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ABSTRACT

cat. VO(OTf), H

Nu=H —— G

G)j +
Nu = R1R2N, R'R2P

G' G' Nu

=Ar
G-G'= (CH2),, n =2-4; G = Ph, G' = trans-CHj
G = oxazolidinone, G' = trans-CHj

G-G' = -0-CgHy-O-

A series of carbamates, amides,  N-tosyl amides, (hetero)arenes, and hydrogen phosphines/phosphites has been examined as nucleophiles for
(hetero)Michael-type additions to enones and enamides catalyzed by amphoteric vanadyl triflate under mild and neutral conditions. The newly
developed C —N, C-P, and C—C bond-formation protocols were carried out smoothly in good to high yields without intervention of any 1,2-
additions.

Conjugate addition to.,-unsaturated carbonyl compounds
(i.e., Michael addition) is one of the most important carbon
carbon and carbenheteroatom bond-forming strategies for
synthetic organic chemistfyCommon conjugate addition
reactions involve the addition of a protic nucleophile donor
(e.g., C, Si, Sn, N, P, O, S, Se, |, or H) to an alkene or (3) Gandelman, M.; Jacobsen, E. Angew. Chem., Int. E®005,44,
alkyne acceptor which is activated by an electron-withdraw- 23?43)-( ) Loh, T.-P.: Wei, L-LSynletrL688, 875, (b) Bandini, M.: Cozzi
. . . . a) Loh, T.-P.; Wei, L.-LSynle , . andini, M.; Cozzi,
ing group (e.g., ketone, ester, amide, nitrile, mtr_o, Su_lfo_na_te’ P. G.; Giacomini, M.; Melchiorre, P.; Selva, S.; Umani-RonchiJAOrg.
and phosphonate). Subsequently, the resulting incipientChem.2002,67, 3700.

; ; ; ; (5) (a) Srivastava, N.; Banik, B. KI. Org. Chem2003,68, 2109. (b)
eno_late IS trapp?d Wl_th a pr.oton S(.)urce' Bg3|des COIWeI’]tlonalLeitch, S.; Addison-Jones, J.; McCluskey, Petrahedron Lett2005,46,
conjugate additions in basic media, a myriad array of metal- 2915,
centered Lewis acid catalysts has been developed in view (6) Kobayashi, S.; Kakumoto, K.; Sugiura, Karg. Lett.2002,4, 1319.

. . . (7) Xu, L.-W,; Xia, C.-G.; Hu, X.-X.Chem. Commur2003, 2570.
of the tremendous nee.ds in asymmetric synthesis toward (g)(a)'’zhang, H.; Zhang. Y.; Liu, L.; Xu, H.; Wang, Bynthesi€005,
natural products and chiral drug#letal salts or complexes  2129. (b) Ikariya, T.; Murata, K.; Noyori, FOrg. Biomol. Chem2006,4,
derived from Al(I11),2 In(ll1), 4 Bi(lll), > Re(V) & Fe(lll),®” Ru-

393.
(111, 8 Rh(111),52 Ir(l11), 2° Ni(ll), 1 Pd(11) 512 Pt(IV),6 Cu-

(1N, and Au(l/l® are the most extensively explored.
However, only a couple of these catalysts can be applied to
three different types of nucleophiles. Very recently, a strong
Brgnsted acid TNH was found to be capable of catalyzing

(9) (a) Hayashi, T.; Yamasaki, KChem. Re»2003, 103, 2829. (b)
Kakuuchi, A.; Taguchi, T.; Hanzawa, Y.etrahedron2004,60, 1293. (c)
Oi, S.; Sato, T.; Inoue, YTetrahedron Lett2004,45, 5051.

(10) Janka, M.; He, W.; Haedicke, I. E.; Fronczek, F. R.; Frontier, A.
J.; Eisenberg, RJ. Am. Chem. So@006,128, 5312.

(1) For recent reviews, see: (a) Comelles, J.; Moreno-Mafas,
Vallribera, A. ARKIVOC2005,9, 207. (b) Ma, J.-A.; Guo, H.-CAngew.

