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ABSTRACT

A ruthenium porphyrin-catalyzed stereoselective intramolecular carbenoid C—H insertion is described. Using [Ru'(TTP)(CO)] as catalyst, aryl
tosylhydrazones are converted to 2,3-dihydrobenzofurans, 2,3-dihydroindoles, and f-lactams in good yields and remarkable cis selectivity (up
to 99%). Enantioselective synthesis of 2,3-dihydrobenzofurans is also achieved with [Ru"(D4-Por*)(CO)] as catalyst, and up to 96% ee is attained.

Transition-metal-catalyzed carbenoid insertion into a satu- and effective strategy for stereo- and enantioselective
rated C-H bond is an appealing methodology for construc- synthesis of five- and four-membered heterocy&IBignifi-

tion of carbor-carbon bonds and natural product synthésis. cant advances in this area have been made with the Rh-/
The carbenoid €H insertions have proven to be a uniqgue Cu-catalyzed decomposition of-diazo esters, and highly
reactive metal—carbenes are postulatéd.
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[Ru(TTPYCO)]

(R'=R?=R*=R5=H; R3=Me)
[Ru'(p-F-TPP)CO)] (R'=R2=R*=RS=H; R%=F)
[Ru'(TMP)(CO)] (R2=R=H; R'=R%=R5=Me)
[Ru(TDCPP)(CO)] (R2=R%=R*=H; R'=R%=Cl)

[Ru'(3,4,5-MeO-TPP)(CO)] (R'=R5%=H; RZ=R3=R*=0OMe)

Figure 1. Ruthenium porphyrins.

ruthenium porphyrins react with diazo compounds to afford
ruthenium—carbene complexéspme of which have been
structurally characterize®- Here, we report an extensive
study on ruthenium porphyrin catalyzed cyclization of aryl
tosylhydrazones to forneis-2,3-disubstituted 2,3-dihydro-
benzofurans via carbenoid- insertion. In the course of
this study, Zhen@t al” communicated the use of ruthenium
porphyrin for the synthesis ofH)-epi-conocarpan. Dihydro-

benzofurans (e.g., lignans and neolignans) are widespread

in nature, and they exhibit a broad range of biological
activities including anticancer effectsn this report, we also
describe stereoselective synthesigigtdisubstitute¢-lac-
tams by employing the ruthenium-catalyzed protocol.
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In this work, we employed aryl tosylhydrazones as
precursors foin situ generation of diazo compounds, where
handling or accumulation of unstable intermediates can be
avoided® Treating the sodium salt dfa (1 mmol) with [RU'-
(TTP)(CO)] (2 mol %) andh-BwNBr (10 mol %) as phase-
transfer catalyst in toluene at 60—7Q for 48 h afforded
dihydrobenzofurarain 76% isolated yield (Table 1, entry

Table 1. Ru-Catalyzed Intramolecular Carbenoid C—H

Insertion
o)
NQN'\@TS Ru catalyst (1 mol%)
o pn PTC (10 mol%), toluene @[Oé_'ph
(1a-Na) (2a)
time vyield cis/
entry Ru catalyst PTC T(CC) (h) (%) trans®
1 [Ru'(TTP)(CO)] n-BusNBr 60-70 48 76 98:2
2 [RU'(TTP)(CO)] n-BusNBr 110 12 83  >99%¢
3 [RU"(TTP)(CO)] BnEt;NCI 60—70 48 77 98:2
4 [Ru'(TTP)(CO)] n-BusNBr 110 2 86 98:2
5 [RU'(OEP)(CO)] n-Buy,NBr 60-70 48 79 98:2
6 [Ru"(p-F-TPP)(CO)] n-BusNBr 60—70 48 79 98:2
7 [Ru"(3,4,5-MeO- n-BusNBr 60—-70 48 79 98:2
TPP)(CO)]
8 [RuU'(TDCPP)(CO)] n-Bus;NBr 60-70 48 12 94:6
9 [RUu"(TMP)(CO)] n-Bus,NBr 60-70 48 10 45:55

ajsolated yield.” Determined by'H-NMR. ¢ a,0-d,-1a-Na as substrate,
cis-b-2a was determined by NMR analysis.

