1)-N(3) = 86.0(4), C(21yRu(1)-N(1) = 94.7(5), C(21}Ru(1)-O(1) = 94.4(5), C(21)Ru(1}-N(3) = 176.2-
(5)22

resolution ESI and MALDI mass spectra b 2 and 3ab
revealed ion clusters consistent with the parent ion M]
formulation.

Structures. Complexlawas recrystallized from 1,2-dichlo-
roethana/PrOH, while [Ru(2-Br-salen)(CO)(Melm)] argh—d
were recrystallized from ED/CH,Cl,/Melm at room temper-
ature. Perspective views df, [Ru(2-Br-salen)(CO)(Melm)],
and3a are depicted in Figures—b, respectively (see Figures
S13-S16 in the Supporting Information for perspective views
of 3b—d and4), and stick drawings showing the orientation of
the axial ligands in these complexes are given in Figure 7. The
crystal data and structural refinement details are given in Table
2.22
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(a) 1a (b) [Ru(2-Br-salen)(CO)(MelIm)] (c) 3a (d) 3b

(g)4

{e) 3¢

Figure 7. Stick drawings showing orientations of the axial ligands in1@)(b) [Ru(2-Br-salen)(CO)(Melm)], (c3a, (d) 3b, (e) 3¢, (f)
3d, and (g)4.22

As shown in Figure 4, the axial PPhgands ofla adopt a occupied by the carbene and Melm or py ligands are equal to
configuration where the aryl rings are slightly tilted by ca. 4 74.5 for 3a, 65.7 for 3b, 86.5 for 3¢, 77.6 for 3d, and 82.7
away from the cyclohexane ring and are in the eclipsed form, for 4. The cyclohexane ring of the chiral Schiff base ligand in
presumably to minimize unfavorable steric interactions with the 3b is disordered.
cyclohexane backbone of the Schiff base ligand. The eclipsed The Ru-P distances idaare 2.413(2) and 2.393(2) A. These
conformation adopted by the axial PRlgands ofla viewed distances are comparable to those in [Ru(OEP){BP2.419-
along thec axis is also depicted in Figure 7a. The structures of (1) and 2.438(1) A; KOEP) = 2,3,7,8,12,13,17,18-octaeth-
[Ru(2-Br-salen)(CO)(Melm)] an8adepicted in Figures 5 and  ylporphyrin)t6 and [Ru(Fk-acen)(PP%);] (2.383(7) and 2.393(7)

6 and of3b—d and4 in Figures S13-S16 of the Supporting  A; Hxy(Fe-acen)= 1,1,1-trifluoro-4-[2-(4,4,4-trifluoro-3-hydroxy-
Information reveal that the respective CO, GPKlelm, and 1-methyl-but-2-enylideneamino)ethylimino]pent-2-en-2268imi-

py ligands in these complexes are also situated in planes whichlarly, the Ru-C(CO) distance of 1.846(13) A in [Ru(2-Br-
are at near right angles to the plane of the Schiff base ligand. salen)(CO)(Melm)] is in good agreement with that of 1.849 A
As shown in Figure 7b, the coordinated Melm ligand in [Ru- found in [RuR-binaphsalen)(CO)] (W{R-binaphsalen¥ (aR)-
(2-Br-salen)(CO)(Melm)] is situated in a plane that transverses 2'-phenyl-3-formyl-2-hydroxy-1,1binaphthyl$* but slightly
the aryl C=C bonds of the Schiff base ligand so as to minimize longer than those found in [Ru(TPP)(CO)(Melm)] (1.828(2)
unfavorable steric interactions between the cyclohexane ring A)17 and [Ru(TMP)(CO)] (1.805(1) A3° The Ru=C(carbene)
and axial ligand. By a similar reasoning, the phenyl rings of distances are 1.921(12) A f8a, 1913(5) A for3b, 1.919(14)
the carbene ligands Biand4 sit in planes that are at near right A for 3¢, 1910(2) A for3d, and 1.917(4) A for4, which are
angles with respect to each other, with a dihedral angle betweensignificantly longer than that of 1.845(3) A in [Ru(TTP)(Gih
these planes ranging from 82.4 to 89.The carbene and Melm  (MeOH)] ;2> 1.860(6) A in [RuD4+Por*)(CPh)],” 1.876(3) A

or py ligands in these carbene complexes are also located inin [Ru(Fo-TPP)(CPh)(Melm)] (Ha(F2o-TPP) = 5,10,15,20-
planes that transverse the cyclohexyl bridging@bond and tetrakis(pentafluorophenyl)porphyrity! 1.874(8) A in [Ru-
N—Ru—O angles of the Schiff base ligand, respectively, as (tmtaa)(CPB)] (tmtaa= 7,16-dihydro-6,8,15,17-tetramethyldi-
depicted in Figure 7€f; the dihedral angle between the planes

(23) Serron, S. A.; Haar, C. M.; Nolan, S. P.; Brammer{Qrganome-
(22) CCDC 252437252439, 270753, 277479, 281163, and 281164 tallics 1997 16, 5120.

contains the supplementary crystallographic data for this paper. These data  (24) Omura, K.; Uchida, T.; Irie, R.; Katsuki, Them. Commur2004

can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html 2060.

(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax4 (25) Kawai, M.; Yuge, H.; Miyamoto, T. KActa Crystallogr., Sect. C

1223 336033; e-mail, deposit@ccdc.cam.ac.uk). 2002 58, M581.



Table 2. Crystal Data and Structure Refinement Details for Complexes 1a, [Ru(2-Br-salen)(CO)(Melm)], 3, and?2

[Ru(2-Br-salen)(CO)-

la (Melm)]-2.5CHCl, 3a-H,0 3b-0.5CH;00-CH3CN 3c 3d 4
formula GseHagBraN2O2P-Ru Go7.3H20BrCloN4OsRU - Ga7H34BraN4OszRu C41H40ClaNsO2 50RU CreHs6ClslsNgOsR Wy Cr8.9H73.8rsNgOgscRUz  Cs2Ha1BraN3OsRu
M, 1103.79 901.69 1003.39 885.65 2585.41 2106.37 1056.49
A, A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
T, K 301 294 301 293 294 294 253
cryst syst monoclinic monoclinic monoclinic _triclinic monoclinic _triclinic monoclinic
space group P2 P2, P2, P1 P2, P1 C2lc
a, 10.867(2) 8.447(2) 14.154(3) 12.581(9) 16.799(7) 12.508(2) 37.444(8)
b, A 24.938(5) 16.420(3) 20.696(4) 19.094(14) 14.783(6) 17.364(3) 13.021(3)
c, A 17.882(4) 27.958(6) 16.472(3) 19.308(14) 17.330(7) 20.387(4) 19.997(4)
a, deg 90 90 90 66.238(2) 90 106.689(4) 90
8, deg 91.81(3) 93.96(3) 107.22(3) 74.952(1) 102.725(9) 99.487(4) 121.11(3)
y, deg 90 920 920 76.860(2) 90 91.450(4) 90
v, A3 4843.6(17) 3868.5(13) 4608.9(16) 4059.7(5) 4198(3) 4170.9(12) 8347(3)

