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The dimethyltitanocene methylenationacylamides derived frorartho-vinylanilines,ortho-allylaniline,
andortho-vinylbenzylamine provides the corresponding enamides, which upon exposure to the second
generation Grubbs ruthenium catalyst give access to indoles, 1,4-dihydroquinolines, and 1,2-dihydroiso-
quinolines, respectively. This sequential protocol also allows the synthesis of dihydrobenzoazepines,
although the ring-closing metathesis (RCM) step is complicated by the alkene isomerization processes.
From certain substrates, the direct annulation is observed in the titanium-mediated step, which is likely
to occur through an olefin metathesisitramolecular olefination sequence.

Introduction the resulting cyclic enamides constitute versatile moieties
. ) ] ) amenable to further functionalizatidl. Our interest in the
Ruthenium-catalyzed ring-closing metathesis (R€Mas development of heterocyclic annulation methodologies led us

emerged as a powerful methodology for the construction of a g consider the synthesis of a variety of enamide-containing
great variety of nitrogen heterocycles from azadiene subsftates. penzo-fused heterocycles (indoles, 1,4-dihydroquinolines, 1,2-
In this context, cyclizations involving alkenyl enamidesich  gihydroisoquinolines, and dihydrobenzoazepines) by RCM
as azadienes in which the nitrogen atom is directly connected yaactions of appropriate linear enamides. These substrates would
to one of the double bonds, are particularly interesting since pg prepareitby taking advantage of olefination protocols, which,
in combination with the subsequent RCM step, would make

* To whom correspondence should be addressed. Tel: 34 934 024 540. Fax:our heterocyclic targets conveniently available from alkenyl
34(913)4(522?3355 R. H., Ed.Handbook of Metathesiswiley-VCH: amides (Scheme 1).
Weinheim, Germany, 2003; Vol. 2. (b) Nicolaou, K. % Buéer. P G. Titanium-based complexes are distinctive reagents in organic
Sarlah, D.Angew. ChemInt. Ed 2005 44, 4490-4527. synthesis due to their ability to olefinate carboxylic acid

(2) For recent reviews on the application of RCM to the synthesis of gerivatives’ Among them, the TebbETakai—Utimoto? Petasis
nitrogen heterocycles, see: (a) Felpin, F.-X.; LebretoBpd. J. Org. Chem y ’

2003 3693-3712. (b) Walters, M. A In Progress in Heterocyclic  (dimethyltitanocene, GFiMe:)*® and, more recently, Taketla
Chemistry Gribble, G. W., Joule, J. A., Eds.; Pergamon: Amsterdam, 2003;

Vol. 15, pp 1-36. (c) Nakamura, |.; Yamamoto, hem. Re. 2004 104, (4) Rapoport, Z., EdThe Chemistry of Enaming®Viley: New York,
2127-2198. (d) Deiters, A.; Martin, S. FChem. Re. 2004 104 2199 1994.
2238. (5) For recent examples, see: (a) Norton Matos, M.; Alfonso, C. A. M.;

(3) For RCM reactions involving enamides, see: (a) Kinderman, S. S.; Batey, R. A.Tetrahedror2005 61, 1221-1244 and references therein. (b)
van Maarseveen, J. H.; Schoemaker, H. E.; Hiemstra, H.; Rutjes, P. J. T.Lemire, A.; Charette, A. BOrg. Lett 2005 7, 2747-2750.

Org. Lett 2001, 3, 2045-2048. (b) Arisawa, M.; Terada, Y.; Nakagawa, (6) For areview, see: Dehli, J. R.; Legros, J.; Boim@Bem. Commun
M.; Nishida, A. Angew. Chem., Int. E®R002 41, 4732-4734. (c) Van 2005 973-986 and references therein.

Otterlo, W. A. L.; Pathak, R.; de Koning, C. Bynlett2003 1859-1861. (7) For a review, see: Hartley, R. C.; Mckiernan, GJJChem. Sog.

(d) Rosillo, M.; Dominguez, G.; Casarrubios, L.; Amador, U’ r€eCastells, Perkin Trans. 12002 2763-2793.

J.J. Org. Chem2004 69, 2084-2093. (e) Katz, J. D.; Overman, L. E. (8) (@) Pine, S. H.; Pettit, R. J.; Geib, G. D.; Cruz, S. G.; Gallego, C. H.;
Tetrahedron 2004 60, 9559-9568. (f) Manzoni, L.; Colombo, M.; Tijerina, T.; Pine, R. DJ. Org. Chem1985 50, 1212-1216. (b) Pine, S.
Scolastico, CTetrahedron Lett2004 45, 2623-2625. (g) Van Otterlo, H. Org. React1993 43, 1-88.

W. A. L.; Morgans, G. L.; Khanye, S. D.; Aderibigbe, B. A. A.; Michael, (9) (a) Okazoe, T.; Takai, K.; Oshima, K.; Utimoto, K. Org. Chem.