M.;

Chem., Int. Ed2006,45, 354.

(2) (@) Fuhrhop, J.-H.; Li, GOrganic Synthesis: Concepts and Methods
3rd ed.; Wiley-VCH: Weinheim, Germany, 2003. (b) Desimoni, G.; Faita,
G.; Jagrgensen, K. AChem. Rev2006,106, 3561.
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(11) (a) Kanemasa, S.; Oderaotoshi, Y.; Wada,JEAmM. Chem. Soc.
1999,121, 8675. (b) Sadow, A. D.; Haller, I.; Fadini, L.; Togni, A.Am.
Chem. Soc2004,126, 14704. (c) Evans, D. A.; Thomson, R. J.; Franco, F.
J. Am. Chem. So@005,127, 10816.



more than three different Michael additions specifically to
acyclic a,8-unsaturated carbonyl compourtdsTherefore,

a milder Lewis acid catalyst that can tolerate more nucleo-

formation between enolates and imines (Mannich-type reac-
tion) is a powerful means for constructing this functional
subunit, the conjugate additions of amine equivalents,te

phile classes for functionalized Michael acceptors remains unsaturated carbonyls (i.e., aza-Michael addition) constitute

to be explored.

another direct and efficient methodological strategy. Notably,

As part of our ongoing programs on the uses of vanadyl catalytic activation of weaker nitrogen-centered nucleophiles

and oxometallic species in catalyzing-& bond formationta?
asymmetric aerobic oxidatiétt?and oxidative coupling3®
and DNA photocleavagl’ we sought to evaluate the
feasibility of catalyzing the conjugate addition event by using
amphoteric vanadyl triflate. Namely, the partial positively
charged V in V=0 is Lewis acidic enough to first activate

an electrophile (i.e., Michael acceptor) (Scheme 1, step-I).

Scheme 1. Postulated Mechanism for Amphoteric Vanadyl
Triflate Catalyzed Conjugate Addition

such as carbamates proves to be more difficult and can be
realized only very recently by the use of some delicately
designed Brgnstétland Lewis acids (e.g., Bi(lll)2Re(V)$
Ir(1IV), 8 PA(11),12° Pt(1V),® Fe(lll),” Cu(ll),**2and Au(l¥).

But-2-enoylbenzené was first chosen as a test Michael
acceptor, and EtOC(O)NH1.2 equiv) was used as a test
carbamate-type Michael donor in the presence of catalytic
VO(OT), in various solvent systents.It was found that
the conjugate addition proceeded smoothly by using 5 mol
% of VO(OTf), in 0.5 M CH;CN/CH,CI, (1/1) at ambient
temperature (entry 1, Table 1).

TiQ
0T «» 9 otf——L . /+ OTf__Nu—H_ ™ V\O ,\Hv . "
W v\OTf step-l J\/‘l step-ll j(‘/%N/u Table 1. Aza-Michael Additions Catalyzed by VO(OTf)
o) ) 5 mol % i
TQ e R VO(OTH), AH
TfO~V/0H -VO(OT G >+ R-NH —» G
. Vo©T, o 12equiv CHONCHLCL .,
step-Il MU step-IV step-V G (0.5 M,1/1), rt ~2
G X G' G entry Michael acceptor R'R’N-H time, yield,*
h %
1 @ EtOC(O)NH; 23 94(la’)
. . . Ph/‘y'/f\\
Conversely, the partial negatively charged O i+ serves 1
as a Lewis base to promote a subsequent proton transfer 2 1 j\ 28 90(1b%)
(step-Il and step-Ill) of a coordinated protic nucleophile (i.e., Q" NH
Michael donor) during the addition event. Under such 3 1 PhC(O)NH;’ 21 76(1¢)
circumstances, the mediated reaction can proceed in a } o ! eSO a0 ggg‘:g
. . - 6I1l4 2 2
sequential push—pull-type mechanism toward the substrate NN
pairs (Scheme 1). - 2
Herein we disclose our preliminary finding toward this ‘7" 2'°Y°1°he;‘cn°ne @) PhCHOC(ONH, ig §§ ggg
end. To the best of our knowledge, this is the first successful s
demonstration of conjugate additions tgS-unsaturated Q M
carbonyl compounds by group V (i.e., nitrogen and phos- 8 3 PhC(O)NH;® 41 74 (3¢)
: : 9 3 4-MeCH,SONHy 144 60 (3d%)
phorl_Js) and carbon _nucleophlles catalyzed by an oxometallic |, 2-cyclopentenone (4) PhC(O)NH,’ 38 63 (4a")
species—vanady! triflate. 11 2-cycloheptenone (5)  4-MeCsH,SO:NH 134 74 (5a%)