z 4 4 4 4

Peacls Mg m—3 1.514 1.548 1.446 1.449 2.045 1.677 1.681

w(Mo Ka), mmt 2.084 2.848 3.842 0.692 3.544 4.251 4.246

F(000) 2232 1780 1968 1812 2448 2073 4176

index ranges —12<h=<12, —-9<h=<9, -17<h=<17, —14<h< 14, —-22<h=<12, —14<h=<12, —45< h <45,
—29=< k=29, —19< k=19, —24< k=25, —22 < k=18, —19< k=19, —20= k = 20, —15< k=15,
—-20=<1<21 —-33=<1=<33 —-18<1<18 —22<1<22 —22<1<22 —24<1<24 —24<1<24

no. of rflns collected 15770 19092 23803 20524 28948 23644 29 346

no. of indep rfins 15770 10571 12 502 14 055 18 888 14 655 7623

refinement method full-matrix least squares of?

no. of data/restraints/ 15 770/1/1171 10571/38/719 12 502/1/853 14 055/6/911 18 888/1/955 3948/0/946 7623/0/474

params
goodness of fit 0.92 1.07 1.00 0.76 0.96 1.13 0.689

final Rindices,| > 20(l)

largest diff

peak/hole, e A3

R1=0.034, wR2=0.078

0.500.73

R1=0.068, wR2=0.19

1.424-1.09

R1=0.07, wR2=0.20

1.76+1.21

R1=0.056, wR2=0.098 R1= 0.056, wR2=0.123

0.48-0.62

1.55-0.84

R1=0.098, wR2=0.212 R1=0.030, wR2= 0.066

1.78+1.14

0.45+-0.83

9002 ‘L "ON ‘Gz "|oA ‘soljfelowouelio 2891

(CRCRN
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Table 3. Enantioselective Intramolecular Cyclopropanation catalysts2 containing an axial CO are significantly less reactive
of 5a Catalyzed by Chiral Ruthenium Schiff Base (entries 1313). In the presence of 1 mol % @h as catalyst
Complexes in CHCI; solution at 40°C, 6awas afforded in 38% yield and
o atalyst g with an ee value of 91% ee (entry 11). Under similar conditions,
s ™ H..,/\.H reactions with eithe2b or 2c as catalyst were found to proceed
Ph o solvent, 40°C o in product yields of 22 and 20% but with markedly lower ee
o values of 28 and 57%, respectively (entries 12 and 13). No
sa ba product formation could be detected By NMR analysis for
yield  ee the reaction oba using either [Ru(2-Br-salen)(CO)(Melm)] or
entry catalyst solvent SO0 3a as catalyst; in both instances, the starting alkene substrate
1 la CHCl, 61 90 was recovered in 9694% vyield (entries 14 and 15). As
g ig gﬁijCIz gg ;g mentioned in an earlier section, while [Ru(2,4-Br-salen)(&Ph
2 la toﬁugne a4 80 was found to be inactive toward the stoichiometric cyclopro-
5 1a 1,2-dichloroethane 53 66 panation of either styrene prmethoxystyrene, it could catalyze
6 1b 1,2-dichloroethane 42 25 the intramolecular cyclopropanation b& to give 6a in 43%
7 lc 1,2-dichloroethane 61 32 yield and with an ee value of 27% (entry 16).
8 1d 1,2-dichloroethane 47 51 . . .
9 1e 1,2-dichloroethane 53 64 In this work, we have also examined the cyclopropanation
10 1g 1,2-dichloroethane 61 34 of 5a with the chiral ruthenium Schiff base complexes [Ru-
11 2a CHCls 38 91 (2,44Bu-salen)py] (H»(2,4Bu-salen)= bis(3,5-ditert-butyl-
ig étc’ 8:8:2 gg ég salicylidene)-(R,2R)-cyclohexanediamine) and [Ru(2Ru-
14 [Ru(2-Br-salen)(CO)-  CHCly d phensalen)py (H2(2,4!Bu-phensaleny bis(3,5-ditert-butyl-
(Melm)] salicylidene)-(R,2R)-diphenylethanediamine) as catalysts, which
15 3a CHCly d were reported by Nguyen and co-workers to exhibit high
ig [Ru(2,4-Br-salen)(CR)  CHCls 43 21 enantioselectivities (up to 99% ee) and trans selectivities (trans:
[Ru(2,4!Bu-salen)py] CH.Cl, 76 16 . . . . .
18 [Ru(2,41Bu-phensalen)- CH:Cl 70 20 cis ratio up to 100:1) in the intermolecular cyclopropanation of
py-] alkenes with EDAS Slow addition of a CHCI, solution

aReaction conditions: cataly§d = 1/100, solvent, 40C, addition of containingSavia a syringe pump ove h to a CHCI, solution
5a for 10 h followed by stirring for 2 h°lIsolated product yield. containing either [Ru(2,4u-salen)py] or [Ru(2,4!Bu-phen-
¢ Determined by HPLC analysis (Chiralcel OA columABtarting alkene salen)py] as catalyst at room temperature affordgalin 70—

5awas recovered in 9894% yield. 76% vyield but with markedly lower ee values of 480%
(entries 17 and 18).
benzop,i][1,4,8,11]tetraazacyclotetradecinato dianiéff)and To explore the scope of the intramolecular cyclopropanation
1.88(7) A in [Ru(pybox)(C(C@Me),)Cl,].132 reaction, we examined the reactions of otbesallylic diaz-
Enantioselective Intramolecular Cyclopropanation ofcis- oacetatesip—g) with 1aas catalyst. The results are summarized

Alkenyl Diazoacetates (5) Catalyzed by 1 and 2t the outset, in Table 4. The [3.1.0] bicyclic cyclopropane6b—g) were

we examined the enantioselective intramolecular cyclopropa- afforded in 46-71% yields and with ee values up to 75%
nation of cis-3-phenylallyl diazoacetates§) using [Ru(2-Br- (entries 2-7). Notably, higher product yields (6771%) and
salen)(PP¥),] (1a) as catalyst. This revealed that slow addition ee values (7675%) were obtained fasis-allylic diazoacetates

of 5ato a CHC} solution containing 1 mol % ofa at 40°C (5d,e) bearing electron-donating substituents (cis substiterent
gave the best result, affordings,cis-6-phenyl-3-oxabicyclo- p-MeCsH4, m-MeCsHa) than for those with halogen functional
[3.1.0]hexan-2-one6@) with an ee value of 90% and in 61%  groups (cis substituert p-CICgHa, p-BrCsHa4; 52—53% vyield,
yield, which, to our knowledge, represents the highest enan- 44—55% ee) (cf. entries 2 and 3 and entries 4 and 5). A
tiocontrol so far achieved for intramolecular cyclopropanation comparison of isolated product yields revealed that the position
of cis-allylic diazoacetates using a ruthenium catalyst (Table 3, of the substituent on the substrate can also affect the efficiency
entry 1)26-° These product yield and ee values are also and enantioselectivity. On going fropMe-CsH4(CH=CH)CH,-
comparable to those achieved for the analogous reaction reporte@C(O)CHN, (5d) to m-Me-CsH4(CH=CH)CH,OC(O)CHN,

by Doyle and co-workers with [REBS-MEPY),] (H(5SMEPY) (56 to 0-Me-CgH4(CH=CH)CH,OC(O)CHN (5f), the product