J. P.; Billing, D. G.Tetrahedron Lett2004 45, 9171-9175. (h) Liu, G.; 1987 52, 4410-4412. (b) Takai, K.; Kakiuchi, T.; Kataoka, Y.; Utimoto,
Tai, W.-Y,; Li, Y.-L.; Nan, F.-J.Tetrahedron Lett2006 47, 3295-3298. K. J. Org. Chem1994 59, 2668-2670.
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reagents have proven to be very effective for the olefination of
esterst?2 The above olefination step has been combined with

the subsequent ruthenium (or molybdene)-catalyzed RCM of
the resulting enol ethers, which constitutes the key step of

several brilliant approaches to cyclic enol ethér the same
context, Nicolaotf has reported the direct conversion of alkenyl
esters to cyclic enol ethers through tandem olefinatRCM

sequences promoted by both the Tebbe and Petasis reagent

Interestingly, under the Tebleor Takai-Utimoto!® protocols,
other authors have observed similar cyclizations, which are
better explained by the alternative olefin metathegisramo-
lecular olefination sequencés!®In contrast with this intense
activity, the olefination of amides has received much less
attention’1° with dimethyltitanocen®® appearing to be the
reagent of choice, in particular, for the methylenation of
N-protected lactam&. To our knowledge, the possibility of
combined olefinationrmetathesis processes leading to cyclic
enamides has not been investigated so far.

(10) (a) Petasis, N. A.; Bzowej, E.J. Am. Chem. So&99Q 112, 6392-
6394. (b) For a recent example, see: Cook, M. J.; Fleming, D. W.;
Gallagher, T.Tetrahedron Lett2005 46, 297—300.

(11) (a) Horikawa, Y.; Watanabe, M.; Fujiwara, T.; TakedaJTAm.
Chem. Soc1997, 119 1127-1128. (b) Takeda, T.; Sato, K.; Tsubouchi,
A. Synthesi®004 1457-1465. (c) Macleod, C.; Austin, C. A.; Hamprecht,
D. W.; Hartley, R. CTetrahedron Lett2004 45, 8879-8882 and references
therein.

(12) For other titanium-based reagents, see: Yan, T.-H.; Chien, C.-T.;
Tsai, C.-C.; Lin, K.-W.; Wu, Y.-H.Org. Lett 2004 6, 4965-4967.

(13) See also: (a) Fujimura, O.; Fu, G. C.; Grubbs, RJIHOrg. Chem
1994 59, 4029-4031. (b) Clark, J. S.; Kettle, J. Getrahedron Lett1999
55, 8231-8248. (c) Postema, M. H. D.; Calimente, D.; Liu, L.; Behrmann,
T. L. J. Org. Chem200Q 65, 6061-6068. (d) Allwein, S. P.; Cox, J. M,;
Howard, B. E.; Johnson, H. W. B.; Rainier, J. Detrahedron2002, 58,
1997-2009. (e) Postema, M. H. D.; Piper, J. L.; Betts, R1ISOrg. Chem
2005 70, 829-836.

(14) (a) Nicolaou, K. C.; Postema, M. H. D.; Claiborne, C.JFAm.
Chem. Soc1996 118 1565-1566. (b) Nicolaou, K. C.; Postema, M. H.
D.; Yue, E. W.; Nadin, AJ. Am. Chem. Sod996 118 10335-10336.

(15) (a) Oishi, T.; Uehara, H.; Nagumo, Y.; Shoji, M.; Le Brazidec, J.-
Y.; Kosaka, M.; Hirama, MChem. Commur2001, 381-382. (b) Inoue,
M.; Hirama, M. Synlett2004 577—595.

(16) (a) Rainier, J. D.; Allwein, S. P.; Cox, J. M. Org. Chem2001
66, 1380-1386. (b) Majumder, U.; Rainier, J. Detrahedron Lett2005
46, 7209-7211. (c) Johnson, H. W. B.; Majumder, U.; Rainier, J. D.
Chem—Eur. J. 2006 12, 1747-1753. (d) See also ref 13d.

(17) For similar tungsten-mediated tandem metatheslisfination se-
guences, see: Fu, G. C.; Grubbs, RJHAm. Chem. So&993 115 3800-
3801.

(18) For the pioneering use of the Tebbe reagent to promote the ring-
opening metathesis of a strained olefin followed by intramolecular olefi-
nation, see: (a) Stille, J. R.; Grubbs, R. HAm. Chem. S0d986 108
855-856. (b) Stille, J. R.; Santarsiero, B. D.; Grubbs, RJHOrg. Chem
199Q 55, 843-862. See also: (c) Halterman, R. L.; Ramsey, T. M.
Organomet. Cheml997 547, 41-48.

(19) For recent examples of olefination of tertiary amides with Takeda
reagents, see: (a) Takeda, T.; Saito, J.; Tsubouchiefrahedron Lett
2003 44, 5571-5574. (b) Takeda, T.; Yatsumonji, Y.; Tsubouchi, A.
Tetrahedron Lett2005 46, 3157-3160.

(20) Petasis, N. A.; Lu, S.-Fletrahedron Lett1995 36, 2393-2396.
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Results and Discussion

We set out to explore the feasibility of the proposed amide
methylenatior-enamide RCM two-step sequence starting from
amides derived from anilines which bear vinyl groups with
different degrees of substitution at tletho position. In this
case, the annulation step would result in the direct formation
of an aromatic indole systefd, a process that has been
previously explored by Nishid&on related enamide substrates
coming from different precursors.

Thus,N-alkoxycarbonyl (methoxycarbonyl or Boc)-protected
amidesla—g were subjected to the methylenation protocol we
had previously established with model systems (1.5 molar equiv
of dimethyltitanocene, toluene/pyridine 4:1, reflux, 4hYhe
results are summarized in Table 1. In the isopropenyl series
(entries 1-3), acetamidda gave the expected enamigaalong
with minor amounts of the deacylated produg?> More
satisfactorily, from acetamidkb and formamidelc, the reaction
took place chemoselectively at the amide carbonyl group to give
the corresponding enamid2b,c in high conversion yieldstH

RIMR). Due to the sensitive enamide functionality, the isolated

yields after column chromatography were only moderate-(60
65%). Similar results were obtained from amideke, carrying

a 1-propenyl substituent, which led to the unstable enamides
2d,e in 50% vyield (entries 4 and 5).