Carbonyl compounds beariffgamino and -amido as well
as their downstream derivatives suchfasctams and 1,3-

amino alcohols are versatile precursors of many biologically

active natural product$.Although the carbonearbon bond

(12) (a) Miller, K. J.; Kitagawa, T. T.; Abu-Omar, M. MDrganometallics
2001,20, 4403. (b) Gaunt, M. J.; Spencer, J.@&g. Lett.2001,3, 25. (c)
Takasu, K.; Nishida, N.; lhara, MSynlett2004, 1844.

(13) (a) Wabnitz, T. C.; Spencer, J. Betrahedron Lett2002 43, 3891.

(b) Palomo, C.; Oiarbide, M.; Kardak, B. G.; GarcZJ. M.; Linden,JA.
Am. Chem. So@005,127, 4154. (c) Kantam, M. L.; Neeraja, V.; Kavita,
B.; Neelima, B.; Chaudhuri, M. K.; Hussainb, &dv. Synth. Catal2005,
347, 763.

(14) (a) Wabnitz, T. C.; Spencer, J. Brg. Lett. 2003, 5, 2141. (b)
Wabnitz, T. C.; Yu, J.-Q.; Spencer, J. Bhem.—Eur. J2004,10, 484.

(15) (a) Chen, C.-T.; Kuo, J.-H.; Pawar, V. D.; Munot, Y. S.; Weng,
S.-S.; Ku, C.-H.; Liu, C.-YJ. Org. Chem.2005,70, 1188. (b) Weng, S.-
S.; Lin, Y.-D.; Chen, C.-TOrg. Lett.2006 8, 5633. (c) Weng, S.-S.; Shen,
M.-W.; Kao, J.-Q.; Munot, Y. S.; Chen, C.-Proc. Natl. Acad. Sci. U.S.A.
2006,103, 3522. (d) Pawar, V. D.; Bettigeri, S.; Weng, S.-S.; Kao, J.-Q.;
Chen, C.-T.J. Am. Chem. So€006,128, 6308. (e) Barhate, N. B.; Chen,
C.-T.Org. Lett.2002 4, 2529. (f) Chen, C.-T,; Lin, J.-S.; Kuo, J.-H.; Weng,
S.-S.; Cuo, T.-S;; Lin, Y.-W.; Cheng, C.-C.; Huang, Y.-C.; Yu, J.-K.; Chou,
P.-T.Org. Lett.2004,6, 4471.
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a|solated, purified yield? Performed in neat benzamide at 70 with
1.5 equiv of enonet 2.0 M in CHCN/CH;Cl (1/1). 92.0 M at 40°C with
10 mol % of VO(OTf} and 2.0 equiv op-TsNH..

With the preliminary success, aza-Michael additions to
other Michael acceptor classes liké-but-2-enoyl-1,3,2-
oxazolidinone2 and 2-cycloalkenone®—5 by three different
N-centered weak nucleophiles including carbamates, ben-
zamide, and-toluenesulfonamidepTsNH,) were further
explored (Table 1). It was found that all the catalytic
reactions, except the benzamide additions and the addition

(16) For reviews, see: (a) Georg, G. The Organic Chemistry of
p-Lactams; VCH: New York, 1997. (b) Liu, M.; Sibi, M. Fetrahedron
2002,58, 7991. (c) Sewald, NAngew. Chem., Int. EQ003,42, 5794. (d)
Xu, L.-W.; Xia, C.-G.Eur. J. Org. Chem2005, 633.