= methyl-2-pyrrolidone-(5)-carboxylic acid) as catalyst (70% vyields and enantioselectivities of the resulting [3.1.0] bicyclic
yield, >94% ee)i"J Examination of the solvent effect showed cyclopropanesfd—f) decrease from 71 to 46% and from 75
a slight decrease in product yield on changing the solvent from to 66% ee, respectively (entries-8).

CHCI3 to CHyCl,, CeHg, toluene, or 1,2-dichloroethane. The
effect of solvent on enantioselectivity was more dramatic. Lower
product ee values of 6630% were obtained when the reaction
was conducted in C4€l,, CsHe, toluene, or 1,2-dichloroethane
(entries 2-5).

The effect of ligand structure on the ruthenium Schiff base
catalyzed intramolecular cyclopropanation reactiorbafvas
examined (Table 3, entries@.8). Among the other [Ru(Schiff
base)(PP{),] catalysts1lb—e,g, the performance ofie was
similar to that ofla (entry 9). Reactions catalyzed by either
1b—d or 1g were also found to proceed with product yields . .
Similr (o those found wih efhdmor Le(s2-6196)as catalyst o 29/ Ile 5 A 0 M, Navyen . Bnew, chem. I £
but were less enantioselective and gé&aevith lower product M. A.: Nguyen, S. B. T.J. Org. Chem2003 68, 7884
ee values of 2551% (entries 68 and 10). The chiral Ru(ll) (27) Stork, G.; Ficini, JJ. Am. Chem. Sod.961, 83, 4678.

Discussion

Development of Metal Schiff Base Cyclopropanation
Catalysts. The utilization of metal catalysts in intramolecular
cyclopropanation of alkenes can be traced back to 1961, when
Stork and Ficini reported that an alkenyl diazoketone cyclized
in the presence of a catalytic amount of copper-bronze powWder.
Despite the advantage that such intramolecular reactions usually
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Table 4. Enantioselective Intramolecular Cyclopropanation ofcis-Allylic Diazoacetates (5a-h) Catalyzed by 1&

Entry Substrate Product Yield (%) Ee (%)
o 3
N, g [>—ph
1 Ph o " 61 90
o
5a
6a
= H
2 ) cl
2 o>/'_\\N2 P‘:H C 53 55
cl o
5h 6b
— H
0 N
3 o N H 52 44
Br o
Sc 6¢
— H
0 N
4 0 N H 71 75
Me o
Sd 6d
_ H Me
M
5 ° I d 67 70
o
Se 6e
Me — :H Me,
o ;
o]
6 61()}_\2 0; H : 46 66
Me_ Me
Me\/\/om/%Nz H., /N H
7 Me o oS0 69 70
5

aReaction conditions: catalyst/substratel/100, CHC4, 40°C, addition of substrate over 10 h and stirring for 2 ksolated product yield¢ Determined
by HPLC analysis (Chiralcel OA column).

afford only one diastereomer because of geometric constraints There are a wide variety of chiral metal Schiff base catalysts
(unlike intermolecular alkene cyclopropanation, in which dias- known in the literature, whose catalytic behavior toward
tereocontrol is an important issue), it was not until 1995 that asymmetric alkene epoxidation has been examiAétiHow-

the first enantioselective version of these reactions was devel-ever, few of them have been utilized as catalysts for asymmetric
oped. Pfaltz and co-workers showed that the cyclization of intramolecular alkene cyclopropanation reactions; recent ex-
alkenyl diazoketones using a chiral copper semi-corrin catalyst amples are the applications of [M(Schiff base)L] &/Ru, Co;
could be accomplished with ee values up to 85%, albeit in L = axial ligand) in the asymmetric intramolecular cyclopro-
moderate product yieldéLahuerta and co-workers subsequently panation reactions depicted in Scheme 2, as already described
disclosed the use of dirhodium(ll, 1) catalysts containing chiral in the Introductiorf:® Currently, the most effective catalyst for
ortho-metalated arylphosphine ligands, which gave the desiredsuch enantioselective intramolecular—C bond formation
cyclopropane products in very high yields $0%) and with reactions is the dirhodium(ll,Il) carboxamidate catalyst devel-
enantioselectivities comparable to those reported by Pfiltz. oped by Doyle and co-workef&! Although the enantioselec-
The development of a myriad of homogeneous chiral copper tivity for such intramolecular cyclizations obtained usitais

and dirhodium(llll) catalysts for asymmetric intramolecular (28) (@) Xia, Q-H.; Ge, H.-O.: Ye, C-P.: Liu, Z-M.. Su, KChem.

cyclopropanation of alkene—containing diazocarbonyl com- Rre, 2005 105 1603. (b) McGarrigle. E. M.: Gilheany, D. Ghem. Re.
pounds has followed these seminal discoveties. 2005 105, 1563.
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Scheme 2 cyclopropanations, all of which invoked the intermediacy of
the respective metallocarbenoid comple%&fkecent works
from our laboratory have shown that the isolation of chiral
ruthenium porphyrin carbene complexes could provide useful
information for rationalizing the observed enantioselectivities
in chiral ruthenium porphyrin catalyzed cyclopropanantibns.
In addition, the isolation and characterization of metao and
—imido reactive intermediates containing Schiff base ligétts
have proven to be useful in understanding the mechanism of
the respective €0 and C-N bond formation reactions.