Considering the precedents of RCM reactions involving
electron-rich alkene%the enamide cyclization step was per-
formed using the commercially available second generation
Grubbs catalyst in toluene either at 8D or at reflux. Probably
owing to steric effects, the formation of a 2,3-disubstituted
indole by RCM of enamide&a,b was not observed in any of
the conditions tried. However, cyclization did take place from
2c—e giving access to indole3—5.

Interestingly, the unsubstituted vinyl derivati¥eor 1gupon
treatment with dimethyltitanocene gave the expected enamide
2f or 2g along with minor amounts of indolesor 5 (entries 6
and 7). We were unable to find conditions (modifying the
amount of reagent, temperature, or reaction time) to drive the
reaction to the complete formation of indoles. From the synthetic
standpoint, this was of little consequence as the heterocycles
could be obtained in acceptable overall yields{80%) by
subjecting the crude olefination mixtures to the ruthenium
catalyst.

The competitive formation of indoles under the olefination
protocol could be attributed to a tandem sequence involving a
methylenatior-enamide RCM (similar to Nicolaou’s repotts
or, alternatively, an olefin metathesimtramolecular olefination
(similar to Hirama’d® or Rainier's® reports). To ascertain the
operative mechanism, the enamRfevas independently treated

(21) (a) Herdeis, C.; Heller, H.etrahedron: Asymmet3993 4, 2085
2094. (b) Herdeis, C.; Heller, Hetrahedron: Asymmetrd997 8, 1115~
1121. (c) Martmez, |.; Howell, A. R.Tetrahedron Lett200Q 41, 5607
5611. (d) Tehrani, K. A.; De Kimpe, Nl.etrahedron Lett200Q 41, 1975~
1978. (e) Langlois, NOrg. Lett 2002 4, 185-187.

(22) For a review on the construction of aromatic systems by RCM,
see: Donohoe, T. J.; Orr, A. J.; Bingham, Mhgew. Chem., Int. EQ006
45, 2664-2670.

(23) For previous synthesis of indoles by RCM of enamides coming from
isomerization of allylamines, see: (a) Arisawa, M.; Terada, Y.; Takahashi,
K.; Nakagawa, M.; Nishida, AJ. Org. Chem?200§ 71, 4255-4261. (b)
See also refs 3b and 3d.

(24) Bennasar, M.-L.; Roca, T.; Monerris, M.; GadDiaz, D. Tetra-
hedron Lett 2005 46, 4035-4038.

(25) The loss of the alkoxycarbonyl group was the only observed process
when amidesla—c were subjected to the TakaUtimoto methylenation
protocol?16
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TABLE 1. Synthesis of Indoles 3-5 from Amides 1

R* R4
| | Re
Rs  Cp,TiMe, Rs  [Rul=CH, @—RZ‘
1 _— _—
NP N N NH
;
O)\F(2 )\R2 R O)\
1 2 35 6
R4 olefination enamide indole
entry R R? R3 (for1,2) amide productg (yield, %y (vield, %)y
1 COMe Me Me H la 2a+6(6:1) 45
2 Boc Me Me H 1b 2b 65
3 COMe H Me H 1c 2¢ 61 3(90F
4 COMe Me H Me 1d 2d 50 4 (85y!
5 COMe H H Me le 2e 50 5 (90y
6 COMe Me H H 1f 2f 4+ 4(2:1) 25 4 (40ye
7 COMe H H H 1g 29+ 5(6:1) 5 (50)°¢

aGeneral olefination conditions: GpiMe,, 1.5 molar equiv, 100:1 toluene/pyridine, reflux, 4°Hsolated yield after flash chromatograply Second
generation Grubbs catalyst (6 mol %), toluene°80 4 h.9 Second generation Grubbs catalyst (6 mol %), toluene reflux,eOiverall yield from amides
1f,g.

_TiCp, SCHEME 2

TiCp.
i ' -
R4 N R2 )
N Cp,Ti=CH
N | N,COQMe P2 2 N,COzMe

P — CHo=CH, o Py intramolecular

lefination
R'=CO,Me 2d R'=CO,Me 7 c i © , ° .
R'=BOC 12 R'=BOC 13 (via ) A - CpTi=O
Cp,Ti=CH,
FIGURE 1. - Cp,Ti=0 4
(via b)

with dimethyltitanocene. Afte8 h atreflux, NMR analysis TiCp, RCM
indicated the presence of unaffect@dalong with open-chain | I — Cp,Ti=CH,
carbamaté (Figure 1), incorporating an additional methyl group _CO,Me CpTi=CH, CO,Me

N y

at the alkenyl moiety, and only very minor amounts of indole N

4 (ratio 3:2:0.5). The formation of compourtiwas striking, HQC)\ _C(::;Hz H,C

being produced by a nonmetathetic interaction of the vinyl of B

substituent of2f with dimethyltitanocené® followed by hy-

drolysis of the enamide function. complement existing RCM-based syntheses of 1,2-dihydro-