1). '"H NMR analysis revealed thats-disubstituted product
was predominantly formeais/trans= 98:2) by comparing
the integral ratios of the methyl protons of ttis (0.78 ppm)
andtransisomers (1.38 ppmit Using benzyl,a-d>-alcohol
(98% D), we prepared a deuterium-labeledl. Under the
Ru-catalyzed conditions, facile cyclization @&’ to cis-
dihydrobenzofurara (ca. 83% yield) was achieved exclu-
sively (Table 1, entry 2). On the basis'sf NMR and mass
spectroscopic analyses, the deuterium content was conserved
after the cyclization reaction. The NMR spectrum 2#'
unequivocally reveals that the deuterium atom at the C3
position originates from the benzylic€D bond. This result
suggests that the Ru-catalyzed cyclization of aryl tosyl-
hydrazones involves cleavage of the benzylieKCbond as
the principal step.

Other phase-transfer catalysts such as BMEL are
equally effective for the Ru-catalyzed cyclizationlaf(entry
3). Toluene was found to be the solvent of choice; using
other solvents such as GEl, and THF resulted in sluggish
reaction and low product yield<(6%) with >90% of the
starting hydrazone being recovered. It is well-known that
[Rhx(CH3CO,)4] is a highly effective catalyst for the analo-
gous C—H insertions. However, in this work, when the

(9) For an alternative approach for higltig-selectives-lactam synthesis
using [2+ 2] cycloaddition, see: Taggi, A. E.; Hafez, A. M.; Wack, H.;
Young, B.; Ferraris, D.; Lectka, T. Am. Chem. So2002,124, 6626 and
references therein.
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2785.
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cyclization of 1la was conducted under the reaction condi-

tions: [RQ(CH3C_OZ)4] (1 mol %), 1a (1 mmo!) andn-Btg- Table 2. One-Pot Protocol for the Ru-Catalyzed Intramolecular
NBr (10 mol %) in toluene at 6670 °C, a mixture ofcis- Carbenoid C—H Insertich
andtrans-2a(cis/trans= 47:53) was obtained in only 21% T p— TR I—
yield. Previously, Daviég®and Hashimot&®independently e "
reported the chiral Rh-catalyzed enantioselective synthesis . Me Cfg-% . 95:5
of cis-2-aryl-3-methoxycarbonyl-2,3-dihydrobenzofurans by (g;Ph o ©
intramolecular carbenoid-€H insertion strategy. According NHTe e
to their reports, low temperature-{8 or —50 °C) was 5 Ve @\/S-csm.om o 50011
employed to give a high degree of stereoselectivity. 07 CaHp-OMe d

In refluxing toluene (110C), the Ru-catalyzed cyclization WNNHTS - e
of lawould attain complete substrate consumption within 2 X O Me O o o ooen
h affording 2a in 86% vyield (entry 4) with excellentis ‘ o"Ph ‘ ©
selectivity (cis/trans= 98:2). In the absence of ruthenium (1e) (20)
porphyrin catalyst, heatinda in refluxing toluene led to NNHTs Ph
decomposition of the hydrazone without any formation of 4 o @Mph 78 34:66
the dihydrobenzofuran product. aa oo

Several ruthenium(ll) porphyrins, [R(Por)(CO)], [H- NNHTs Me
Por: HOEP = octaethylporphyrin; kHp-F-TPP= meso- 5 (:f:“ﬁ;, mMe 62
tetrakisp-fluorophenyl)porphyrin; k#3,4,5-MeO-TPR= mese (19) (2e)
tetrakis-(3,4,5-trimethoxyphenyl)porphyrin] were found to be NNHTS We
equally effective catalysts for the intramolecular carbenoid 6 e @joS-p 73 87:13
C—H insertion, and2a was isolated in 7988% vyields an. T e
(entries 5—7) and excellewts selectivities (cis/trans= 98: NNHTs Me
2). And yet, when the sterically bulky [RGrDCPP)(CO)] 7 e C[:}-C%Me 66 >99 cis!
[H,TDCPP = meso-tetrakis(2,6-dichlorophenyl)porphyrin] ae M g
was employed as cataly®awas formed in only 12% yield NNHTs Me
(entry 8) with acis/trans ratio of 96:4. Likewise, with 8 O/Mi/ H 56

[RU"(TMP)(CO)] [H.TMP = mesetetrakismesitylporphyrin]
as catalyst,2a was formed in 10% yield and loveis
selectivity (cis/trans= 45:55) (entry 9).

