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Abstract: In this paper, we deal with the scope and mechanism of the strong Brgnsted acid-catalyzed
intramolecular cyclization reaction of methyl 3-aryl-2-nitropropionates to give 4H-1,2-benzoxazines. This
reaction can be regarded as an oxygen functionalization of the aromatic ring wherein the oxygen atom is
derived from the nitro group in the molecule, and it is favored by the presence of electron-withdrawing
groups on the benzene ring. The reaction rate is strongly influenced by the acidity of the reaction medium,
and the methyl ester group on the a-carbon atom with respect to the nitro group facilitates deprotonation
at the o-position to give aci-nitro species in situ. Some correlation was found between the electron-
withdrawing ability of the substituents on benzene, represented in terms of Hammett's o, value of the
substituents, and the rate of disappearance of the starting substrate leading to the product in trifluo-
romethanesulfonic acid (TFSA)/trifluoroacetic acid (TFA) medium. This would be because the acidity of
the o-proton with respect to the nitro group is influenced by the substituents on the benzene ring.
Experimentally, we excluded the 65 electrocyclization mechanism involving deprotonation of the benzyl
proton of the protonated aci-nitro species. Alternative cyclization mechanisms involving equilibrating
monocationic aci-nitro species bearing O-protonated ester carbonyl group and O-protonated aci-nitro species
were calculated to be highly energetically unfavorable. Diprotonated or protosolvative species can reduce
the activation energy significantly, and this is consistent with the observed acidity-dependent nature of the
cyclization.

1. Introduction aromatic oxygenation with the aid of various zeolite catalysts

Oxygen-containing aromatic structures, such as phenols andhas been investigated recently However, these reported
anisoles, are key components of both natural and syntheticSynthetic methods of oxygenated aromatic compounds have
compounds and are important in many areas of applied various limitations, including harsh reaction conditions, limited
chemistry. Many synthetic methods for oxygen-functionalized substrate applicability, low reaction efficiency, low chemose-
aromatic compounds have been reported: the cumbeyeéro- lectivity, and low regioselectivity. Therefore, the development
peroxide method the toluene-benzoic acid methotlhydrolysis of efficient oxygenation reactions of aromatic compounds,
of aryl diazonium salts or aryl sulfonic aci@dfakin oxidation?
Baeyer-Villiger reaction? Claisen rearrangemehtaromatic
nucleophilic substitution (@Ar) reaction of aryl halide$ direct
oxygenation of aryl-metal specie§and so on. FriedelCrafts-
type reactions with oxygen-electrophilic species, formally
equivalent to*OH, have also been reportédn addition,

(6) For reviews, see: (a) Fleming,Rericyclic ReactionsOxford University
Press: Oxford, 1999; pp 783. (b) Moody, C. JAdv. Heterocycl. Chem.
1987, 42, 203-244. (c) Ziegler, F. EAcc. Chem. Redl977, 10, 227—
232. (d) Bennett, G. BSynthesid977, 589-606. (e) Shine, J. Aromatic
RearrangemenisElsevier: New York, 1969; pp 89123. (f) Smith, G.
G.; Kelly, F. W.Prog. Phys. Org. Chenl971, 8, 75—234. (g) Jefferson,
A.; Scheinmann, FQ. Rer. Chem. Soc1968 22, 390-420. (h) Thyaga-
rajan, B. S.Adv. Heterocycl. Chem1965 5, 291—314. (i) Dalrymplem,

(1) For reviews, see: Lee, J. B.; Uff, B. Q. Re. Chem. Soc1967, 21, D. L.; Kruger, T. L.; White, W. N. InThe Chemistry of the Ether Linkage
449—-453. Patai, S., Ed.; Wiley: New York, 1967; pp 635660.

(2) Kaeding, W. W.J. Org. Chem1961, 26, 3144-3148. (7) For a review of OH or OR— as nucleophiles in aromatic substitution,

(3) (a) Horning, D. E.; Ross, D. A.; Muchowski, J. Man. J. Chem1973
51, 2347-2348. (b) Cohen, T.; Dietz, A. G., Jr.; Miser, J.ROrg. Chem.

1977 42, 2053-2058. (c) Dreher, E. L.; Niederer, P.; Rieker, A.; Schwarz,

W.; Zollinger, H.Hely. Chim. Actal981, 64, 488-503. (d) Yoneda, N.;
Fukuhara, T.; Mizokami, T.; Suzuki, AChem. Lett1991, 459-460.

(4) Hocking, M. B.Can. J. Chem1973 51, 2384-2392 and references therein.

(5) For reviews, see: (a) Hudlicky, MOxidations in Organic Chemistry
American Chemical Society: Washington, DC, 1990; pp -1885. (b)
Plesnicar, B. IOxidation in Organic Chemistry, pt.;drahanovsky, W
S., Ed.; Academic Press: New York, 1969; pp 22b1. (c) Mino, T.;
Masuda, S.; Nishio, M.; Yamashita, M. Org. Chem1997, 62, 2633~
2635. Also see ref 1.
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see: Fyfe, C. A. IriThe Chemistry of the Hydroxyl Group, pt.Ratai, S.,
Ed.; Wiley: New York, 1971; pp 83113.

(8) (a) Hawthorne, M. RJ. Org. Chem1957, 22, 1001. (b) Lewis, N. J.; Gabhe,

S.Y.Aust. J. Chem1978 31, 2091-2094. (c) Hoffmann, R. W.; Ditrich,
K. Synthesisl983 107-109. (d) Parker, K. A.; Koziski, K. AJ. Org.
Chem.1987 52, 674-676. (e) Taddei, M.; Ricci, ASynthesi4986 633—
635. (f) Einhorn, J.; Luche, J.; Demerseman,JP Chem. Soc., Chem.
Commun1988 1350-1352. For Pd-catalyzed-80 bond formation: (g)
Mann, G.; Hartwig, J. FJ. Am. Chem. S0d.996 118 13109-13110. (h)
Torraca, K. E.; Kuwabe, S.; Buchwald, S. I. Am. Chem. SoQ00Q
122 1290712908. (i) Kuwabe, S.; Torraca, K. E.; Buchwald, S.J..
Am. Chem. SoQ001, 123 12202-12206.
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H
mMe 'BuONa |+Me TFA (50 eq.) @Me
NO:  THF o No o