Since the acyclic enamide was not a clear precursor of the quinolines fromN-allyl derivatives ofortho-vinylaniline 28
indole, we believe that the cyclization was mainly the result of  The dimethyltitanocene methylenation was first performed
a metathesisintramolecular olefination process that would take with acetamidesa and8b to give the expected enamidéa
place through titanium alkyliden&, as indicated in Scheme 2 and9b in consistent reproducible 51 and 55% vyields, respec-
(via a). This process would be competitive with the usual tively (entries 1 and 2). Significant amounts of the deacylated
methylenation leading to enami@é (via b), and it would not productl1l were also obtained from the-(methoxycarbonyl)
have been observed in the above isopropenyl or 1-propenylsubstrate, reflecting again an incomplete discrimination between
series due to the higher substitution of the carboarbon the amide and carbamate carbonyl group. However, contrary
double bond hampering the initial interaction with the titanium to that observed in the analogous monosubstituted vinyl substrate
methylene Cpli=CH,. Accordingly, the extent of cyclization  1f, no trace of cyclized products (1,4-dihydroquinolines) was
is affected by the steric environment around the amide carbonyl detected in the reaction mixtures. We can consider that the
group<as evidenced by the different product ratio obtained formation of the titanium alkylidene required for the intramo-
from acetamidelf (2:1) or formamidelg (6:1). Further results  |ecular olefination stepQ, Figure 1) was now less favored,
obtained in the quinoline and isoquinoline series (see below) probably because of the absence of conjugation with the
support this mechanistic hypothesis. aromatic ring (compare witA, Scheme 2). On the other hand,

Attention was next focused on the construction of the 1,4- it should be noted that treatment of enami@ad with excess
dihydroquinoline system starting from N-protected amides dimethyltitanocene (24 molar equiv) resulted in the formation
derived fromortho-allylaniline (Table 2¢7 This approach would of complex reaction mixtures, from which only open-chain
isomerized 1-propenyl products, such as enamadkbsr 12 or

(26) As far as we know, this alkylation is unprecedented. In fact, we carbamated (identical to that obtained from enami@é) or
have observed that styrene can be converted into 1-propenylbenzene by. ; ; ; ;
treatment with dimethyltitanocene (2 molar equiv) in toluene at reflux for 13, could be isolated in variable yields.
8 h. We appreciate the suggestion of one of the reviewers pointing out a

plausible mechanism for this transformation: a-{22] cycloaddition (27) For a preliminary communication of this part of the work, see ref
between the titanium carbene and the alkene followedfHyydride 24,

abstraction would give an allyl titanium hydride, which would undergo (28) (a) Theeraladanon, C.; Arisawa, M.; Nishida, A.; Nakagawa, M.
reductive elimination. Tetrahedron2004 60, 3017-3035. (b) See also ref 3d.
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TABLE 2. Synthesis of 1,4-Dihydroquinolines 10 from Amides 8

— — —
i Cp,TiMe, JCKHZ [Rul=CH, m 0
N~ "R? N~ "R? N~ "R? NJ\

I !

' H
1
g R o H 10 R 1
olefination olefination enamide 1,4-dihydroquinoline
entry R R2 amide conditiong products (yield, %)y (yield, %)-c
1 COMe Me 8a A 9a+11(3:1) 51 10a(80)
2 Boc Me 8b A 9b 55 10b (80)
3 Boc H 8c A 9c 10c(45)
4 Boc Et 8d B 9d + 10d (3:2) 10d (40y

aConditions A: CpTiMegy, 1.5 molar equiv, 100:1 toluene/pyridine, reflux, 4 h. Conditions By Tdde,, 4 molar equiv, 100:1 toluene/pyridine, reflux,
16 h.bIsolated yield after column chromatograpliysecond generation Grubbs catalyst (6 mol %), tolueng@® h.d Overall isolated yield fron9cd.

SCHEME 3 upon exposure of the mixture to the ruthenium catalyst, complete
conversion tol8a was accomplished in 55% overall yield.

m palc m Methylenation of acetamidiGbwas a little slower and required
N"RZ O, N Re

the use of 3 molar equiv of the reagent (conditions B, entry 2)

10 ® 14 R2  Me 80% to give a mixture of acyclic and cyclic enamid&gb and18b,
a R'=COMe RP=Me 15 RE=H 85% along with significant amounts of 1-propenyl enamid@
b R'=BOC R2= Me produced by reaction df7b with dimethyltitanocen&® From
¢ R'=BOC R2=H the synthetic standpoint, both enamid@b and19 were suitable

substrates for the isoquinoline synthesis since treatment of the

As expected, the subsequent ruthenium-catalyzed RCM of olefination mixture with the ruthenium catalyst gab&b in 50%
isolated enamide®ab in toluene at 80°C led to 1,4- overall yield. Finally, methylenation of the less hindered
dihydroquinolineslOab in good yields (80%). Similarly, the  formamidel6csmoothly gave the enamid&c(entry 3), which
titanium-mediated methylenatiemuthenium-catalyzed RCM  was directly converted into 1,2-dihydroisoquinolité&cin 60%
two-step sequence was carried out from forman@ddentry overall yield.