N
4 i =z
z z Qo
® <
- :
=
~
o0

NNHTs
Me

Reacting [RU(TTP)(CO)] with sodium salt of benzo- ? Vad o 799 cis
phenone tosylhydrazone (2 equiv) at ca.®€5in toluene ay @
for 4 h under an argon atmosphere was found to give [(TTP)-
RU=CP|1],5b which was characterized H’j;"l/”C NMR and a Reaction conditions: (1) LIHMDS (1.2 equiv) in THF78 °C, 30

. . . min; (2) Ru catalystn-BwNBr, toluene MS4A, 110C. P Isolated yield.
FAB-MS (see Supporting Information). An attempt to isolate < Cis/transratio was determined bjH NMR. ¢ Modified reaction condi-

the carbenoid species derived frdmwith [Os'(TTP)(CO)] tions: 70°C, 60 h.
was not successful; only the— insertion product was
obtained in 81% yield (Scheme 1). containing two phenyl substituents, the reaction produced

trans-diphenyl-2,3-dihydrobenzofuran (2d) as the major

I oroduct (vield = 78%; cisfirans = 34:65; see entry 4)

Scheme 1. Formation of [(TTP)Ru=CPJ} from the Tosylhydrazoned e,f containing aliphatic €H bonds can
Decomposition of Benzophenone Tosylhydrazone be readily converted to their corresponding dihydrobenzo-
n-BusNBr furans (entries 56). This features a rare example of Ru-
Ph.__Ph ; (10mal%) — Ph.__Ph carbenoid insertion into aliphatic C—H bond.
®) +  [RU(TTPYCO)] ——» | . ..
Na NN“Ts toluene A It is reported that substrates such dsy containing
o electron-withdrawing ester substituents are not resfior
> = 7P darion the Rh-catalyzed carbenoid-H insertion reactiori2 In this

work, with the [RU(TTP)(CO)] catalyst,1g was found to
undergo facile carbenoid C—H insertion, angg was
The tosylhydrazone salt can be generatedsitu’® by obtained in 66% yield witl>99% cis selectivity (entry 7).
reacting tosylhydrazone with a base, and a one-pot procesdHowever, under the Ru-catalyzed conditiohl,containing
for the Ru-catalyzed intramolecular carbenoidi€insertion a C=C bond undergoes preferentially intramolecular cyclo-
is developed. Several tosylhydrazone derivatives have beemropanation to give cyclopropar#h in 56% yield (entry
employed to demonstrate the generality of the reacfiéws 8). No C—H insertion product was detected By NMR

shown in Table 2, the reactions of aryl tosylhydrazobeesc analysis of the crude reaction mixture.
gave preferentiallgis-disubstituted dihydrobenzofura@a—c The Ru-catalyzed intramolecular carbenoigiinsertion
in good yields (entries 43). However, for substratéd reaction is also effective for the formation@$-disubstituted
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dihydroindoles. Treatment dfl,N-dibenzyl-2-aminoaceto-
phenone tosylhydrazorig according to the one-pot protocol
furnished the product dihydroindo® in 78% isolated yield.
Again, >99%cis-selectivity was observed based®shNMR
analysis of the product (vicinal coupling constant8.9
Hz).:® The highcis stereoselectivity is comparable to the
dihydrobenzofuran formation by the ruthenium-carbenoid
C—H insertion.