Scheme 1

n Yield 27%
1 2 Na 3
@/YCOZMe CF3SO3H (10 eq.) | CO,Me
( I _N i
NO2 50 "%',-lg(l)amin o Yield 85%
4a 5a

particularly those with high substrate generality and high chemo- aci-nitro species in the cyclization reaction. Thus, we studied
and regioselectivity, is still of great interest. the reaction of methyl 2-nitro-3-phenylpropiondi® in which
Direct introduction of an oxygen atom into a-E bond is the ester group should facilitate enolization to #ha-nitro
a very attractive idea, but its feasibility is still very limited, for  species. When methyl 2-nitro-3-phenylpropionddavas added
both aromatic and aliphatic-€H bonds. In particular, there has  to 10 equiv of TFSA in CHGlas a cosolvent and the mixture
been little study of the utilization of an oxygen atom of the was heated at 50C for 30 min, 3-methoxycarbonylH1,2-
nitro group as an oxygen source for aromatic-oxygenation, benzoxazinéawas obtained in 85% yield. Without the use of
although aromatic nitrogen-functionalization via reduction of a the cosolvent, the yield oba was decreased<G8%). The
nitro group is well establishe#. reaction did not proceed at all in TFA even when the solution
Acid-catalyzed FriedetCrafts-type cyclization reaction of  was heated at reflux for 2 days. The reaction also proceeded in
nitro olefins in the presence of benzene has been reported tol,2-dichloroethane (1,2-(Gil),) as a cosolvent, while aprotic
generate H-1,2-benzoxazin&? This reaction could be regarded  polar solvents such as acetonitrile or ethers were inappropriate,
as the first example of intermolecular oxygen transfer reaction because they worked as bases to neutralize the high acidity of
from a nitro group to a benzene ring. However, this reaction TFSA. We also examined various Lewis acids, which might
turned out to lack generality, because substituted aromatic com-promote the present intramolecular cyclization4af When
pounds failed to provide the desired heterocyclic compodifds. TiCl, (2.5 equiv) or ZrC}) (10 equiv) was employed, the
Thus, oxygen functionalization from a nitro group is still little  cyclization proceeded, and the cyclized produbt)(was
explored, although it is of great interest because of its singular obtained in moderate to low yield (41% and 18%, respectively).
character. We will report herein several chemical features of Other Lewis acids such as Ti{@), Sc(OTfk, FeCk, ZnCl,
the acid-catalyzed intramolecular transfer of an oxygen atom AICIs, or GaC} did not catalyze the reaction or did not provide
of the nitro group of nitroalkanes to provide cyclized products, a pure product.
4H-1,2-benzoxazines, and the results of a mechanistic study of Next, similar reactions of methyl 3-aryl-2-nitropropionates

this aromatic oxygen-functionalization reactith. bearing various substituents on the benzene ring were investi-

2. Results and Discussion gated (Table 1). Unexpectedly, when the substituent on the
. o . benzene ring was an electron-withdrawing group such as a
Acid-Catalyzed Cyclization of Nitro Alkanes to 4H-1,2- halogendb—4f, ester4g, amide4h, trifluoromethyl 4i, cyano

BenzoxazinesScheme 1 shows the acid-catalyzed cyclization 4j, or nitro group4k, the reactions proceeded smoothly to give

reaction of 2-nitro-3-phenylprqparib0 Its sodium sal2 gave e correspondingH-1,2-benzoxazines in moderate to good
3-methyl-4H-1,2-benzoxazin@ in 27% yield in the presence yioi4q This substituent preference of the substrates is in sharp

of TFA as a Brgnsted (_:atalyst, while no cycl_ization reaction of . oast to the case of 3-aryl-2-nitropropanes (Scheme 1); only
free 1 took place even in the presence of acids such as TFA or unsubstituted. (in the form of the sal®) gave the cyclized

tr|f|uoromgt.hantlesulfomc "’;C'd ,(Q,SO3H’ TESA).(‘)I’hese resul(;s product3, while the cyclization of the sodium salt of 3-aryl-
suggested involvement of &ti-nitro species of-protonate 2-nitropropanes failed to proceed when the aromatic moiety was

(9) For representative reactions of oxygen electrophiles, see: (a) Davidson, substituted with a chloride, cyano, nitro, or methyl group at the

Al rr:lormaln, R. O. CJ. cEem. S0c1964 5404—5416(. )(b) Vesely, J. p-position, or two methyl groups at thme,p-positions. Further-

A.; Schemerling, LJ. Org. Chem197Q 35, 4028-4033. (c) Kurz, M. E; . . .

Johnson, G. JJ. Org. Chem 1971 36, 3184-3187. (d) Olah, G. A; ~ More, 4l, bearing an aromatic nitro group at tfe and

ghr{;\s/hl, R% Ogl. (ﬁhgmlASga I4%t f&i%%l zgg) _Fr’Lakash,, G. Kf S, Kratt_ss, p-positions with respect to the cyclizing carbon atom, also gave
o ang, Q.; an, G. ynle . e review or aromatic . - . . -

hydroxylation by an electrophilic process: (f) Jacquesy, J. C.; Gesson, J. the CyClIZE:.Itlon products, a m!Xture picyclized 6l, yield 23%)

P.; Jouannetaud, M. RRes. Chem. Intermed1988 9, 1—26. For direct ando-cyclized productsgl', yield 51%) (Table 1, entry 12). It

hydroxylation of aromatic compounds, see: Larock, RCBmpre- . Rk . L . .
h)énsi/eyOrganic Transformauoﬁsoxford; Nev&‘”York, 1989; pp f35 seems unlikely that this regioselectivity of the cyclization was

