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The first asymmetric Ficini—Claisen rearrangement using chiral ynamides is described. At relatively low temperatures, the Ficini—Claisen
rearrangement can be efficiently promoted by p-nitrobenzenesulfonic acid leading to high diastereoselectivity for a range of different allylic
alcohols and chiral ynamides.

The synthetic versatility of ynamines in organic synthesis though ynamides have been documeritédheir reactivities
was established thirty years ayjalhe electron-donating  were only unveiled recent®’~° Given the significance of
ability of the nitrogen atom renders ynamines useful becausethe Claisen rearrangement in organic syntH&si& and

of the highly regioselective nature in their synthetic trans- Ficini’s pioneering work in the ynamineClaisen reactiof?
formation. However, there have been significantly fewer chiral ynamides could be ideal for an asymmetric Fieini
accounts of ynamine chemistry due to the high sensitivity Claisen rearrangement [Figure 1]. To the best of our
toward hydrolysis. We have been exploring reactivities of knowledge, the asymmetric Ficini—Claisen rearrangement
ynamides, in which the nitrogen atom is substituted with an is not known, and there are only limited accounts of the

amide functionality, thereby diminishing electron-donating _
ability of the nitrogen atom and offering superior stability
to ynamine$: Our designs specifically feature a chiral
imidazolidinone or oxazolidinone group [Figure 2&]Al- EWG X
RoN R' N——~R! o’L
T A Recipient of a 2001 Camille Dreyfus Teacher-Scholar Award. . R .
* A Recipient of the 2001 UMN Heisig Summer Undergraduate Fel- ynamines stabilized ynamines Il
lowship. or ynamides
(1) For reviews on chemistry of ynamines see: (a) Zificsak, C. A.; lectronic-bias f ioselect R
Mulder, J. A.; Hsung, R. P.; Rameshkumar, C.; Wei, L Jletrahedron eiectronic-bias for regioselective processes ) )
2001,57, 7575. (b) Himbert, G. IMethoden Der Organischen Chemie S 5+ & chiral ynamides
(Houben-Weyl); Kropf, H., Schaumann, E., Eds.; Georg Thieme Verlag: R 8 9 X =0 or NMe
Stuttgart, 1993; pp 32673443. (c) Collard-Motte, J.; Janousek, Fop. 2 o ’
Curr. Chem.1986,130, 89. (d) Ficini, JTetrahedronl976,32, 1448. (e) B R
¥ier|le,lgégG.Chemistry of Acetylenes, Ynaminédarcel Dekker: New Stereoselective Ficini-Ynamine-Claisen
ork, .
(2) (@) Wei, L.-L.; Mulder, J. A.; Xiong, H.; Zificsak, C. A.; Douglas, R*N
C. J.; Hsung, R. PTetrahedron2001, 57, 459-466. (b) Hsung, R. P.; 2/ _/—' H+ R?
Zificsak, C. A.; Wei, L.-L.; Douglas, C. J.; Xiong, H.; Mulder, J. ®rg. R j/ =
Lett. 1999,1, 1237. | ~ RN
(3) For chemistry of allenamides, see: (a) Xiong, H.; Hsung. R. P.; Berry, R!
C. R.; Rameshkumar, @. Am. Chem. So@001,123, 7174. (b) Xiong, .
H.; Hsung, R. P.; Wei, L.-L.; Berry, C. R.; Mulder, J. A.; Stockwell, B. 1 2 3: stereoselectivity
Org. Lett.2000,2, 2869. (c) Wei, L.-L.; Hsung, R. P.; Xiong, H.; Mulder, .
J. A.; Nkansah, N. TOrg. Lett.1999,1, 2145. (d) Wei, L.-L.; Xiong, H.; Figure 1.
Douglas, C. J.; Hsung, R. Hetrahedron Lett1999,40, 6903.
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We report here our first realization of a highly stereoselective Scheme %
Ficini—Claisen rearrangement. o — o o
It was unclear how these novel ynamides would behave i =0 Non N MAwmy N j\s/a,,y,
in the Claisen rearrangement given their improved stability ~ #” N mo\_z n-CsHﬂ+ o\_z ety
+Pr

and the lack of precedent in non-transition metal mediated [l sealedtube, 12-181 S¥ipr

reactions of ynamide®:’~° It was quickly found that (54 CeHyy 5-(S,A) 6-(5,5)

reactions of the ynamideSj-4 with allyl alcohol using entry acid equiv temp yield ratio 5:6"

standard conditions, high temperature in the presence of 1 pTsOH 020 170-195°C 8% 75:25

p-TsOH, provided the desired FicinClaisen products 2 CSA° 010 160°C 0% 83:17
3 TFA° 025 60190 0 ND