Although the mechanism is currently unclear, it would not
be unreasonable to speculate thatcatalyzed intramolecular
alkene cyclopropanation occurs via initial formation of an active
electrophilic metallocarbenoid intermediate. In this work, the
reactions ofLld—f with either NNCPh, or N,C(p-MeOGsHy), to
form the respective six-coordinate carbene compl&asd4
i . . . reveal the possible formation of a chiral ruthenium carbene
not superior to that for the foregoing dirhodium(ll,Il) carboxa-  gcpits base, [Ru(Schiff base)(CHX)] or [Ru(Schiff base)(CHX)-
midate catalyst, the present work first demonstrates the ef- (L)], where X = R(CH=CH)CH,CO; and L is an axial ligand
ficiency of a chiral metal Schiff base catalyst in catalyzing SUCh {4t exhibits a strong trans effect or is CHX. In this context,
asymmetric intramolecular cyclopropanations. ~ the structures o8 and4, to our knowledge, represent some of

The results shown in Table 3 (entry 1; 90% ee, 61% yield) the few examples of isolated ruthenium carbene Schiff base
represent the highest enantioselectivity yet obtained for the complexes derived from a diazo compound, whose structural
cyclization of cis-alkenyl diazoacetates using a ruthenium cparacterization signifies the intermediacy of such species in

catalyst, which to our knowledge also represents the highestiiramolecular cyclopropanation of alkenyl diazoacetates medi-
enantiocontrol attained for ruthenium Schiff base catalyzed gteq by a metal Schiff base catalyst.

intramolecular cyclopropanation dfis-3-phenylallyl diazo-
acetate %a), whose trans produ@a is an important precursor
for the synthesis of renin analogues (aspartic proteinase inhibi-
tors)2° Prior to this work, the best ee values obtained for
ruthenium-catalyzed intramolecular cyclization @$-alkenyl
diazoacetates have been those with [RglPor*)(CO)(EtOH)]

as catalyst. For the intramolecular cyclopropanatioBaifusing
[Ru(D4-Por*)(CO)(EtOH)] catalyst, the corresponding cyclo-
propane adduct6af were obtained in yields of 24 and 65%
with ee values of 53 and 36%, respectivéljhese values are
lower than that of 61% product yield with an ee value of 90%
for 6a and 69% product yield with an ee value of 70% &ir
obtained in this work wheda was used as catalyst.

R! R?

(Rul H../\..H

1
RY\/O\H/%NZ
R2 l¢]
O O
5 6
R', R2=H, alkyl, aryl

1RQZR

NN

R', R2=H, CI, Br
L', L2 =PPhz, CO

While X-ray crystal analysis revealed that the structure3 of
and 4 feature long Re=C distances, which generally suggest
that such complexes would be reactive, these carbene complexes
are very stable toward stoichiometric alkene cyclopropanation.
As mentioned earlier3a was found to be inert toward
cyclopropanation of either styrene mmethoxystyrene, similar
to the case reported for [RDg-Por*)(CPR)];” the latter contains
a shorter Re=C bond.

Rationalization of the Enantioselectivity in 1a-Catalyzed
Intramolecular Cyclopropanations. The understanding of
enantiocontrol inla-catalyzed cyclizations of allylic diazo-
acetates) is of fundamental importance for future development

Structures of Ruthenium Schiff Base Monocarbene Com- of these types of catalysts. In this context, we rationalize the
plexes. In the literature, it is widely believed that the active Nigh €€ values of up to 91% ee by considering the two possible
intermediates in metal-catalyzed inter- and intramolecular fransition states Tgand TS of the proposed ruthenium carbene
cyclopropanations of alkenes are electrophilic metal carbeneintermediate depicted in Figure 8. Presumably to avoid unfavor-
complexes. In the case of intermolecular cyclopropanations, aa_lble steric mteractlons_between the _substrate and the Schiff base
few metallocarbenoid complexes have been isolated by treating/i9and, the alkenyl moiety preferentially approaches the ruthe-
the catalysts with the respective diazoacetates in the absencéium carbenoid along the RtN(2) bond through the pseudo-
of alkeneg3-1517.263031Concerning metal Schiff base com- boat conformation TSin the transition state. This results in
plexes, we are not aware of such intermediates bearing an axiafnantiocontrol being dictated by the chiral ligand conformation
carbene ligand isolated and structurally characterized. This is Of the ruthenium Schiff base catalyst, which is determined by

surprising in view of previous studies on ruthenium(ll), cobalt-
(1) and cobalt(lll) Schiff base complex catalyzed intramolecular

(29) Martin, S. F.; Austin, R. E.; Oalmann, C. J.; Baker, W. R.; Condon,
S. L.; delara, E.; Rosenberg, S. H.; Spina, K. P.; Stein, H. H.; Cohen, J.;
Kleinert, H. D.J. Med. Chem1992 35, 1710.

(30) (a) Zhang, J.; Liang, J.-L.; Sun, X.-R.; Zhou, H.-B.; Zhu, N.-Y ;

Zhou, Z.-Y.; Chan, P. W. H.; Che, C.-Nhorg. Chem2005 44, 3942. (b)
Zhou, C.-Y.; Yu, W.-Y.; Chan, P. W. H.; Che, C.-M. Org. Chem2004
69, 7072. (c) Zhou, C.-Y.; Chan, P. W. H.; Yu, W.-Y.; Che, C.-84nthesis
2003 9, 1403. (d) Zhang, J.-L.; Chan, P. W. H.; Che, C.-Metrahedron
Lett. 2003 44, 8733. (e) Li, Y.; Huang, J.-S.; Zhou, Z.-Y.; Che, C.-M.
Chem. CommurR003 1362, 3052. (f) Lai, T.-S.; Kwong, H.-L.; Che, C.-
M. Tetrahedron: Asymmeti3003 14, 837. (g) Li, Y.; Huang, J.-S.; Zhou,
Z.-Y.; Che, C.-M.; You, X.-ZJ. Am. Chem. So@002 124, 13185. (h) Li,
Y.; Huang, J.-S.; Zhou, Z.-Y.; Che, C.-M. Am. Chem. So001, 123
4843. (i) Lo, W.-C.; Che, C.-M.; Cheng, K.-F.; Mak, T. C. \Chem.
Commun 1997 1205.

(31) Woo, L. K.; Smith, D. A.Organometallics1992 11, 2344.

the chirality of the diamine unit (route Il in Figure 8). Such a
transition state would also explain the low product ee values
obtained for reactions catalyzed blg,c,g, containing sterically
less bulky substituents ortho to the phenolic oxygen atom on
the Schiff base ligand (see entries 6, 7, and 10 in Table 3), and
decrease in product ee values as the steric bulk of the cis
substituent on the<€C bond of the substrate increases on going
from 5b to 5¢ and 5d to 5e to 5f in Table 4. The marked
difference in product yields for reactions b& catalyzed byl

(32) (a) Katsuki, T.Synlett2003 281. (b) Miler, P.; Fruit, C.Chem.
Rev. 2003 103 2905. (c) Katsuki, T. InCatalytic Asymmetric Synthesis
2nd ed.; Ojima, I., Ed.; Wiley-VCH: New York, 2000; p 287. (d) Jacobsen,
E. N.; Wu, M. H. InComprehensie Asymmetric Catalysisacobsen, E.
N., Pfaltz, A., Yamamoto, H., Eds.; Springer: New York, 1999; p 607. (e)
Miiller, P. In Advances in Catalytic ProcesseBoyle, M. P., Ed.; JAI
Press: Greenwich, CT, 1997; Vol. 2, p 113.
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Figure 8. Proposed transition states for asymmetric intramolecular
cyclopropanation of catalyzed byl or 2.

and2 could be due to the poor solubility of the latter catalyst
in various organic solvents.