486. ; - i
(10) (a) Panov, G. ICATTECH200Q 4, 18-32. (b) Notte, P. PTop. Catal. controllgd hy steric fagtors, It seems more likely to depend on
200Q 13, 387-394. (c) Ribera, A.; Arends, I. W. C. E.: de Vries, S.; Perez-  €lectronic factors, that is, the electron deficiency of the aromatic
Ramirez, J.; Sheldon, R. A. Catal.200Q 195, 287—-297. (d) Taboada, J. i ; ; P
B Jensen E. J. M Arends. . W. C. E.. Mul, G.: Overweg. ARt carbon atom, because tbe:ycllza_tlon_wnh respect to the nitro
Today2005 110, 221-227. (e) Centi, G.; Perathoner, S.; Pino, F.; Arrigo,  group was favored over thgcyclization.
R.; Giordano, G.; Katovic, A.; Pedula, \Catal. Today2005 110, 211~

220. In contrast, the reaction of substrates bearing an electron-
(11) (a) Khenkin, A. M.; Neumann, Rl. Am. Chem. So2004 126, 6356— i i i

6362, (b) Topiwala. U. P.- Whiting. D. A1, Chem. Soc., Chem. Commun. donating group op the penzeng ring gave the cyclized products,

1994 21, 2443-2444. 4H-1,2-benzoxazines, in low yields. In the case of metAyh)
(12) Q'Z%ké{”ggg% S.; Uchiyama, M.; Ohwada,JT.Am. Chem. S02003 125 and 3,4-dimethyl 4n) substituents, the yields were only 16%
(13) A part of the work was communicated in ref 12. and 4%, respectively, and the cyclization reaction of the
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Table 1. Cyclization of Methyl 3-Aryl-2-nitropropionates to Substituted 4H-1,2-Benzoxazines
COMe  GE.SO4H (10-50 eq.) | CO,Me
NO, CHClg o
R 50 °C, 30 min R
entry? reactant (4) product (5) yield (%) entry? reactant (4) product (5) yield (%)
@/\(cozm CO,Me CO,Me CO,Me
1 4a | 5a 85 9 /O/\( 4i | 51 88
NO _N
2 oM 452 FsC NO, FsC o
28° /@/\(COZMe I CO,Me
109 4 5) 59
CO,Me CO,Me NG No, 4 NG oN !
|
, m 2 ® N 5b 75 CO,Me | CO,Me
F F o 1 No, 4k N 5k 81
CO,Me CO,Me ON O,N (o}
3 mz 4 N 5c 93 O,N COMe  ON CO,Me
cl c o 12 \©A( 4 [ 51 23
cl CO,Me cl CO,Me NO, o
| CO,Me
CO,Me (o)
|N NO,
o 5d° 9 CO,Me CO,Me
Cl 13 /©/\‘/ 4m | 5m 16
cl COMe cl CO,Me Me NC, Me oM
5 NO, % B 5e 38 Me COMe  Me CO,Me
O 14 Kj/\\/ 4n | 5n 1¢
c c Me NO. Me o
CO,Me CO,Me CO.Me
° Q/\( “ ' s 88 e 5n'  3°
Br NO, Br oN Me o N
CO,Me CO,Me Me
7 ! 59 85 COMe COMe
N
NO, MeO,C (o} 40 ) 50  trace
MeO,C 2 15 NO, N
CO,Me MeO MeO "
, JijA(CogMem /@(\I\/ " CO;Me
8¢ . N 5 98 6 55
(Pr)2NOC NO. (PnzNOC o © O’IN

aTypical reaction conditions: A solution of the substrate (1.0 mmol) in GHT) mL) was added to 10 equiv of TFSA (0.89 mL) at®. The mixture
was heated at 50C for 30 min.? With 2.5 equiv of TiCl instead of TFSA, and the reaction was run for ¥ With 10 equiv of ZrC} instead of TFSA.
dwith 50 equiv of TFSA£ Determined by*H NMR.

Table 2. Superacid-Catalyzed Reaction of Methyl

substrates with a naphthalene or indole skeleton failed to 3-Aryl-2-nitropropionates with Aromatic Solvents

proceed. In particular, the reaction of the substrd® (ith a
methoxy group at the-position gave the spiro compound as a

CO,Me

major product6 (55%), together with a trace amount of A COMe  TFSA (100 eq.) come MR,

the corresponding H-1,2-benzoxazine5p) (Table 1, entry @Z\N(% ArH (50 eq) m * COMe

15). The low yield of the W-1,2-benzoxazines bearing elec- " 4 20°C ovemignt R @ON(OH

tron-donating groups does not result from instability of the R A

products under the reaction conditions. When the isolated

cyclized products5a (H), 5i (p-CFs), and5m (p-Me), were yield (%)

exposed to these reaction conditions (excess amount of TFSA/ entry* R AH 5 7 8

CHCI; at 50°C for 30 min), the recoveries were 94%, 90%, 1 H (4q) benzene 67 totdl6 (7a:8a= 12:1

and 85%, respectively. It should be noted that eGenwas g‘; :Eig)) %ﬁ'ﬁ’;gne Aélo 107 me;face o

recov_ered in good yield, despite the low yield of the cyclization 2,6-Ch (40) benzgne nd. 42 (79) 0

reaction. 5 2,6-Bp (4r)  benzene nd. 41(r) 0
Interestingly, when an excess amount of benzene was used 6 2,6-R(49  benzene nd. 43(9 0

as a cosolvent, the biphenyloxime derivativiegsand 8a were U i L )

formed in addition to the cyclized produba (Table 2, entry in 50T ),;p'c-a ! r(faactlon f-ond'lt'on?' To ajg’ IL:,t'fSOOf the Sufb ?t,gast,i (1.0 mmol)
quiv of aromatic solvent was adde equiv 0 (8.9 mL) at

1). The yields offaand8awere increased when a large excess 0°C. The mixture was stirred at 2€ overnight.? With 10 equiv of TFSA.

of TFSA (50 equiv) and a low reaction temperature (25 ¢ Determined by'H NMR. ¢n.d. = not detected.

were employed. The biphenyl products would likely be formed  Shifts of ortho-Halogen Substituents.To study the regi-

by electrophilic substitution of benzene onto the aromatic moiety oselectivity of the cyclization, we further investigated the

of the starting substrat&a. The corresponding biaryl derivatives  substrate bearing halogen groups at ¢hgosition (Table 3).