5-(S,R) and6-(S,S¥ but with low yields as well as low

.. . . 4 TiOH 025 -78-25 0 ND
stereoselectivity [Scheme 1]. Extensive hydrolysis of (S)-4 [5 PNBSA® 020 75-9 B 86:14 |
was observed, and no rearrangement occurred at temperatures o —— o )

o on o o
below 170°C. J: >'=O toluene OJLN/U\/a"yl +OJLN)krallyl
With only mildly encouraging preliminary results in hand, B N sealed be  \_{ o
it became necessary to search for conditions that would lower Il eo100°c.1218n A Bn Agn
(R)T 0.1-0.2 eq PNBSA 8 9
(4) For the first examples of ynamides, see: (a) Janousek, Z.; Collard, 56-75% yield: 8 : 9 = 60 : 40

J.; Viehe, H. GAngew. Chem., Int. Ed. Endgl972,11, 917. (b) Goffin,

E.; Legrand, Y.; Viehe, H. GJ. Chem. Res., Synop977, 105. _ . . . . .
(5) For other recent examples, see: (a) BriickneSyhlet2000, 1402. 2CSA = camphorsulfonic acid. TFA= trifluoroacetic acid.

(b) Fromont, C.; Masson, Jetrahedron1999,55, 5405. (c) Feldman, K. PNBSA = p-nitrobenzenesulfonic acid.

S.; Bruendl, M. M.; Schildknegt, K.; Bohnstedt, A. &..Org. Chem1996,

61, 5440. (d) Joshi, R V.; Xu, Z.-Q.; Ksebati, M. B.; Kessel, D.; Corbett,

T. H.; Drach, J. C.; Zemlicka, J. Chem. Soc., Perkin Trans1994 1089. ] o )

(ltz)gNlo%/;kolvé%. S.:$_i1klﬁbni_l<ov, g. IZ: KEostikov, RARI\.b(arg.Cnem. USSIR the reaction temperature and minimize hydrolysis of the

27, . ikhomirov, D. A.; Eremeeyv, A. em. Heterocycl. : : :

Comput, 1987, 2(2 1141. (g) Balsamo, A.. Macchia, B.. Macchi;” Fo ynamide. It was found that protic acids CSA, TFA, and TfOH
Rossello, A Tetrahedron Lett1985,26, 4141. were not useful [Scheme 1]. However, in the presence of
(6) (a) Zaugg, H. E.; Swett, L. R.; Stone, G..ROrg. Chem1958,23, 0.20 equiv ofp-nitrobenzensulfonic acid [PNBSA], reactions

1389. (b) Katritzky, A. R.; Ramer, W. Hl. Org. Chem1985,50, 852. . .
(7) (a) Rainier, J. D.; Imbriglio, J. E1. Org. Chem2000,65, 7272. (b)  Of ynamides §)-4and (R)-7proceeded at 80C leading to

Raégi)e(r,)Jth.;lITbggli%tJ. E?r%ALett.lgg%L 20|3t7-Ed998 a7 489 Claisen products$/6 and 8/9, respectively, in consistent

a ItUISKI, B.; engel, lAngew. em., Int. ,of, . . . s .

(b) Witulski, B.. Stengel, TAngew. Chem., Int. EL998, 38, 2426. (c) yields and diastereoselectivity. It is reasonable to assume that
Witulski, B.; Géssmann, MChem. Commuri999, 1879. (d) Witulski, B.; the temperature of 80C was necessary to promote proto-
Gossmann, M.Synlett 2000, 1793. (e) Witulski, B.; Buschmann, N.; ; ; it

Bergstrdsser, Uletrahedron2000,56, 8473. (f) Witulski, B.; Stengel, T.; nation of the Ynamlde andlor add.ltlon of a”yl alcohol but
Fernandez-Hernandez, J. i@hem. Commur2000, 1965. not the ensuing [3,3]-sigmatropic rearrangement. Most