Conclusion

Li et al.

Instrumentation. The progress of reactions was monitored by
thin-layer chromatography (TLC) and visualized with a UV lamp
(254 nm), iodine absorbed on silica, and/or permanganate solution
(1% KMnO, and 2% NaCGO; in H,0O) activated with heatH NMR
spectra were recorded at 300 MHz on either a Bruker AM300 or a
Varian Mercury 300 spectrometéfC NMR spectra were recorded
on a Varian Mercury 300 (75 MHz) spectrometer and are proton-
decoupled. IR measurements were performed as KBr disks on a
Bio-Rad FTS-185 instrument. Optical rotations were performed on
a Perkin-Elmer 341MC polarimeter at 589 nm and°Z) Mass
spectra were measured on either an HP HP5989A or Agilent
HP5873 spectrometer at an ionization voltage of 70 eV. High-
resolution mass spectra were obtained with a Kratos Concept 1H
spectrometer. Elemental analyses were run on an Elemantar Vario
EL instrument at the Analytical and Testing Center, Shanghai
Institute of Organic Chemistry, Chinese Academy of Sciences.
Enantioselectivities were determined on a Waters 5151 HPLC
equipped with a Chiralpak OA column.

General Procedure for Synthesis of [Ru(Schiff base)(PRjy]

(1). To a degassed solution of MeOH (8 mL) containing chirgRH
salen (0.55 mmol) and Bt (1.5 mL) was added [Ru(PBBCI;]

(0.5 mmol). The reaction mixture was refluxed for 18 h, and after
it was cooled to room temperature, it was subsequently filtered and
washed withi-PrOH (3 x 10 mL). The red-brown solid obtained
was recrystallized from 1,2-dichloroethainBfOH to give brown
crystals of the title compound.

[Ru(2-Br-salen)(PPhy),] (1a).2? Yield: 73%. Anal. Calcd for
CseHagBraN,O-PRu: C, 60.93; H, 4.38; N, 2.54. Found: C, 60.94;
H, 4.17; N, 2.35. IR (KBr pellet, cm'): 3049, 1584, 1449, 1435,
1123, 694, 516. HRMS (ESl)rﬂ/Z calcd for GgH34BraN-,O-PRuU,

The present work describes the enantioselective intramolecu-840.9762; found, 840.9743.

lar cyclopropanation of cis-substituted diazoacetates catalyzed

[Ru(4-Br-salen)(PPhy),] (1b). Yield: 71%. Anal. Calcd for

by chiral ruthenium Schiff base complexes containing either a CsgHgBr,N,O,P,Ru: C, 60.93; H, 4.38; N, 2.54. Found: C, 60.44;

PPh or CO ligand. Our studies revealed tHat represents an
effective ruthenium Schiff base catalyst for an asymmetric

intramolecular cyclopropanation process, catalyzing the cyclo-

propanation of severais-alkenyl diazoacetate§)in up to 90%

H, 4.20; N, 2.34. IR (KBr pellet, cmt): 3051, 2937, 1587, 1459,

1434, 694, 514. MS (FAB)m/z 1102 [M]".
[Ru(4-Cl-salen)(PPh);] (1c). Yield: 68%. Anal. Calcd for

CseHsCloN,O-PRU: C, 66.27; H, 4.77; N, 2.76. Found: C, 66.06;

ee and product yields up to 71%. The active intermediates in H, 4.93; N, 2.61. IR (KBr pellet, crm): 3050, 2929, 1586, 1439,

the la-catalyzed intramolecular cyclopropanationsbofould

be the respective chiral ruthenium carbene complexes [Ru(2-

Br-salen)(CHX)] (X = R(CH=CH)CH,CO,) or [Ru(2-Br-
salen)(CHX)(L)], where L is a labile axial ligand that exhibits
a strong trans effect. The reactionslaf—f with N,CAr, gave

the corresponding stable six-coordinate chiral ruthenium Schiff

base monocarbene complex@and 4. The isolation of these
chiral metal Schiff base carbene complexes provides indirec

evidence for the involvement of such intermediates in ruthenium

Schiff base catalyzed intramolecular cyclopropanations. Al-
though X-ray analysis showed thaind4 have unusually long

Ru=C(carbene) bonds, suggesting that these ruthenium carben

complexes may exhibit interesting reactivities, neither [Ru(2,4-
Br-salen)(CPg)] nor 3a was found to be active toward sto-
ichiometric alkene cyclopropanation.

Experimental Section

General Considerations.Unless otherwise stated, all reactions

were carried out in anhydrous solvents under a positive pressure
of argon gas. All solvents were distilled under an argon atmosphere

prior to use: EIN was distilled from sodium; O, THF, GHs,

and toluene were distilled from sodium and benzophenone; MeOH
CH,CI,, and 1,2-dichloroethane were distilled from GaBHCl;
was dried over anhydrous Cags@nd distilled prior to use.

Commercially available reagents were used as received unless
otherwise specified. Chiral Schiff base ligands were prepared from 1

1133, 694, 516. MS (FAB)m/z 1014 [M]*.
[Ru(2,4-Br-salen)(PPh),] (1d).33 Yield: 83%. Anal. Calcd for
CseHaeBraN2O-P,RuU: C, 53.31; H, 3.68; N, 2.22. Found: C, 53.02;
H, 3.42; N, 2.11. IR (KBr pellet, cm): 3050, 2929, 1440, 1142,

695, 516. MS (FAB):n/z 1258 [M]".
[Ru(2,4-Cl-salen)(PPh),] (1e)32 Yield: 81%. Anal. Calcd for
CseHasCl4NOP,RU: C, 62.06; H, 4.28; N, 2.58. Found: C, 61.98;

tH 4.13, N, 2.39. IR (KBr pellet, cnt): 3049, 2935, 1583, 1448,

1156, 694, 516. MS (FAB)m/z 1082 [M]".
[Ru(2,4-1-salen)(PPh),] (1f).32 Yield: 70%. IR (KBr pellet,
cm1): 3051, 2927, 1438, 1140, 690, 517. MS (FAB)/z 1450

M1+, 1188 [M — PPh]*.

[Ru(salen)(PPh),] (19):3° Yield: 61%. Anal. Calcd for
CseHsoN-O.P,Ru: C, 71.10; H, 5.33; N, 2.96. Found: C, 70.83;
H, 5.19; N, 2.76. IR (KBr pellet, cmt): 3049, 2935, 1598, 1446,
694, 514. MS (FAB):m/z 946 [M*].