were obtained, even though in low yields, wherylene (entry While halogen atoms on the aromatic ring usually deactivate

2) or mesitylene (entry 3) was employed instead of benzene. Inthe aromatic electrophilic substitution reaction and enhance

addition, a similar reaction proceeded wittdihalo-substituted nucleophilic substitution, the-monochloro-substituted substrate

substratesiq, 4r, and 4s to afford the corresponding biaryl  4p readily underwent cyclization at 5 to give 5-chloro-#-

compounds/q, 7r, and7sin moderate yields (42%, 41%, and 1,2-benzoxazinép as a major product (41%) together with

43%, respectively) (Table 2). Under these reaction conditions, 8-chloro-4H-1,2-benzoxazinéd' (27%, Table 3, entry 1). The

the correspondingH-1,2-benzoxazines were not formed. former product was formed by the normal cyclization reaction,

1726 J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007
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Table 3. Cyclization of Methyl-3-aryl-2-nitropropionates with Halogen Groups at the o-Position

entry? reactant product yield (%) entry? reactant product yield (%)
Cl Cl Br Br
@A(COQMe CO,Me COMe CO,Me
1P 4p I sp 41 3° ar N 5 68
NO. _N N
2 (¢} Br 02 o
CO,Me Br
| 5d' 27
o N F F

4 4s 5s 46
cl cl g NO2 oN
@K\(Cozm COMe oTt
2° 4q | 5q 50
NO.
c 2 o

a Typical reaction conditions: A solution of the substrate (1.0 mmol) in GHT) mL) was added to 10 equiv of TFSA (0.89 mL) at®. The mixture
was heated at 52C for 30 min.? 50 equiv of TFSA was used, and the reaction mixture was heated for $ Ehrequiv of TFSA was used, and the reaction
mixture was heated for 2.5 h.

Table 4. Investigation of the Cyclization Reaction of Various Methyl Arylnitroalkylates?

expected
ring size

expected

entry substrate ring size

yield (%) | entry substrate yield (%)

COsMe

1 NO, 9 s 0 4 COMe 11 ¢ 0
NO,
Me
CO-Me Q)\(cozwle
4a 6 85 5 12 6 trace®
NO, NO,

CO.Me Ph

:

3 NOz2 19 - 0 6 13 s 0

aReaction conditions: To CHE[(10 mL) were added 1.0 mmol of the substrate and 10 equiv of TFSA (0.89 mL), and the reaction mixture was stirred
for 30 min at 50°C. P Mixture of the diastereomer§Detected in théH NMR spectrum, but could not be isolated.

occurring at the less sterically hindered aromatic position. practically limited to bromide and iodidé.In those cases, attack
However, the formation of the latter product indicated that a of an electrophile at the ipso-carbon atom bearing the halogen
shift of the chloride atom occurred upon ipso attack of the atom gives a cationie-complex, which can undergo a 1,2-
oxygen group. A similar shift of the halogen atom occurred shift of the halogen atom. It is noteworthy that the chloride atom
even in the case of the,o'-dichloro-substituted substrat, migrated in this reaction and that nucleophilic replacement of
where both of theo-positions are blocked for cyclization. a triflate occurred in the case of the fluoride atéth.
However,4q gave the chloride-rearranged and cyclized product ~ Size Effect in Ring Formation. We found that the cyclization

5q (entry 2, 50% yield). Furthermore, this halogen-shift cy- is extremely sensitive to the length and substituents of the
clization is general; th®,0'-dibromo-substituted substrate

i _di _ 14) For recent reports on halogen dance, see: (a) Stanetty, P.; Schnurch, M.;

gavebr (entry 3, 68% yield). In the case of tlego'-difluoro ( . eports on ¥

K i . Mereiter, K.; Mihovilovic, M. D.J. Org. Chem2005 70, 567-574. (b)
substituted substratés (entry 4), the cyclization occurred to Stangeland, E. L.; Sammakia, T.Org. Chem2004 69, 2381-2385. (C)
give 5s but one of the two fluoride atoms was replaced with a (Sda;'téon! S Kinlberg, J. Lrthg‘ag'LWe\}{;’;‘]*.‘fd“’ng/?goyflttl%%lzzf-

i . ; A . ammakia, T.; Stangeland, E. L.; itcomb, M.@2g. Lett. ,
triflate group. It seems likely that in the process of cyclization, 2385-2388. (e) Arzel, E.; Rocca, P.; Marsais, F.; Godard, A.; Queguiner,
: i . . G. Tetrahedronl999 55, 12149-12156. (f) Arzel, E.; Rocca, P.; Marsais,

the ipso position of the halogen atom on t_he aromatic moiety F Godard, A.; Queguiner, Gleterocycled999 50, 315-226. (g) Arzel,
was attacked by the oxygen atom of the nitro group, followed 5@3%%"%42& “éfé%aié' F.; Godard, A.;SQﬂ?guine&L@tr?hgdrog hLett-

H : : : : A . Forreviews, see: Schlosser, r.J. Org. em.
by migration or replacement of the fluoride atom with a triflate 2001 3975-3984 and references therein.

anion in the reaction medium. Migration of a halogen atom in (15) écid-prtl)mstfe& halﬁtgeLn rgi_gg:ltionf/. FFgr Er_o?inlt(e, szera(a():r?iles,SR. G.F;
an aromatic system, which is known as halogen dance, has been  periin Trans. 11994 865873, (b) Giles, R. G, F. Green, |. R Knigh,

intensively studied? Usually, the halogen dance occurs in a L. S.;Son, V. R. L.; Mitchell, P. R. K.; Yorke, S. @. Chem. Soc., Perkin
. . Trans. 11994 853-857. (c) Jacquesy, J. C.; Jouannetaud, M. P.;
metalated aromatic group bearing a halogen atom under strongly  Tetrahedron Lett1982 23, 1673-1676. (d) Press, J. B.: Eudy, N. H.