3) to give 1,4-dihydroquinolin&0cin 45% overall yield through We also considered extending the above isoquinoline annu-
enamide9c (the only product in the reaction mixture, not lation to analogous indole substrates for the carboline synthesis.
isolated). Finally, the sensitive 1,4-dihydroquinolink@a—c This proposal was tested dwBoc-protected formamideo,
could be oxidized to the corresponding fully aromatic derivatives which was converted into the corresponding enar@itlander
14and15 by treatment with oxygen in the presence of 5% Pd/C the usual conditions (Scheme 4). Without isolati@d, was
(Scheme 3). subjected to ruthenium-catalyzed RCM in toluene at reflux to

Significantly, the methylenation of the more hindered amide give a highly unstable cyclic enamide, which was converted
carbonyl group of propionamicgd (entry 4) was clearly slower,  into tetrahydroy-carboline22 by catalytic hydrogenation. The
thus allowing the competitive olefin metathesiatramolecular overall yield of the process was 35%.
olefination through titanium alkyliden€ (R* = Boc, R = Et). The successful preparation of indoles, 1,4-dihydroquinolines,
The reaction required stronger conditions (conditions B, Table and 1,2-dihydroisoquinolines led us to examine the methylena-
2) to reach completion, leading to a 3:2 mixture of the expected tion—RCM sequence for the construction of benzo-fused seven-
enamide9d and 1,4-dihydroquinolinel0d. As in the above membered cyclic enamides. With this aim, we seledidBloc
indole series, we were not able to drive the reaction to the formamides23, 25, 28, and 32 as potential precursors of
exclusive formation of0d. However, this product was obtained 2-benzoazepine, 1-benzoazepine, 1,5-benzoxazepine, and 3-ben-
in 40% overall yield from8d upon exposure of the olefination zoazepine systems, respectively. The results of this study are
mixture to the ruthenium catalyst. summarized in Table 4.

The isoquinoline annulatidh based on the same concepts As expected, the titanium-mediated methylenation proceeded
required the chemistry outlined above to be extended to amideefficiently to give the corresponding enamides as the only
precursors derived frorartho-vinylbenzylamine. To this end,  products in high conversion yields. However, RCM of the crude
we undertook the methylenation of amide8a—c (Table 3), enamides was now a sluggish reaction, requiring several
assuming that reaction of the titanium carbene at the monosub-additions of the second generation Grubbs catalyst. Thus,
stituted conjugated carbertarbon double bond ultimately enamide24 remained unaffected aft@ h in toluene at 80C,
leading to the cyclic enamide (1,2-dihydroisoquinoline) would and its complete consumption required heating at 4@ Gor
interfere to some extent with the usual reaction at the carbonyl 18 h (conditions A). Significantly, the 1,2-dihydroisoquinoline

group. Indeed, treatment of acetamitiéa with dimethylti- 18crather than the expected seven-membered ring was formed,
tanocene under the usual conditions (conditions A, entry 1) led which indicated that a slow isomerization to the more stable
to a 3:1 mixture of the unstable enamid&a and 1,2- 1-propenyl substituent had taken place, followed by ring closure

dihydroisoquinolinel 8a which were not isolated. Satisfactorily, of the isomerized intermediat@This result was not completely
unexpected as it has been repoftédat double bond migrations
(29) For an example of 1,2-dihydroisoguinoline synthesis by RCM, see Can interfere with the desired metathesis reactiam particular,
ref 3c. in slow reactions requiring high catalyst loading or high

J. Org. ChemVol. 71, No. 18, 2006 7031
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TABLE 3. Synthesis of 1,2-Dihydroisoquinolines 18 from Amides 16

SN N R X
Cp,TiMe, + ©\//\(
> N
R1
RN 0 RN

BOC’N\’%
19

R? R?
16 17 18
[Ru]=CH, 1
olefination olefination 1,2-dihydroisoquinoline

entry R R? amide conditiong products (vield, %)y
1 COMe Me 16a A 17a+ 18a(3:1yf 18a(55)
2 Boc Me 16b B 17b+ 18b+ 19(3:3:2) 18b (50¢
3 Boc H 16¢ A 17¢ 18c(60y!

a Conditions A: CpTiMey, 1.5 molar equiv, 100:1 toluene/pyridine, reflux, 4 h. Conditions By Tdde», 3 molar equiv, 100:1 toluene/pyridine, reflux,
8 h.bOverall isolated yields from amidek6. ¢ Minor amounts of recovered6a 9 Second generation Grubbs catalyst (6 mol %), toluené@®04 h.
e Second generation Grubbs catalyst (6 mol %), toluene reflux,!Ztace amounts of8c

SCHEME 42 TABLE 4. Methylenation—RCM from Amides 23, 25, 28, and 32
BOC BOC entry amide RCM products

N_X N methylenation” conditions™  (ratio, yield, %)
BOC
N N 1 / A o
MOM MOM N X N

20 X=0 H
a
’:»21 X =CH, ,_ 23 X=0
—» 24 X=CH,

BOC
18c (40)

a Reagents and conditions: (a) ZJiMe; (1.5 molar equiv) 4:1 toluene/
pyridine, reflux, 4 h; (b) 2x 6 mol % second generation Grubbs catalyst,

toluene reflux, 10 h; (c) b 5% Pd/C, MeOH, rt, 4 h. X
L + /
N h N

temperatures. Ruthenium hydride species formed by decomposi- 2 | )

tion of the catalyst are probably responsible for this unwanted BOC BOC BOC

reactions? — 25 X=0 10c 27
A similar double bond isomerization to an internal position —= 26 X=CH,

also interfered, although to a lesser extent, with the metathesis

reaction of enamid26, which embodies a 3-butenyl chain (entry

2). Under conditions A, the reaction gave a 4:1 mixture of the

1,4-dihydroisoquinolind.Ocand the expected seven-membered

ring 27. Although the isomerization could be reduced simply

by working at a lower temperature (conditions B), a more 3

. . . EACEN C o o
satisfactory result was obtained when, taking advantage of the X ©: ] +
nA /
P H h N
BOC BOC