General Procedure for the Synthesis of [Ru(Schiff base)(CO)]
(2). To a Schlenk tube charged with 1 atm of CO gas was
sequentially added. (0.5 mmol) and CHCl, (5 mL) at room
temperature. The reaction mixture was stirred overnight and filtered,
and the residue was washed with diethyl etherx(2 mL). The
residue was dried under reduced pressure to give the title compound
as a yellow solid. FoRa, the crude product was recrystallized from
a solution containing EO/CH,Cl,/Melm (10/3/1) to give [Ru(2-
Br-salen)(CO)(Melm)F?

(33) For full characterization data of [Ru(Schiff base)(BEhsee refs
and 12 and: (a) Sun, W.;Kua, F. E.Appl. Catal., A: Gen2005 285,

reaction of the respective substituted 2-hydroxybenzaldehyde with 163, (b) Bhowon, M. G.; Wah, H. L. K.; Narain, Rolyhedron1999 18,

(1R,2R)-cyclohexanediamine in ethanol (2/1 v/v).

341.
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[Ru(2-Br-salen)(CO)] (2a).Yield: 80%. Anal. Calcd for gH;g
BroN,OsRu-0.5CHCl,: C, 39.74; H, 2.95; N, 4.31. Found: C,
40.05; H, 3.33; N, 4.24'*H NMR (CsD4N, 500 MHz): ¢ 8.40 (d,
1H,J = 1.2 Hz), 8.30 (d, 1HJ = 1.4 Hz), 7.70 (dd, 1HJ) = 7.4,
1.6 Hz), 7.35 (dd, 1H) = 7.8, 1.5 Hz), 7.32 (dd, 1HI= 7.9, 1.5
Hz), 6.43 (t, 1HJ = 7.6 Hz), 6.34 (t, 1H,) = 7.6 Hz), 3.26-3.28
(m, 1H), 3.16-3.18 (1H, m), 2.52 (br d, 1H] = 9.6 Hz), 2.41 (br
d, 1H,J = 9.8 Hz), 1.63 (br t, 2H,) = 13.4 Hz), 1.02-1.30 (m,
4H). IR (KBr pellet, cntl): 1931, 1629, 1590, 1436, 1315. HRMS
(MALDI): m/z calcd for GiH19Br.N,OsRu, 606.8800; found,
606.8814.

[Ru(4-Br-salen)(CO)] (2b). Yield: 83%. Anal. Calcd for @Hig
BroN,O3Rw0.5CHCl,: C, 39.74; H, 2.95; N, 4.31. Found: C,
39.91; H, 3.36; N, 4.25'"H NMR (CsD4N, 500 MHz): 6 8.40 (s,
1H), 8.30 (s, 1H), 7.80 (d, 1H] = 6.1 Hz), 7.70 (d, 1HJ = 6.1
Hz), 7.35 (d, 1HJ = 6.7 Hz), 7.32 (d, 1HJ = 6.7 Hz), 6.43 (t,
1H,J = 7.6 Hz), 6.35 (t, 1HJ = 7.6 Hz), 3.26-3.29 (m, 1H),
3.11-3.19 (m, 1H), 2.52 (br d, 1H] = 10.5 Hz), 2.41 (br d, 1H,
J=9.9 Hz), 1.63 (br t, 2HJ = 13.5 Hz), 0.971.31 (m, 4H). IR

(KBr pellet, cntl): 1939, 1627, 1445, 1312, 1163. HRMS (ESI):

m/z calcd for G;H1gBr.N,O3Ru, 606.8805; found, 606.8824.

[Ru(2,4-Cl-salen)(CO)] (2c). Yield: 82%. Anal. Calcd for
C21H16CIsN,O3RU-0.5CHCIy: C, 41.01; H, 2.72; N, 4.45. Found:
C, 40.61; H, 3.20; N, 4.23H NMR (CsD4N, 500 MHz): ¢ 8.40
(d, 1H,J=1.0 Hz), 8.28 (d, 1H) = 1.2 Hz), 7.58 (d, 1H) = 2.7
Hz), 7.51 (s, 1H), 7.33 (d, 1H} = 2.7 Hz), 7.31 (d, 1HJ = 2.7
Hz), 3.27-3.34 (m, 1H), 3.1%3.20 (m, 1H), 2.64 (br d, 1H] =
10.0 Hz), 2.49 (br d, 1HJ = 9.3 Hz), 1.67 (br t, 2HJ = 15.5
Hz), 1.35 (br d, 1HJ = 10.3 Hz), 1.30 (br d, 1H) = 10.3 Hz),
1.11-1.24 (m, 1H), 0.981.10 (m, 1H). IR (KBr pellet, cmb):
3068, 1917, 1625, 1462, 1309, 1169. HRMS (MALDHvz calcd
for C21H17ClsN2OsRu, 586.9031; found, 586.9054.

[Ru(2,4-Br-salen)(CO)] (2d). Yield: 60%. Anal. Calcd for
Co1H16BrsN-OsRu-C4HgN,: C, 35.56; H, 2.63; N, 6.64. Found: C,
35.08; H, 2.58, N, 6.50:H NMR (CsD4N, 500 MHz): 6 8.36 (s,
1H), 8.26 (s, 1H), 7.90 (d, 1H] = 2.5 Hz), 7.81 (d, 1HJ = 2.5
Hz), 7.47 (d, 1HJ = 2.5 Hz), 7.45 (d, 1HJ = 2.5 Hz), 3.29-
3.37 (m, 1H), 3.2%3.29 (m, 1H), 2.65 (br d, 1H) = 9.9 H2z),
2.52 (brd, 1H,J = 10.0 Hz), 1.68 (br t, 2H) = 14.5 Hz), 1.24
1.43 (m, 2H), 1.13-1.24 (m, 1H), 1.021.13 (m, 1H). IR (KBr
pellet, cnt1): 1933. MS (FAB): m'z 738 [M — COJ*.

[Ru(2,4-1-salen)(CO)] (2e). Yield: 50%. Anal. Calcd for
Co1H16l aN2OsRU-C4HeN,: C, 28.97; H, 2.14; N, 5.41. Found: C,
29.43; H, 2.52, N, 5.66'H NMR (CsD4N, 500 MHz): 6 8.26—
8.33 (m, 2H), 8.16:8.20 (m, 2H), 7.59 (dd, 2H] = 7.3, 2.2 Hz),
3.32-3.46 (m, 2H), 2.59-2.69 (m, 1H), 2.522.59 (m, 1H), 1.65
1.74 (m, 2H), 1.42-1.51 (m, 1H), 1.16-1.39 (m, 3H). IR (KBr
pellet, cnt1): 1954. MS (FAB): m/z 926 [M — COIJ".

General Procedure for the Synthesis of [Ru(Schiff base)(®¢
YCeHa4)2)(Melm)] (3). To a CHCI, (5 mL) solution containing
[Ru(Schiff base)(PRy] (1; 0.3 mmol) was added slowly a solution
of N2C(p-YCeHa4)2 (Y = H, OMe) (1.3 mmol) in CHCI, (5 mL)

Organometallics, Vol. 25, No. 7, 20687

1438, 1145. HRMS (ESI):nVz calcd for GsH»¢BrsN.NaORu,
922.7664; found, 922.7658.