i it i i i i Heterocycl. Chem1981, 18, 1261-1262. (e) Brittain, J. M.; Mare, P. B.
basic conditions. The meChamsm .Of the halogen migration in D. D. L.; Newman, P. ATetrahedron Lett198Q 21, 4111-4112. For
the present work seems quite different from that of base- iodine, see: (f) Muramoto, Y.; Asakura, H.; Suzuki, Nippon Kagaku

i inni i i Kaishi 1992 1, 172-178. (g) Butler, A. R.; Sanderson, A. B. Chem.
catalyzed halogen shift, because an anionic aromatic species Soc., Perkin Trans. 2972 989-992. Removal of the fluorine atom on

could not be generated under these highly acidic reaction the benzene ring accompanied by introduction of the chloride atom in-ZrCl
iti ; catalyzed electrophilic amination of 4-fluorophenol has been reported: (h)

condltlons._ Fe_w reports hqve appegl_red about halogen shift on Bombek, S.: Pozgan, F Kocevar, M.. Polanc]S0rg. Chem2004 69,

an aromatic ring under acidic conditions, and they have been 2224-22217.
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Table 5. Acidity Dependence of the Cyclization Reaction
(a) The Case of Nitroalkane

COQMe
TFA/TFSA
+
NO CHCly CO.Me
50 °C, 30 min I
4a N
o
5a
entry acid recovery of 4a (%) yield of 5a (%)
1 TFSA 0 85
2 TFSA : TFA = 1:1 (w/w) 4 80
3 TFSA:TFA=1:9 (W/w) 48 42
4 TFSA : TFA = 1:99 (w/w) 85 4
5 TFA 95 0
COgMe
(b) The Case of aci-Nitro Salt ©/Y
o NO,
TFA/TFSA 4a
COMe peoNa " OMe (excess) +
NO;  MeOH - N'- CHCl COMe
o0 50 °C, 30 min i
4a Na N
14 o
ba
entry acid recovery of 4a (%) vyield of 5a (%)
1 TFSA 0 84
2 TFSA:TFA=1:1 (Ww/w) 0 71
3 TFSA:TFA=1:9 (Ww) 10 73
4 TFSA : TFA =1:99 (W/w) 42 27
5 TFA 81 3

connecting alkyl chain between the aromatic moiety and the
nitro group (Table 4). Only the phenylnitropropionate derivative
4a afforded the cyclized product (entry 2), while the corre-
sponding derivatives of phenylnitroacetéie(entry 1), phe-
nylnitrobutanatel O (entry 3), and phenylnitroheptandt# (entry

4) gave neither the cyclized products nor recovery of the starting
material; that is, formation of only a six-membered ring was
observed. Substitution of a methyll3) or a phenyl groupi(3)

at the benzyl position of the phenylnitropropionate system
significantly retarded the cyclization reaction (entry 5 and
entry 6).

Acidity Dependence of the ReactionThe reaction proceeds
efficiently with an excess amount of TFSA{ = —14.1),
whereas no cyclized product can be obtained with THA£
—2.7)22 To investigate the effect of the acidity of the medium
on the cyclization, we used a mixed acid of TFSA and TFA.
The acidity function o) of mixtures of TFSA and TFA has
been reported in detail, and such mixtures are frequently applied
to investigate the acidity dependence of organic reacfiors.
The ratio of the cyclized product/substrate was examined when
an excess amount of the mixed acid was used in the reaction

acidity of the system was increased by addition of TFSA, the
reaction started to occur. When TFSA (entryHg, = —14.1)
itself or TFSA:TFA= 1:1 (w/w) (entry 2,Ho = —11.2) was
employed as the acid catalyst, the reaction proceeded quite
efficiently, although the reaction rates were extremely small in
the case of TFSA:TFA= 1:99 (w/w) (entry 4Ho = —7.7). In
the case of TFSA:TFA= 1.9 (w/w) (entry 3,Ho = —9.5), the
yield of the cyclized product was found to be moderate. In
TFSA:TFA=1:9 (w/w), only the methyl ester group would be
substantially protonated, while the nitro group would be almost
unprotonated (Table 6), judging from the reported acidities of
the conjugate acid of an aliphatic ester grouKgps ester ~
—6.5) and that of an aliphatic nitro group K@i+ niro =
—11)1920The fact that the reaction proceeds in highly acidic
media, more acidic than TFSA:TFA 9:1 (w/w) (Ho = —9.5),
therefore, can be interpreted in terms of activation by protonation
of the methyl ester groug.

The acidity dependence of the reactions was investigated
similarly with the sodium salt of the substratd, which was
prepared by treatment of the substrate with MeONa in THF.

(Table 5). It was found that the progress of the reaction was
strongly influenced by the acidity of the reaction medium when
neutral 4a was used as a substrate (Table 5a). In TFA,
cyclization did not occur at all (entry o = —2.7). As the

(16) (a) Hammett, L. P.; Deyrup, A. J. Am. Chem. Sod932 54, 2721-
2739. (b) Paul, M. A,; Long, F. AChem. Re. 1957 57, 1-45. (c)
Jorgenson, M. J.; Hartter, D. BR. Am. Chem. S0d963 85, 878-883. (d)
Ryabova, R. SZh. Fiz. Khim.1966 40, 339-345.