(17) (a) Among 14 different oxometallic species, only M@D and VO-
(OTf), show promising catalytic efficiency. (b) For X-ray crystal structure
of VO(OTf),:5H,0, see: Magnussen, M.; Brock-Nannestad, T.; Bendix,
J. Acta Crystallogr., Sec. @Q007,63, m51.
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of p-TsNH, to the least reactive substra proceeded
smoothly under the optimal reaction conditions. In general,
the carbamates such as EtOC(OYNBNOC(O)NH, and
1,3-oxazolidin-2-one are the most reactive Michael donors.
The conjugate additions were complete in-2® h with 82—
94% isolated yields for enone substralesnd 3 (entries 1,

2,6, and 7). In the case of benzamide addition, the reactions

required heating at 70C.*® Under such circumstances, the
Michael reactions went to completion in 241 h with 63—
76% yields (entries 3, 8, and 10). Notably, the current results
are somewhat comparable to Pd(Ph&MNy-catalyzed addi-
tions to unsaturated olefins, which was the most effective
catalytic system reported previousfy.

Furthermore p-TsNH, is amenable to the catalytic con-
jugate addition with enones as represented. i3, and5
(Table 1). All the reactions proceeded reasonably well in

Table 2. Phospha-Michael Additions Catalyzed by VO(OiIT)

[o} 5-10 mol %

~Ph H
R voOTR Pt g
NC ore [+ R P XH neator / Phor , X
o 1.2 equiv  CH,CI, (4 M)NC G ifR
entry  Michael acceptor R,P-XH time, yield,”
%
1 NCCH=CH, (6)’ Ph,P-H 32 80 (6a”)
2 3 Ph,P-H 21 84 (3¢%)
34 3 (PhCH,0),P-OH 5 75 (3F)
4° o (CH;CH,0),P-OH 22 86 (7a°)
o8
"o

a|solated, purified yield? 5 equiv of acrylonitrileé was used® 2 equiv
of 3 was used? Ac,0 (1.3 equiv) was added.Carried out at 70C.

60—88% yields, albeit with a prolonged reaction time (+09
144 h; entries 4, 9, and 11 in Table 1). In comparison, these
cases are superior to the literature results of accedsihg
and3d' in 40 and 17% yields, respectively, in two stéps.
Notably, these two examples of direct aza-Michael additions

isolated as the corresponding phosphine oxide during column
chromatography without exclusion of oxygen.

In marked contrast, no reactions were observed for
(PhCHO),POH under the same catalytic conditions. Since

to access the desired products have never been documente@ more reactive hydrogen phosphite [(REH; P(1I1)] tends

The current catalytic protocol offers a handy, one-step

to equilibrate favorably to its less reactive hydrogen phos-

procedure to synthesize these target adducts in satisfactorpphonate [(RO)P(O)H; P(V¥%cwe sought to improve its

yields.

nucleophilicity by treatment with A© in the presence of

Chiral organophosphorus compounds are valuable ligandsVO(OTf),. Under such circumstances, both forms can be

for transition metal complexes as asymmetric catalysts for
enantioselective transformatioffs.Dialkylphosphites are

converted to the corresponding acetylphosphite (AcOP{OR)
by catalytic nucleophilic acyl substitution (NAS, Scheme 2)

versatile phosphorylation reagents to aldehydes (i.e., Pudovik

reaction), ketones (i.e., Abramov reaction), and the corre—_

sponding a,,3-unsaturated carbonyls. The resultarhy-
droxy- andy-oxo-phosphonates are useful synthetic inter-
mediates. Conventionally, these reactions were performed

under basic or neutral conditions at elevated temperature.

In recent years, the analogous catalytic variants for their
additions too,S-unsaturated carbonyls by the action of Lewis
acids have been developed with significant sucégss.
marked contrast, the uses of hydrogen phosphingBHR

for similar transformations pose a more difficult challenge
and were relatively unexplored.