[Ru(2,4-Cl-salen)(CPh)(Melm)] (3b).22 Yield: 33%. Anal.
Calcd for G7H3.N4O,Cl,Ru: C, 55.08; H, 4.00; N, 6.95. Found:
C, 54.77; H, 4.18, N, 6.50H NMR (CsD4N, 500 MHz): ¢ 8.43
(s, 1H), 8.27 (s, 1H), 7.69 (br s, 3H), 7:48.42 (m, 11H), 3.32
3.40 (m, 1H), 2.43-2.65 (m, 2H), 2.24-2.33 (m, 1H), 1.59-1.70
(m, 2H), 1.25-1.36 (m, 1H), 1.16-1.20 (m, 1H), 0.83-0.95 (m,
2H). 13C NMR (GsD4N, 100 MHz): ¢ 317.3 (Re=C). IR (KBr
pellet, cm): 3131, 2933, 2859, 1602, 1585, 1441, 1160, 857, 752.
HRMS (MALDI): m/z calcd for GgHzeN,0,ClsRu, 723.9792;
found, 723.9768.

[Ru(2,4-I-salen)(CPh)(Melm)] (3c).?? Yield: 60%. Anal. Calcd
for Cs7/H3N4Os14RU: C, 37.83; H, 2.75; N, 4.77. Found: C, 37.80;
H, 3.01; N, 4.951H NMR (CsD4N, 500 MHz): 6 8.34 (s, 1H),
8.18 (s, 1H), 8.13 (d, 1H] = 1.9 Hz), 8.08 (d, 1HJ) = 1.9 Hz),
7.70 (d, 1H,J= 1.8 Hz), 7.68 (d, 1HJ = 1.9 Hz), 7.49-7.60 (m,
4H), 7.25-7.40 (m, 6H), 3.343.42 (m, 1H), 2.552.70 (m, 2H),
2.30-2.37 (m, 1H), 1.581.70 (m, 2H), 1.16-1.37 (m, 2H), 0.88
1.20 (m, 1H).23C NMR (CsD4N, 100 MHz): 6 316.3 (Ra=C). IR
(KBr, cm™1): 2928, 1561, 1430, 1137. MS (FAB)Wz 1092 [M
— Melm]*.

[Ru(2,4-Br-salen)(Cp-MeOCgH,)2)(Melm)] (3d).2 Yield: 60%.
Anal. Calcd for GoHsgN4O-BryRu: C, 44.92; H, 3.48; N, 5.38.
Found: C, 44.46; H, 3.63, N, 5.3%4 NMR (CsD4N, 500 MHz):

0 8.47 (d, 1HJ = 1.1 Hz), 8.32 (d, 1HJ = 1.1 Hz), 7.80 (d, 1H,
J=2.6Hz), 7.74 (d, 1HJ = 2.6 Hz), 7.64 (d, 1H] = 2.6 Hz),

7.60 (d, 1H,J = 2.6 Hz), 7.03 (d, 4H]) = 7.2 Hz), 4.96 (s, 4H),
3.34-3.38 (m, 1H), 2.65 (d, 2HJ = 10.8 Hz), 2.42-2.46 (m,
1H), 1.64-1.71 (m, 2H), 1.36:1.48 (m, 1H), 1.151.23 (m, 1H),
0.95-1.03 (m, 2H).13C NMR (CsD4N, 100 MHz): ¢ 317.3 (Re=

C). IR (KBr, cm1): 2932, 1589, 1438, 1162. MS (FAB)/z 964
[M — Melm]*.

[Ru(2,4-Br-salen)(CPh)(py)] (4).22 To a CHCI, (5 mL) solu-
tion containing [Ru(2,4-Br-salen)(CBh (46 umol) was added
pyridine (1 mL). The resulting mixture was stirred for 30 min and
filtered. Recrystallization by adding 2 gave the title compound.
Yield: 50%. Anal. Calcd for ggH3:BrsNsO,Ru: C, 46.46; H, 3.18;
N, 4.28. Found: C, 45.77; H, 3.66, N, 3.86. IR (KBr, tth 2934,
1578, 1436, 1146. MS (FAB)m/z 903 [M — py]*.

General Procedure for Intramolecular Cyclopropanation of
(E)-Allylic Diazoacetates Catalyzed by 1 or 2To a solution of
catalyst (0.01 mmol) in solvent (10 mL) was slowly added the
(alkenyl)allyl diazoacetaté (1 mmol) dissolved in the same solvent
(20 mL) over a 10 h period via syringe pump at4@ The solution
was stirred for an additional 2 h. After it was cooled to room
temperature, the resulting solution was concentrated at reduced
pressure and purified by silica gel column chromatography (5/1
petroleum ether/EtOAc as eluent) to give the desired fused [3.1.0]
cyclopropane product.

ciscis-6-Phenyl-3-oxabicyclo[3.1.0]hexan-2-one (6aH NMR
(CDCl;, 300 MHz): 6 7.36-7.32 (m, 5H), 4.83 (ddd] = 9.9, 2.4

via a syringe pump over a 10 h period. This resulted in the formation Hz, 1H), 4.06 (d,J = 9.9 Hz, 2H), 2.79 (ddJ = 8.4 Hz, 1H), 2.60
of a green precipitate, which was filtered and sequentially washed (dd,J = 8.4, 2.4 Hz, 1H)}C NMR (CDCk, 75 MHz): 6 = 174.9,

with copious amounts of Ci&l, and MeOH. The crude green

132.3, 129.5, 129.0, 127.8, 65.8, 26.3, 24.0, 23.6. IR (KBr pellet,

precipitate obtained was dried under reduced pressure and recrystalem-1): 2968, 1742, 1378, 1194, 965, 753, 699, 529. MS (Etjz

lized from a solution containing ED/CH,Cl,/Melm (10/3/1) to give
the title compound.

[Ru(2,4-Br-salen)(CPh)(Melm)] (3a).2? Yield: 85%. Anal.
Calcd for G/H3:BrsN,OsRu: C, 45.10; H, 3.27. Found: C, 44.79;
H, 3.45.'H NMR (CsD4N, 300 MHz): 6 8.41 (s, 1H), 8.26 (s,
1H), 7.73 (d, 1HJ = 2.4 Hz), 7.66 (d, 1H) = 2.4 Hz), 7.506-
7.59 (m, 5H), 7.3+7.44 (m, 5H), 3.36-3.40 (m, 1H), 2.56-2.69
(m, 2H), 2.25-2.40 (m, 1H), 1.5%1.75 (m, 2H), 1.251.41 (m,
1H), 1.106-1.25 (m, 1H), 0.85-1.02 (m, 2H).13C NMR (CsD4N,
100 MHz): ¢ 317.0 (Re=C). IR (KBr pellet, cntl): 2932, 1577,

174 [M*]. HRMS (ESI): m/z calcd for G;H;002: 174.0681; found,

174.0664.
ciscis-6-(4-Chlorophenyl)-3-oxabicyclo[3.1.0]hexan-2-one (6b).