(17) (a) Saito, S.; Saito, S.; Ohwada, T.; ShudoGkem. Pharm. Bull1991,
39, 2718-2720. (b) Saito, S.; Sato, Y.; Ohwada, T.; Shudo,JKAm.
Chem. Socl1994 116 2312-2317.
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(18) For recent representative studies on the acidity dependence of superacid-
catalyzed organic reactions, see: (a) Olah, G. A.; Mathew, T.; Marinez, E.
R.; Esteves, P. M.; Etzkorn, M.; Rasul, G.; Prakash, G. K. &m. Chem.
Soc.2001, 123 11556-11561. (b) Klumpp, D. A.; Baek, D. N.; Prakash,
G. K. S,; Olah, G. AJ. Org. Chem1997, 62, 6666-6671. (c) Yokoyama,
A.; Ohwada, T.; Shudo, K1. Org. Chem1999 64, 611-617. (d) Ohwada,
T.; Suzuki, T.; Shudo, KJ. Am. Chem. S0d.998 120, 4629-4637. (e)
Ohwada, T.; Yamazaki, T.; Suzuki, T.; Saito, S.; ShudoJKAm. Chem.
Soc.1996 118 6220-6224. (f) Sato, Y.; Yato, M.; Ohwada, T.; Saito, S.;
Shudo, K.J. Am. Chem. Sod.995 117, 3037-3043.
(19) Arnett, E. M.Prog. Phys. Org. Chenl963 1, 223-403.
(20) Greig, C. C.; Johnson, C. D. Am. Chem. S0d.968 90, 6453-6457.
(21) Protonation of the ester group of ethyl nitroacetate was confirmed
previously: Ohwada, T.; Yamagata, N.; ShudoJKAm. Chem. So¢991
113 1364-1373.
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Table 6. Approximate Ratio of Protonation in the TFSA/TFA because the basicity of the carbonyl oxygen atom of the methyl
System? ester group is strong enough to allow protonation to occur in
Gor'lCe this strongly acidic reaction medium, thereby affording a much
aliphatic ester aliphatic nitro more strongly electron-withdrawing substituent (i.e., a larger
TFSA TFA Ho (PKe* = —6.5)" (PKes* = -11)° 0p value) than the neutral for@s.

100 0 —14.1 3.2x 107 1.0x 108 The difference in the disappearance rates of the starting
50 50 -11.2 3.2 10f 1 substrates can be mainly attributed to the difference of the

10 90 -95 1.0x 16 3.2x 102 o . .

1 99 77 16 5.0x 104 acidities of theo-protons with respect to the nitro group. To

0 100 -2.7 1.6x 1074 5.0x 107° investigate the effect of aromatic substituents on the acidity of

o-protons with respect to the nitro group, the chemical shifts
Of the a-carbons in theé3C NMR spectra were compared in
TFA as a solvent (see Supporting Information, Table S1). The

As compared to that of the neutral form, the reaction rate was P&ak of thea-carbon atom with respect to the nitro group was

increased in terms of the yield of the product as the acidity was found to be more shielded, although only slightly so, with
increased (Table 5b), while in this case the neutral nitro species'"¢'®asing electron-withdrawing ability of the substituent group
would also be recovered ig-protonation of the salt. It should ~ ©n the benzene ring. The acidity of theproton was also

be noted that the cyclized product was obtained in moderate €Stimated theoretically in terms of natural population charges
yield even in TFSA:TFA= 99:1 (w/w), while under the same and proton affinities (PAs) (see Supporting Information, Table

i o . . o 24 i
conditions the cyclization reaction did not proceed efficiently S1)*The naturgl populgtlon chargg (,)f theproton was f°“”9'
with the neutral substrate4q) (Table 5). This observation to be more positive, that is, more acidic, as the group substituted
strongly supports the postulate that the reaction starts with O" the benzene ring became more electron-withdrawing. More-
a-deprotonation to form aaci-nitro species in situ, facilitated ~ ©Ver: it has already been reported that the PAs of activéiC
by O-protonation of the ester group. bonds of organic compounds show a good correlation with
. o . the experimental standard ionization enetfjPAs of the CH

The rate-determining step of the cyclization reaction seems roup of some of the substratégp-H, p-Cl, p-CN, andp-NO,)

to be removal of thex-proton with respect to the nitro group. group DL PN G

When 4 s a0ded 0 10 e of TESA(CESOD) | et SACUSLE0 o showed a sppsrnt conelton wi e
CDCl; and the mixture was stirred for 30 min at 30, a lower 9 y PP 9

- o Information, Table S1). The stronger electron-withdrawing
temperature than the original conditions, followed by aqueous . . -

2 - groups gave smaller PAs, which means higher acidity of the
(D20O) workup, the cyclization proceeded to gi%a (42%) .

. . C—H moiety.

together with recovery oda (55%). In this case, only 11% of Mechanistic Insiahts i he R . Revisit of P
the a-proton of the recoveredawas deuterated. This result is e; anllsztllc nsig lts m_to tl\j ﬁac_tlons. deVE)S't ot Fro-
in sharp contrast to the case of methyl nitroacetate; when methylpozel_ 6r ect.rocyc Ization Mec ?nISPT ?n Quterf|um
nitroacetate was added to an excess amount of T&Sthe Labeling Experiment. To account for the formation ofid

active methylene protons were completely exchanged with 1,2-benzoxazines via acid-catalyzed cyclization of nitroolefins,
deuterium under gentle heating conditions (30 min, °gY). a 6r electrocyclization mechanism has been propdsesl.

These results are consistent with the view that acid-catalyzedSIMilar electrocyclization mechanism was subsequently proposed

a-deprotonation oftais practically not in equilibrium, that the fbor the rgacgeoln of ?étg)styrene derivatives .E;) g';]’elf4’2]
rate of the deprotonation is so slow as to be rate-determining, enzoxazines: It would be appropriate to consider the involve-

and that the following cyclization proceeds very rapidly after ment of th_eac!-mtro species of .the preser_1t n|troall_<ané$, (
formation of theaci-nitro species. generated in situ by-deprotonation, as an intermediate of the

Effects of Aromatic Substituents on the Reaction Rate. cyclization reaction. In the case of the corresponding 6

The effects of aromatic substituents on the reaction rate wereSccrocyclization of the present nitroalkane, one of the benzyl
also studied by means of rate measurements HHNMR protons §hould be rgmoved from the protonateehitro species
spectroscopy. The unsubstituted substrde and p-F, p-Cl 15 to give thg “nlt.rosostyr'ene’16 (Scheme ga). The 76
p-COMe p—CE p-CN, andp-NO, substituted substra{tes V\;ere eIectrocycll_zat|on will result in €0 bond formation between

. ' ’ " : the aromatic carbon and the oxygen atoms, and the resultant
subjected to the reaction at 3C in the presence of a large