4:1
1:2
1:7, 27 (50)

QW

recent report by Grubl8,the reaction was performed in the

presence of benzoquinone (conditions C). In this case, a 1:7 BOC

mixture of 10c and 27 was obtained, from which the desired 28 X=0 30
dihydro-1-benzoazepin27 was isolated in a quite acceptable E. 29 X =CH,

50% overall yield from amide25. However, in our hands, 3:1
benzoquinone was not able to prevent the isomerization of the

allyloxy moiety of enamid®9 to the same extent, as the use of X X

conditions C led to a 3:1 mixture of the oxazi8 and the N)L

oxazepine3l (entry 3). Finally, the nonisomerizable enamide 4 éOCH A @(jN—BOC
33 (entry 4) slowly underwent cyclization under conditions A 32 X=0

to give the 3-benzoazepirgt in a modest 35% overall yield E»ss X = CH,
from 32

31

34 (35)

aCpTiMez (1.5 molar equiv), 4:1 toluene/pyridine, reflux, 4 hAll

(30) For examples of unwanted alkene isomerizations prior to the RCM reactions were carried out in toluene in the presence of the second generation
step, see: (a) Fatner, A.; Thiel, O. R.; Ackermann, L.; Schanz, H.-J.;  Grubbs catalyst: Conditions A: 3x 6% catalyst, 116C, 18 h. Conditions

Nolan, S. P.J. Org. Chem 200Q 65, 2204-2207. (b) Michalak, K; B: 3 x 10% catalyst, 80°C, 58 h. Conditions C: 3x 10% catalyst,
Michalak, M.; Wicha, JTetrahedron Lett2005 46, 1149-1153. (c) See benzoquinone (0.3 molar equiv), 8C, 58 h.dIsolated yields from the
also ref 3a. corresponding amides.

(31) For a discussion, see: Schmidt,Bur. J. Org. Chem2004 1865
1880 and references therein.

(32) For reviews of nonmetathetic activities of Grubbs ruthenium In conclusion, a novel two-step sequence involving a titanium-
catalysts, see: (a) Alcaide, B.; Amendros{fem-Eur. J 2003 9, 1258~ mediatedN-acylamide methylenation followed by ruthenium-
1262. (b) Schmidt, BAngew. Chem., InEd. 2003 42, 4996-4999. : . .

(33) Hong, S. H.; Sanders, D. P.; Lee, C. W.; Grubbs, RJHAM. catalyzed RCM of the resulting enamides has been studied. The
Chem. Soc2005 127, 17160-17161. protocol allows the efficient assembling of several benzo-fused
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five- or six-membered cyclic enamides (indoles, 1,4-dihydro-

JOC Article

5 22.0 (CH), 28.1 (CH), 35.2 (CH), 80.5 (C), 105.8 (Ch), 116.8

quinolines, and 1,2-dihydroisoquinolines) from amides derived (CHy), 126.8 (CH), 127.3 (CH), 128.7 (CH), 129.8 (CH), 136.2

from ortho-alkenyl anilines or benzylamines. The extension to

(CH), 137.5 (C), 140.7 (C), 144.3 (C), 153.2 (C); HRMS (CI) calcd

higher homologues is also possible, although limited by the for Ci7H22NO, 274.1807 (M+ 1), found 274.1882.
interference of alkene isomerization processes in the slow RCM ~ General Procedure for the RCM Step. A solution of the

step. From some substrates, in particular, styrene derivatives,
the direct annulation is observed in the titanium-mediated step,

which probably occurs through an olefin metathegigramo-
lecular olefination tandem process.

Experimental Section

General Procedure for the Dimethyltitanocene Methylena-
tion. MeLi (1.6 M) in EtO (1.32 mL, 2.1 mmol) was slowly added
in the dark under Ar to a suspension ofTiTl, (249 mg, 1 mmol)
in anhydrous BEO (4 mL) cooled at GC. After stirring at 0°C for
1 h, the reaction mixture was poured intg@H(5 mL). The organic
layer was concentrated and dried to give,Uple; as an orange
solid. A solution of the above solid (1 mmol) in anhydrous toluene/
pyridine (100:1, 6 mL) was added under Ar to a solution of the

appropriate amide (0.67 mmol) in anhydrous toluene (1 mL) at room

appropriate enamide (1 mmol) and the second generation Grubbs
catalyst (0.06 mmol) in anhydrous toluene was stirred at 80 or 110
°C under Ar and monitored by TLC to establish completion of the
reaction. In some cases, a new addition of the catalyst was needed
(see text). The reaction mixture was concentrated, and the resulting
residue was chromatographed (flash, $iO

1-(Methoxycarbonyl)-3-methylindole (3, Table 1, entry 3).
Crystallized from EtO; 90% yield. The NMR spectra match the
literature dat&*

1-(Methoxycarbonyl)-2-methylindole (4, Table 1, entry 4).
Elution with 97:3 hexanes/AcOEt; 85% yield. The NMR spectra
match the literature dafa.