In view of the preliminary success on the catalytic
conjugate additions ta.,5-unsaturated carbonyls by weak
N-centered protic nucleophiles, we further investigated the
corresponding phospha-Michael additions by usingPPh

Scheme 2. Proposed Mechanism for Phospha-Michael
Addition of an Acetylphosphite to an Enone Catalyzed by

VO(OTf),
H
0 Yeor
o OTf 0" Notf
ot OR HOA Q 9
C
1
+ RO-P—O.__-— ,OL ’ ‘oJ\
F—OR
+1
1 0o I OR
0 -H
o “VO(OTH,
0o 0
- .
’8 2 )J\ O)K
F~OR F-OR
OR m oORrR

and (ROYPOH in the presence of catalytic VO(OZf)t was
found that the conjugate additions of P to acrylonitrile
6 (5 equiv) and 2-cyclohexenong (2 equiv) proceeded
smoothly in 2232 h with 10 mol % of VO(OTf) at ambient
temperature, leading téa’ and 3e' in 80 and 84% vyields,
respectively (Table 2). In the latter case, the pro@ecttvas

(18) The chemical yields are around~380% when the reactions were
performed at ambient temperature in neat benzamide.

(19) (a) Lee, A. S.-Y.; Wang, S.-H.; Chang, Y.-T.; Chu, S.Synlett
2003, 2359. (b) Molander, G. A.; Stengel, P. Retrahedron1997, 53,
8887.

(20) For reviews, see: (a) Pudovik, A. N.; Konovalova, |.S§nthesis
1979, 81. (b) Enders, D.; Saint-Dizier, A.; Lannou, M.-1.; LenzenEAr.

J. Org. Chem2006, 29. (c) Troev, K. DChemistry and Application of
H-Phosphonates; Elsevier: Amsterdam, 2006.
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reaction, which is similar to the NAS of A© by alcoholg>2

With the in situ generated acetylphosphite (e.g., (BnO)
POACc), the corresponding phospha-Michael addition to
2-cyclohexenong can be facilitated by 5 mol % of VO-
(OTf), at ambient temperature in neat medium, leading to
the adduct3f' in 75% vyield in 5 h (entry 3). Notably, the
acetylphosphite serves as a better alternative to the corre-
sponding silylphosphite ((RGPOSIiR%)%%21for the conju-

(21) (a) Evans, D. A.; Hurst, K. M.; Takacs, J. Nl. Am. Chem. Soc.
1978,100, 3467. (b) Liotta, D.; Sunay, U.; Ginsberg, 5.0rg. Chem.
1982,47, 2227. (c) Mori, |.; Kimura, Y.; Nakano, T.; Matsunaga, S.-1.;
lwasaki, G.; Ogawa, A.; Hayakawa, Retrahedron Lett1997,38, 3543.
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gate additions mediated by Lewis acids since its in situ

generation and subsequent conjugate addition can be carrieg g\ 3. Friedel—Crafts-Type Additions of (Hetero)aromatics
out in one pot by using our new catalytic protocol. {5 gnones Catalyzed by VO(O'HY)

Furthermore, a very sluggish Michael acceptor, flav@ne o 10 mol % o

can also be utilized for the conjugate addition by ethylphos- g~ Rﬂ _VO(OTh)y. G)IH G =Ph, G'= frans-CH,

phite ((EtO}POH). Under the same catalytic conditions at G,J« X CHzC'é M A x G-G"=(CHylp, n =24

70 °C, the addition was complete in 22 h and the product XN S %\’é

7a’ was isolated in 86% yield (entry 4). Notably, in all of “entry Michael R'R’N-H time,  yield,

the cases in Tables 1 and 2, except the conjugate additions acceptor _ h %

of benzamide to 2-cycloalkenon&po discernible product 1 @ 1 90 (e)

was observed in the absence of vanadyl triflate under the XN

same reaction conditions. 2 3 r 20 73 (3"
The working mechanism for the phospha-Michael addition @ .