] i . . intermediate recovers aromaticity via elimination of the proton
EXCess of TFS.A'TFA (11 (V.V/ w)). gnd the relative ratio of the and uptake of an external proton at the benzylic position.
starting material was monitored in terms of thd NMR

spectrum based on the signal of acetone as an external standarrgln gzﬁaﬁ;ﬂnf’?siwei?:g”Wq:ﬁ:ﬂ:gﬂ%gﬁ;ﬂklﬂzﬂig%é?:;th's
in a capillary tube. In all cases, disappearance of the starting ) )

substrate followed first-order kinetics under these reaction 10 the reaction in deuterated TFSA (§30;D) and CDC}, we

conditions. The rate constants did not differ significantly among foblinpl n(c; deuIFen(lij m(;:orgora'tal\on. a;lthe benltzyl p05|tt)|on of (tjhe
all of the examined substrates, which means that electron- 2Ptain€d cyclized produc @). A similar result was observe

withdrawing groups do not retard the reaction. The rate constants®VE" N the case of the halogen-substituted substrate; no
: : \ 2
of the reaction were plptted ,agamSt Hammeﬁp&:onsmnt@’ (23) Protonation of the ester group in superacid has been thoroughly investigated.
and an apparent relationship was found, except for the ester ~ For reviews, see: Olah, G. Angew. Chem., Int. Ed. EngL993 32,
inap 767-788.
group (Table 7). An extraordinarily large rate constant was (24) Nakamura, S.: Hirao, H.: Ohwada, T. Org. Chem2004 69, 4309-

obtained in the case of the methyl ester substituent, probably  4316.
(25) Ohwada, T.; Okabe, K.; Ohta, T.; Shudo,Tetrahedronl99Q 46, 7539
7555

a0n the hypothesis that these substrates can be regarded as Hamme
bases. See reference PReference 20.

(22) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195. (26) Hiroténi, S.; Zen, SYakugaku ZassHi994 114, 272-276.
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Table 7. Correlation between the Pseudo First-Order Rate Constants and Hammett o,

mcone TFSA/TFA=1:1 (W) | COMe
R NO, 30°C R o’N

7.0 . : . .
A 65[ COzMe CN.N°2.|
enty R o, | kx10*(1/s) N
| 6.0 + i
1 H 0 i 420 C
2 F 0.06 |  3.90 + 551 C-OMe i
3 dCl 023 ! 446 =
4 COMe 045! 638 =80r oCF3 1
5 CF3 054 493 45| . |
6 CN 066 | 636 0 oH
7 NO; 078 648 I oF ]
35 . . . .
020 000 020 040 060 0.80
Cp

Scheme 2. Plausible Cyclization Mechanisms
a) 6n electrocycllzatlon reaction via deprotonation of the benzyl proton

Ht H
COzMe COzMe D CO,Me C CO,Me CO,Me
@ DR S
HO +‘OH o ‘OH -HaO X~ 14 HO’ o
x"

X~
15 ” 16

(b) 1,3-dipolar addition of aci-nitro species
COzMe CO,Me COzMe
+ OH :E i 'HZO @(\(

(c) 1,3-dipolar addition of aci-nitro species activated by O-protonation of an ester

\OH C* \OH
+ HX
ol + OH

i
(d) 1,3-dipolar addition or FrledeI-Crafts type reaction of O-protonated aci-nitro species

18

CO,Me CO,Me
‘ -H,0 o
o + OH E
19 2>T<_
+ CO,Me CO,Me
\OH ( :I N\

H

deuterium was incorporated even in the halogen atom shift in nitro ((b) and (c)) orO-protonatedaci-nitro species (d). An
the cyclization of 2,6-dichloro-substituted). We also synthe- aromatic intramolecular 1,3-dipolar cyclization mechanism is
sized theo,a-dideuterated substratdd-D,). The cyclization plausible because of the 1,3-dipolar nature of #uénitro

of 4a-D; in TFSA (CRSG;H) in CHCI; yielded the cylized moiety, as represented iy (Scheme 2bj? The tricyclic [3+2]
product 6a-D;) with no loss of deuterium (Scheme 3). These cycloadduct would generate théi4l,2-benzoxazine structure
results indicated that no proton elimination occurred at the
benzylic position. Therefore, thertelectrocyclization mecha- (27) Although [3+2]-cycloaddition ofaci-nitro species with aromatic ring has

nism can be ruled out in this case not been reported to our knowledge, thatoFnitro species with aliphatic
. : i ) . . olefins has been well investigated. See: Denmark, S. E.; Cottell, J. J. In
Alternative Possible Reaction Mechanismsin addition to Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry Toward

; ; B B Heterocycles and Natural Produ¢Badwa, A., Pearson, W. H., Eds.; Wiley
the 67 electrocyclization mechanism, there are other plausible and Sons: Hoboken, NJ, 2003 Chapter 2, pp. 889 and references

mechanisms, as shown in Scheme 2: that is, cyclizati@cief therein.
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Scheme 3. Cyclization Reactions in Deuterated TFSA and CDCl3
or with the Deuterated Substrate

0% deuterated

H

H H H
@(COZMG CF3803D (10 eq.) @COZMe
NO. CDClg o Yield 90%
4a 50 °C, 30 min 5a
0% deuterated
Cl HH Cl HH
CO:Me  GF,504D (50 eq.) | CO:Me
o1 NO2 cDCl; oV Yield 59%
50 °C, 30 min cl
ap 5p
0% hydrogenated
DD DD
®002Me CF3SOgH (10 eq.) @(COZMe
NO, CHCl, o VYield 86%
50 °C, 30 min
4a-D, 5a-D,

after re-aromatization, accompanied with-8 and C-C bond

dicationic species such a0 (Scheme 4a}! The relevant
dication, a kind of ethylene dication, has been observed
spectroscopicall§-32 Intramolecular hydrogen-bonding interac-
tion between the ester carbonyl moiety aad-nitro moiety
would stabilize the high-energy dicationic species (see Scheme
4). We found that the activation energy @0-TS was
significantly reduced (28.7 kcal/mol) as compared to those of
monocationic species. In the vibrational frequency analysis of
the dicationic transition structur@@TS), it seemed likely that
the C-C bond formation preceded the-© bond formation,
indicating a partial asynchronous nature of the cyclizatfoH.