1-(Methoxycarbonyl)indole (5, Table 1, entry 5).Elution with
97:3 hexanes/AcOEt; 90% yield. The NMR spectra match the
literature dat&*

1-(Methoxycarbonyl)-2-methyl-1,4-dihydroquinoline (10a, Table

temperature, and the resulting mixture was stirred at reflux 2, €ntry 1). Elution with 9:1 hexanes/AcOEt; 80% yielthi NMR
temperature in the dark for 4 h. The solvent was removed, and the (CPCl, 300 MHz)6 2.17 (m, 3H), 3.15 (dJ = 4.8 Hz, 2H), 3.80

resulting residue was treated with 8:2@tCH,Cl,. The precipitate

(s, 3H), 552 (tqJ = 1, 1, 1, 4.8, 4.8 Hz, 1H), 7.10 (m, 2H), 7.20

was filtered and the filtrate concentrated. The reaction mixture was (M, 1H), 7.57 (dJ = 7.6 Hz, 1H);3C NMR (CDCl, 75.4 MHz)

analyzed by*H NMR. Enamidea—f and9ab were purified by

5 20.1 (CH), 28.3 (CH), 52.9 (CH), 116.5 (CH), 124.3 (CH),

flash chromatography. The others were directly used in the RCM 125.0 (CH), 125.5 (CH), 126.8 (CH), 133.0 (C), 138.1 (C), 139.2

step.

Methyl (1-Methylethenyl)[2-(1-methylethenyl)phenyl]car-
bamate (2a, Table 1, entry 1) Elution with 9:1 hexanes/AcOEt;
45% yield;*™H NMR (CDCls, 300 MHz) ¢ 2.02 (m, 3H), 2.08 (d,
J = 0.6 Hz, 3H), 3.64 (s, 3H), 4.43 (s, 1H), 4.65 (4= 1.2 Hz,
1H), 4.95 (m, 1H), 5.14 (m, 1H), 7.14 (m, 1H), 7:28.30 (m,
3H); 3C NMR (CDCk, 75.4 MHz)6 21.7 (CH), 23.3 (CH), 52.8
(CHs), 106.6 (CH), 115.4 (CH), 127.3 (CH), 127.6 (CH), 129.1
(CH), 129.2 (CH), 138.8 (C), 141.6 (C), 142.8 (C), 145.3 (C), 154.5
(C); HRMS (ClI) calcd for GsH1gNO, 231.1259 (M+ 1), found
231.1338.

tert-Butyl (1-Methylethenyl)[2-(1-methylethenyl)phenyl]car-
bamate (2b, Table 1, entry 2)Elution with 9:1 hexanes/AcOEt;
65% yield;'H NMR (CDClz, 200 MHz) 6 1.39 (s, 9H), 2.05 (s,
6H), 4.39 (s, 1H), 4.58 (d] = 1 Hz, 1H), 4.99 (m, 1H), 5.13 (m,
1H), 7.05 (m, 1H), 7.25 (m, 3H); HRMS (CI) calcd for,fEiz4
NO, 273.1729 (M+ 1), found 273.1807.

Methyl [2-(1-Methylethenyl)phenyl]vinylcarbamate (2c, Table
1, entry 3). Elution with 98:2 hexanes/AcOEt; 61% yiefld NMR
(CDClz, 200 MHz) ¢ 1.98 (s, 3H), 3.66 (br s, 3H), 3.84 (d,=
15.8 Hz, 1H), 4.29 (dJ = 8.8 Hz, 1H), 4.90 (br s, 1H), 5.09 (m,
1H), 7.12 (m, 1H), 7.257.40 (m, 4H);13C NMR (CDCk, 75.4
MHz) ¢ 23.4 (CHy), 53.2 (CH), 94.5 (CH), 115.1 (CH), 127.9
(CH), 128.3 (CH), 129.3 (CH), 129.4 (CH), 134.3 (C), 135.0 (CH),
142.2 (C), 142.7 (C), 154.2 (C); HRMS (CI) calcd forsH:6NO;
217.1103 (M+ 1), found 217.1181.

Methyl (2-Allylphenyl)(1-methylethenyl)carbamate (9a, Table
2, entry 1). Elution with 82:18 hexanes/AcOEt; 51% yieldk
NMR (CDCls, 300 MHz)6 2.07 (d,J = 0.8 Hz, 3H), 3.29 (dJ =
6.2 Hz, 2H), 3.65 (s, 3H), 4.52 (s, 1H), 4.68 (g= 1.2 Hz, 1H),
5.06 (m, 1H), 5.13 (m, 1H), 5.88 (m, 1H), 7.12 (m, 1H), 720
7.30 (m, 3H);13C NMR (CDCk, 75.4 MHz) 6 21.8 (CH), 35.2
(CHy), 52.9 (CH), 106.4 (CH), 116.4 (CH), 127.0 (CH), 127.7
(CH), 128.7 (CH), 130.0 (CH), 135.9 (CH), 137.7 (C), 139.8 (C),
144.1 (C), 154.6 (C); HRMS (CI) calcd for;gH1gNO, 231.1259
(M + 1), found 231.1338.

tert-Butyl (2-Allylphenyl)(1-methylethenyl)carbamate (9b,
Table 2, entry 2). Elution with 95:5 hexanes/AcOEt; 55% yield;
1H NMR (CDCls, 300 MHz)6 1.38 (s, 9H), 2.05 (s, 3H), 3.30 (m,
2H), 4.47 (s, 1H), 4.62 (s, 1H), 5.03 (m, 1H), 5.17 (m, 1H), 5.92
(m, 1H), 7.13 (m, 1H), 7.22 (m, 3H}*C NMR (CDCh, 75.4 MHz)