H NMR (CDCls, 300 MHz): 6 7.28 (d,J = 9.6 Hz, 2H), 7.05 (d,

J=9.6 Hz, 2H), 4.47 (dd) = 9.3, 4.5 Hz, 1H), 4.42 (d] = 9.3

Hz, 1H), 2.54-2.48 (m, 1H), 2.33-2.29 (m, 2H)*C NMR (CDCl,

75 MHz): 6 174.60, 135.67, 133.04, 128.90, 127.28, 69.61, 28.67,

27.40, 26.13. IR (KBr pellet, cn): 2969, 2905, 1771, 1748, 1497,

1371, 1039, 529. MS (El): 208 [M] HRMS (El): m/z calcd for

C11H10CIO;,, 231.01833; found, 231.0180.
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cis,cis-6-(4-Bromophenyl)-3-oxabicyclo[3.1.0]hexan-2-one (6c¢).
1H NMR (CDCls, 300 MHz): 6 7.44 (d,J = 8.4 Hz, 2H), 6.95 (d,
J=8.4Hz, 2H), 4.47 (dd) = 9.6, 4.8 Hz, 1H), 4.42 (dd] = 9.3,
0.9 Hz, 1H), 2.53-2.49 (m, 1H), 2.342.28 (m, 2H).13C NMR
(CDCl;, 75 MHz): 6 174.6, 136.2, 131.9, 127.7, 121.1, 69.6, 28.8,
27.4, 26.1. IR (KBr pellet, cm): 1745, 1178, 1039, 813, 527.
MS (El): m/z 254 [M]*. HRMS (ESI): mVz calcd for G31HgBrO,,
251.9790; found, 251.9788.
cis,Cis-6-(4-Methylphenyl)-3-oxabicyclo[3.1.0]hexan-2-one (6d).
IH NMR (CDCls, 300 MHz): ¢ 7.21 (d,J = 8.1 Hz, 2H), 7.15 (d,
J = 8.1 Hz, 2H), 4.36 (ddd) = 9.6, 3.6, 1.8 Hz, 1H), 4.05 (d},
= 9.6 Hz, 1H), 2.77#2.71 (m, 1H), 2.582.54 (m, 2H), 2.32 (s,
3H). 13C NMR (CDCk, 75 MHz): 6 175.0, 137.5, 129.7, 129.3,
65.9, 26.0, 24.0, 23.6, 21.2. IR (KBr pellet, cht 1770, 1754,
1176, 1039, 980, 835. MS (El)n/z 188 [M]*. HRMS (ESI): m/z
calcd for GoH1,0,, 188.0837; found, 188.0836.
cis,cis-6-(3-Methylphenyl)-3-oxabicyclo[3.1.0]hexan-2-one (6€).
1H NMR (CDClg, 300 MHz): 6 7.23-7.01 (m, 4H), 4.36 (ddd)
= 9.9, 2.7 Hz, 1H), 4.07 (dJ = 10.2 Hz, 1H), 2.782.72 (m,
1H), 2.58-2.55 (m, 2H), 2.33 (s, 3H)13C NMR (CDCk, 75
MHz): ¢ 175.0, 138.6, 132.2, 130.1, 128.8, 128.6, 126.5, 65.9,
26.2, 24.0, 23.6, 21.4. IR (KBr pellet, c): 1770, 1749, 1196,
1039, 977, 708. MS (El)mv/z 188 [M]*. HRMS (ESI): mVz calcd
for Cy12H1,0,, 188.0837; found, 188.0842.
cis,cis-6-(2-Methylphenyl)-3-oxabicyclo[3.1.0]hexan-2-one (6f).
IH NMR (CDClz, 300 MHz): ¢ 7.30-7.15 (m, 4H), 4.36 (dd] =
9.9, 4.5 Hz, 1H), 3.83 (dJ = 9.9 Hz, 1H), 2.672.62 (m, 3H),
2.39 (s, 3H).13C NMR (CDCk, 75 MHz): ¢ 138.0, 130.8, 129.2,
128.0, 126.5, 66.0, 25.9, 24.2, 24.1, 19.2. IR (KBr pellet, Hm
1758, 1173, 970, 738. MS (El)n/z 188 [M]*. HRMS (ESI): m/z
calcd for G,H1,0,, 188.0837; found, 188.0835.
cis-6,6-Dimethyl-3-oxabicyclo[3.1.0]hexan-2-one (6gH NMR
(CDCls, 300 MHz): 6 4.37 (dd,J = 9.9, 5.7 Hz, 1H), 4.16 (d)
=9.9, 2.4 Hz, 1H), 2.06 () = 6.0 Hz, 2H), 1.95 (dJ = 6.0 Hz,
1H), 1.18 (s, 6H)13C NMR (CDCk, 75 MHz): 6 174.91, 66.49,
30.55, 30.07, 25.24, 23.03, 14.43. IR (KBr pellet, €n 2961,
2910, 1769, 1361, 1180, 1050, 975. MS (E#)z 126 [M]*. HRMS
(ESI): m/z calcd for GH100,, 126.0681; found, 126.0638.
X-ray Crystallography. Crystals ofla were obtained by slow
diffusion of 1,2-dichloroethane into anrPrOH solution ofla,
whereas those of [Ru(2-Br-salen)(CO)(Melm)] &were obtained
by slow diffusion of EO into a CHCI, solution containing Melm
(CH.Cly/Melm, 3/1 v/v) and those of by recrystallization from
Et,O. Data collection was carried out on a MAR diffractometer by

Li et al.

using crystals of dimensions 0:3 0.2 x 0.1 mm (La, at 301(2)

K), 0.4 x 0.2 x 0.1 mm ([Ru(2-Br-salen)(CO)(Melmp.5CH-
Cl, at 301(2) K), 0.4x 0.2 x 0.1 mm Ba-H,0, at 301(2) K), 0.4

x 0.3 x 0.2 mm Bb-0.5GH;00-CH3CN, at 293(2) K), 0.38x
0.28 x 0.20 mm Bc, at 294(2) K), 0.32x 0.24 x 0.16 mm @d,

at 294(2) K), and 0.5< 0.25 x 0.2 mm @, at 253(2) K)?? The
structures were refined by full-matrix least squares using the
SHELXL-97 progran®* The images were interpreted and the
intensities integrated by using the program DENZ®he structures
were solved by direct methods by employing the SHELXS-97
program on a P&8 In all cases graphite-monochromated Mo K
radiation ¢ = 0.71073 A) was used.
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