A wide variety of methods have been developed for the
preparation off-lactam rings:* Among them, the [RE{CHs-
CQ,)4)-catalyzed carbenoid-€H insertion via decomposition
of a-diazo acetamides is a highly effective strategy for
making this important class of compouniddn this work,
we have also explored the Ru-catalyzed intramolecular
carbenoid G-H insertion protocol for construction @klac-
tam rings. Reaction of thBl-benzyl-N-tert-butylacetamide
tosylhydrazone3a under the Ru-catalyzed conditions gave
pB-lactam4a in 80% isolated yield after chromatographic
purification. The C—H insertion reaction proceeded with
remarkablecis-selectivity (>98%) since onlgis-S-lactam
(vicinal coupling constantss 5—6 Hz) was obtained based
on 'H NMR analysis. It is noteworthy that the analogous
rhodium(ll) acetate catalyzed reactions are known to proceed
with trans selectivity>2 and nocis-lactams were produced.
Identical results were obtained with a series of ring-
substituted acetamide tosylhydrazones, andithg-lactams
were furnished in 7689% yields (see Table 3). The bulky

Table 3. One-Pot Protocol for the Ru-Catalyz&is-/3-Lactam
Formatiori

entry substrate product yield (%) ©

TsNHN :Bu

N.__Ph

1 80

Me

0 o 4
(3a) (4a)
TsNHN Bu Me CgHa-p-Me
2 N CeH 75
Ve - CeHa-p-Me !
0 o >
(3b) @by

Me, CeHy-p-OMe

)t

Q
(4c)
Me, CgHj-m,p-(OMe),

: N\
'Bu

TsNHN I'Bu

Ve N CoHyp-OMe 89
o] B
(3¢) ¢

TsNHN :Bu

e N s, p-(OMe), 85

O

o)
(3d) (4d)
5 TSNHN Bu Me CeHap-Cl 70
e N CeHe0-Cl !
[e) !
(o] Bu
(3e) (4e)
P
5 TsNHN r Ph N 70
Me N /\ﬂ/ \\

o Ph

[¢]

(3f) (4f)

a Reaction conditions: (1) LIHMDS (1.2 equiv) in THF78 °C, 30
min; (2) Ru catalyst (1 mol %)-BwNBr, MS4A, toluene, 110C, 4 h.

bisolated yield.c >99% cis isomer was obtained and determined ¥
NMR.

tert-butyl group was found to be essential for the success of
this transformation. WherN,N-dibenzylacetamide tosyl-
hydrazone3f was utilized as substrate, onl,N-dibenzy-
lacrylamide (Table 3, entry 6) was isolated in 70% yield and
no -lactam was evident bfH NMR analysis of the reaction
mixture.

Our preliminary study revealed that enantioselective car-
benoid C-H insertion can be achieved using chiral ruthenium
porphyrin as catalyst. Subjectintc to the Ru-catalyzed
conditions: [RU(D4-Por*)(CO)] (Ds-H,Por* = 5,10,15,20-
tetrakis[(LS,4R,5R,84L,2,3,4,5,6,7,8-octahydro-1,4:5,8-di-
methanoanthracene-9-ylJporphyf#y:1¢ (5 mol %), n-Bus-

NBr (10 mol %) in toluene at 6670 °C for 48 h, enantio-
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Chem.1995, 60, 2326. For other examples for preparatiorcizfindole,
see: (b) Troin, Y.; Sinibaldi, M.-E.; Gramain, J.-C.; Rubiralta, M.; Diez,
A. Tetrahedron Lett1991,32, 6129. (c) Wee, A. G. H.; Liu, B.; Zhang, L.
J. Org. Chem1992,57, 4404.

(14) (a) Morin, R. B.; Gorman, MChemistry and Biology gf-Lactam
Antibiotics; Academic Press: New York, 1982. (b) Brown, A. G.; Roberts,
S. M. Recent Advances in the Chemistry/bfactam Antibiotics; Royal
Society of Chemistry: London, 1985. (c) Durckheimer, W.; Blumbach, J.;
Lattrell, R.; Scheunemann, K. FAngew. Chem., Int. Ed. Endl985,24,
180.

(15) (a) Doyle, M. P.; Shanklin, M. S.; Oon, S.-M.; Pho, H. Q.; van der
Heide, F. R.; Veal, W. RJ. Org. Chem1988,53, 3384. (b) Anada, M.;
Watanabe, N.; Hashimoto, S.@€hem. Commuril998, 1517.
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enriched2c was obtained in 78% yield99%cis) and 96%

ee (see Supporting Information)he eevalue attained in
this work is among the best enantioseleityi (94% ee)
reported by Hashimoto and co-workers using the chiral
rhodium catalyst? Further exploration of this methodology
for enantioselective carbon—carbon bond formation is un-
derway.
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