(C), 154.0 (C); HRMS (CI) calcd for GH14NO, 204.1024 (M+
1), found 204.1045.
1-(tert-Butoxycarbonyl)-2-methyl-1,4-dihydroquinoline (10b,
Table 2, entry 2). Elution with 9:1 hexanes/AcOEt; 80% yield;
IH NMR (CDCl, 200 MHz) 6 1.53 (s, 9H), 2.14 (br g = 1.4
Hz, 3H), 3.14 (m, 2H), 5.45 (m, 1H), 7.08 (m, 1H), 7.20 (m, 2H),
7.61 (d,J = 8.2 Hz, 1H); HRMS (Cl) calcd for gH,oNO, (M +
1) 246.3248, found 246.3259.
1-(tert-Butoxycarbonyl)-1,4-dihydroquinoline (10c, Table 2,
entry 3). Unstable compound; elution with 1:1 hexanesjCH;
45% vyield;'"H NMR (CDCls;, 200 MHz)6 1.57 (s, 9H), 3.33 (dd,
J=1, 4 Hz, 2H), 5.26 (dt]) = 4.4, 4.4, 7.2 Hz, 1H), 6.90 (dg,
=1.4,1.4,7.6 Hz, 1H), 7.05 (m, 2H), 7.19 (m, 1H), 7.90Jd+
8 Hz, 1H).
2-(Methoxycarbonyl)-3-methyl-1,2-dihydroisoquinoline (18a,
Table 3, entry 1).Unstable compound; elution with 85:15 hexanes/
AcOEt; 55% yield. The NMR spectra match the literature déta.
2-(tert-Butoxycarbonyl)-3-methyl-1,2-dihydroisoquinoline (18b,
Table 3, entry 2).Unstable compound; elution with 95:5 hexanes/
AcOEt; 50% overall yield from amid&6b; IH NMR (CDCls, 200
MHz) 6 1.49 (s, 9H), 2.25 (d) = 1.2 Hz, 3H), 4.69 (s, 2H), 5.95
(9q,J=1.2 Hz, 1H), 7.01 (dJ = 7.2 Hz, 1H), 7.16-7.25 (m, 3H);
13C NMR (CDCk, 75.4 MHz)6 21.6 (CH), 28.4 (CH), 47.6 (CH),
81.2 (C), 114.1 (CH), 123.5 (CH), 124.8 (CH), 126.3 (CH), 127.4
(CH), 130.8 (C), 132.6 (C), 138.0 (C), 152.6 (C).
2-(tert-Butoxycarbonyl)-1,2-dihydroisoquinoline (18c, Table
3, entry 3). Unstable compound; elution with 95:5 hexanes/AcOEt;
60% vyield. The NMR spectra match the literature ddta.
3-(tert-Butoxycarbonyl)-9-(methoxymethyl)-1,2,3,4-tetrahydro-
y-carboline (22). The unstable cyclic enamide obtained after the
RCM step was treated at room temperature with 5% Pd/C in MeOH
under a H atmosphere for 4 h; elution with 9:1 hexanes/AcOEt;
35% yield from amide20; *H NMR (CDCls, 200 MHz)6 1.51 (s,
9H), 2.88 (m, 2H), 3.24 (s, 3H), 3.85 (m, 2H), 4.65 (s, 2H), 5.39

(34) Wenkert, E.; Alonso, M. E.; Gottlieb, H. E.; Sanchez, EJLOrg.
Chem.1977, 42, 3945-3949.

(35) Nagarathnam, DSynthesis1992 743-745.

(36) Beugelmans, R.; Chastanet, J.; RoussiT&rahedron1984 40,
311-314.

(37) Clarl, R. D.; Jahangitdeterocyclesl 991, 32, 1699-1703.
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(s, 2H), 7.20 (m, 2H), 7.42 (m, 2H); HRMS (CI) calcd fogdHs-
NO; 303.1834 (M+ 1), found 303.1832.
1-(tert-Butoxycarbonyl)-4,5-dihydro-1H-1-benzoazepine (27,
Table 4, entry 2). Elution with 96:4 hexanes/AcOEt; 50% yield
from amide25; 'H NMR (CDClz, 200 MHz)6 1.49 (s, 9H), 2.31
(br s, 2H), 2.76-3.15 (br m, 2H), 4.96 (ddd] = 3.8, 4.4, 9 Hz,
1H), 6.65 (dJ =9 Hz, 1H), 7.15-7.20 (m, 4H);*3C NMR (CDCl,
75.4 MHz)6 27.9 (CH), 28.3 (CH), 31.1 (CH), 81.2 (C), 115.0
(CH), 125.8 (CH), 126.7 (CH), 127.2 (CH), 127.3 (CH), 128.5 (CH),
138.0 (C), 142.4 (C), 153.2 (C); HRMS (Cl) calcd fogfs8,0NO,
246.1494 (M+ 1), found 246.1499.
3-(tert-Butoxycarbonyl)-2,3-dihydro-1H-3-benzoazepine (34,
Table 4, entry 4). Elution with 98:2 hexanes/AcOEt; 35% yield
from amide32, '"H NMR (CDClz, 300 MHz)6 1.53 (s, 9H), 3.03
(m, 2H), 3.92 (m, 2H), 5.56 (br m, 1H), 6.95 (br m, 1H), 7.07 (m,
2H), 7.17 (m, 2H);23C NMR (CDCk, 75.4 MHz) 6 28.3 (CH),
37.2 (CH), 44.4 (CH), 81.7 (C), 108.1 (CH), 125.7 (CH), 126.4
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(CH), 126.6 (CH), 128.9 (CH), 130.2 (CH), 135.0 (C), 139.2 (C),
152.1 (C); HRMS (CI) calcd for GHooNO, 246.1494 (M-+1),
found 246.1485.
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