3. Conclusion

In this paper, we have discussed the scope and the mechanism
of the strong Brgnsted acid-catalyzed intramolecular cyclization
reaction of methyl 3-aryl-2-nitropropionates to givel4,2-
benzoxazines. This reaction can be regarded as an oxygen
functionalization of the aromatic ring wherein the oxygen atom
is derived from a nitro group in the molecule. This reaction is
favored by the presence of electron-withdrawing substituents

cleavage. On the other hand, because of the basicity of the®" the benzene ring. The reaction rate is strongly influenced

oxygen atom of the ester carbonyl group and the strength of

by the acidity of the reaction medium, and the methyl ester

the acid catalyst, there should be an equilibrium between the 9"0UP On thea-carbon atom with respect to the nitro group

aci-nitro speciesX7) and theO-protonatedaci-nitro species19)

(Scheme 4a). There would also be an equilibrium between the

aci-nitro species bearing aD-protonated ester groud§) and
the O-protonatedaci-nitro species 19) (Scheme 4a3 To

investigate the feasibility of these pathways, we evaluated the
by™

chemical features of these possible reaction mechanisms

means of theoretical calculations (see Supporting Information,

Figures S2-S4 and Table S2230In the bond-forming process
of aromatic 1,3-dipolar cycloaddition of neuteadi-nitro species
(17-T9), the activation energy is high (43.8 kcal/mol (MP2/6-
311G**//B3LYP/6-314+G*), Scheme 4). Two transition struc-
tures ((8-TSand19-TS, Scheme 4b) are also conceivable in
the cyclization of the monocationic species, but their activation
energies were found to be extraordinarily lard&, (47.4 kcal/
mol; 19, 46.2 kcal/mol, respectively). On the other hand, the

requirement of an excess amount of TFSA and involvement of (30)

O-protonation of the ester carbonyl group in the aciditste
profile (Table 5) suggest the contribution of a highly reactive

(28) Elimination of water from protonateati-nitro species generat@4, which
has an oxonium cation character, and intramolecular aromatic electrophilic
substitution would afford H-1,2-benzoxazine through a Friedelrafts-
type cyclization mechanism. See Supporting Information.

@A’(COZMa
N X
©/\l(002Me COEMe / NI
_N_ H,0 ( ] N+ X
Hot o 3 \ +_COMe
X ) AV
Nox
21 (o)
COMe CO,Me
ARG o ™
H —
A_x T
CO,Me CO,Me
SN g
(‘H
i

o
-
(29) (a) Pople; et alGaussian 98 Gaussian, Inc.: Pittsburgh, PA, 1998. (b)
Pople; et al.Gaussian 03 Gaussian, Inc.: Pittsburgh, PA, 2003. See
Supporting Information.

—_—

N

+

facilitatesa-deprotonation to givaci-nitro species in situ. Some
correlation was found between the electron-withdrawing ability
of the substituent on benzene, which is represented by the
Hammetio, value of the substituent, and the rate of consumption
of the starting substrate leading to the product in TFSA/TFA
edium. This would be because the acidity of thproton with
respect to the nitro group is influenced by the nature of the
substituent on the benzene ring.

We experimentally excluded ther&lectrocyclization mech-
anism, which involves deprotonation of the benzyl proton of
the protonatedci-nitro species. Alternative cyclization mech-
anisms, such as aromatic 1,3-dipolar cycloaddition and/or
FriedetCrafts-type reaction of theD-protonated aci-nitro
species, were calculated to be high-energy-demand processes.

We also carried out the calculations in the presence of a model acid (HCI).

The magnitudes of the activation energies were not altered significantly

(see Supporting Information).

(31) Olah, G. A.; Klumpp, D. AAcc. Chem. Re2004 37, 211—-220. For the
reviews on dicationic species, also see ref 23.

(32) See refs 18d and e.

(33) Generation of biaryl oxime derivatives (see Table 2) can be attributed to

nucleophilic attack of the aromatic compound on the cationic benzene ring

of the intermediatelNT-20), due to the partially asynchronous nature of

intramolecular attack of the benzene ring on the protorateditro moiety

of 20, as shown below.

IOMe ?Me
+ +
@4\}()‘3*014 CQOH AH, -H™
ArH o
Ho Yo ! -0 N-oH
20 INT-20
OMe
.
C\\OH -H30+
H ~ _HO 5
HO™"TOH
Ar (« H+

(34) Halogen migration (see Table 3) could be interpreted in terms of the
following mechanism:

OMe OMe OMe
+
H _
7, O’N‘OH O’N‘OH O N
X o ( et X
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Scheme 4.
Cyclization?

(a) Equilibria between the Neutral, Monocationic, and Dicationic Species; and (b) the Calculated Transition Structures of the

(a)

OMe
.
C=oH
17
HO™ 4+ OH
20
(b) T

17-TS

18-TS 20-TS

a All of the structures were obtained at the B3LYP/6+33* level. A gray-colored sphere represents a carbon, light blue is hydrogen, blue is nitrogen,
and red is oxygen.

19-TS

Diprotonated or protosolvativeéspecies can reduce the activa- Institute for Molecular Science. We thank the computational
tion energies significantly, which is consistent with the observed facility for generous allotments of computer time.
acidity-dependent nature of the cyclization. From the viewpoint
of synthetic chemistry, the present oxygen-functionalization
reactions, involving a transfer of the oxygen atom of the nitro
group, will widen the scope of the chemistry of functionaliza-
tion of aromatic compound$.The mechanistic insights afforded
by the reactions described in this paper are of considerable
interest, and we are currently further exploring this kind of JA067682W
cyclization.

Supporting Information Available: Spectroscopic and ana-
lytical data, experimental procedures, Cartesian coordinates, and
energetic values of calculated species. Theoretical calculation
of the reaction mechanism is also described. This material is
available free of charge via the Internet at http://pubs.acs.org.

(35) [3+2]-Cycloaddition reaction between nitrones and alkenes, especially
asymmetric, is still of great interest in organic synthesis. For reviews, see:
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