is believed to proceed through initial activation of an enone N

by VO(OTf),. The acetylphosphite adds to the activated > 4 LU 19 98@b)

enonel in a 1,4—f_ash|c_)n to genera_te a proj[c_)nated van_adyl 5 &\ 36 85 (5b")

enolatell by acetic acid produced in the initial acetylation *Ng

of hydrogen phosphite (Scheme 2). 5 3 OMe 41 96 (3h%)
The catalyst, VO(OTf) would be released by proton Q

transfer to the vanadyl enolate, and theacetyl phospho- MeO OMe

nium center inl would be neutralized to the corresponding
phosphonate by acetate, leading to the enol form-oko-
phosphonatelll along with generation of A©. The
intermediatelll would spontaneously tautomerize to its
corresponding/-oxo-phosphonat&.

The Friedel-Crafts alkylation reaction of electron-rich
(hetero)arenes with,-unsaturated carbonyls (i.e., Friegel
Crafts-type conjugate addition) is a powerfu-C bond-
forming methodology in organic synthegfsin addition to
the C—X bond construction from the catalytic hetero-Michael
additions demonstrated above, we finally investigated the
feasibility of conjugate additions of heteroarenes such as
indoles, furans, and thiophenes to enones in view of their
ample applications to access biologically active templates
particularly, indole alkaloids? in nature. To our delight, all

a Asterisk signifies the reaction sitelsolated, purified yield.

ing unsubstituted ones (compare entries 1 and 2). In addition,
thiophenes are less reactive than the corresponding furans
(compare entries 3 and 4). Electron-rich benzenes as
represented by 1,3,5-trimethoxybenzene are also amenable
to the Friedet-Crafts-type conjugate addition. This com-
pound adds to 2-cyclohexenone smoothly at ambient tem-
perature in 41 h, leading to the<C bond-forming adduct

3h' in 96% yield (entry 5).

In conclusion, we have documented the first successful
report of using VO(OTf) as a catalyst for the Michael
additions. Very weak N-centered nucleophiles can be utilized
"for the new catalytic aza-Michael processes. Furthermore,
the targeted conjugate additions went to completion i 11 hydrogen phosphines/phosphates beco_me_ useful Michael

. . ; donors when catalyzed by VO(OZfA new in situ generated
36 h at ambient temperature in 1.0 M ¢E, with 10 mol :
. . acetylphosphite protocol catalyzed by VO(O:ld)lows one
% of VO(OTT), (Table 3). In general, 3-substituted indoles 2 . . . o
to utilize hydrogen phosphites for direct conjugate additions

such as 3-methylindole are less reactive than the correspond-
to enones.

(22) About 15—20% yields of the addition produ@s’ and 4a’ were : :
isolated without the addition of vanadyl triflate at 70 for 48 h. . ACknO_WIedgment‘_ We t_hank the Natlonal Science Coun-

(23) Overall, 1 equiv of AgO is needed in the acetylation of hydrogen  cil of Taiwan for a financial support of this research.
phosphite and 1 equiv of HOAc (the byproduct in the acetylation step) is
needed for the protonation dif ; : ; .

(24) For reviews, see: (a) Olah, G. A.; Kishnamurti, R.; Prakash, G. K. Supporting Information Available: SpeCtral data and

S. In Comprehensive Organic Synthesigost, B. M., Fleming, I., Eds.; characterization for productsa'—€, 3a'—h’, 4a'\b’, and

g;r‘gt;ﬁgsci)gnozrgsi:lgxford, 1991; Vol. 3, pp 2839. (b) Jergensen, K- A. 55’ by 6a’, and7a’ are included. The material is available
(25) (a) Gilchrist, T. LHeterocyclic Chemistryard ed.; Addison Wesley  free of charge via the Internet at http://pubs.acs.org.

Longman: Essex, 1997. (b) For Sc(lll)-catalyzed enantioselective indole

Friedel—Crafts alkylations, see: Evans, D. A.; Fandrick, K. R.; Song, H.-

J.J. Am. Chem. So@005,127, 8942. OL702302Y
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