< (9)k(_a%\5J0h8tte|iUS’ Mf Jcihcﬁgyggg'?vécﬂ?-E“\)Cﬁ998181iv|23g1- (bk), significantly, these represent much milder conditions than
UZUuKl, A.J. Organomet. e s , .(C lyaura, IVl.; SUZUKI, . _ . _
A. Chem. Rev1995, 95 2457 most of those used in Johnson—Claisen and Eschenmoser

(10) (a) Claisen, LBer. Dtsch. Chem. Ge4912,45, 3157.For other Claisen rearrangements!?
major variations, see: (b) Carroll, M. B. Chem. Socl94Q 704. (c) Wick, ; i N ; ; ;
A. E.; Felix, D.; Steen, K.; Eschenmoser, Helv. Chim. Actal964,47, With th_e optimized reaCtIVIty_ using _PNBSA n hand’ it
2425.(d) Johnson, W. S.; Werthemann, L.; Bartlett, W. R.; Brocksom, T. was readily apparent that the chiral auxiliary had a noticeable

I 1Li’(;'_Jé;|;r%UIg]eé' Do petersen, M. R, e oS 1902, effect on the diastereoselectivity. The ynamid83-4 and
(11) (a) Wipf, P. InComprehensive Organic Synthesis, VoTEst, B. (R)-7 provided only poor to modest diastereoselectivity.

M Flhe/lmirr:gal., EDdS-gerga_mohn Prgf\S: szoHrd, l:‘199%/,\/351;- ?):rauznrath, Thus, a variety of ynamides with different chiral auxiliaries
. In Methoden Der rganischen emie ouben- p1, A. an .
Schaumann, E., Eds. Georg Thieme Verlag: Stutig#iss, pa3ol. () Were preparedand examined. _
Hill, R. K. in Asymmetric Synthesis; Morrison, J. D., Ed.; Academic Press: ~ As shown in Table 1, reactions of ynamidé§—12,
ew York, 1984. (0) Sajewski, 1., Hydrocarbon Thermal lsomerizalions  containing the Sibi auxiliary® with simple allyl alcohol
(12) Also see: (a) Ito, H.; Taguchi, Them. Soc. Re 1999, 28, 43. proceeded in good yields in the presence of just 0.10 equiv
(b) Enders, D.; Knopp, M.; Schiffers, Reetrahedron: Asymmetr§996, of PNBSA and a reaction temperature at only’@) leading
7, 1847. (c) Blechert, SSynthesid989, 71. (d) Kallmerten, J.; Wittman, ivel ith hiah di
M. D. Stud. Nat. Prod. Chen1989,3, 233. () Ziegler, F. EChem. Reuv. to rearranged produd4—16, respectively, with high dias-

1988 88, 1423. (f) Murray, A. WOrg. React. Mechl987, 457;0rg. React. tereoselectivity [entries 1—3]. The stereochemistry was

Mech.1986, 429. (g) Moody, C. Adv. Heterocycl. Chenl987,42, 203. ; _ ; PR
(h) Barlett, P. ATetrahedronl98Q 36, 3. (i) Lutz, R. P.Chem. Re. 1984 assigned by X-ray analysis of the major isomerldfand

84, 205. (j) Rhoads, S. J.; Raulins, N. Brg. React.1975, 1. H NMR correlation with other rearrangement products.

(13) For some recent elegant studies on stereoselective Claisen rear- her th her han h nami ntainin
rangement, see: (a) Hiersemann, M.; Abrahantg. Lett.2001,3, 49. Other the othe and, the ynamide, conta g a

(b) Yoon, T. P.; MacMillan, D. W. CJ. Am. Chem. So@001,123, 2011.  Cyclohexyl group, appeared to slow the reaction and had to

ggg I—\|(e, S-;$0'23mlg, S-A-\:/R'?AW«’:& V'|v||_‘1|1|' AmbCC\?mCJSOAQOO%%IZZ 120- be heated at a much higher temperature, leadind o
oon, I. P.; bong, V. . acMillan, D. . . AM. em. S0cC. . . . . .

1999,121, 9726. (c) Metz, P.; Hungerhoff, B. Org. Chem 1997, 62, with a lower de in comparison witth6 obtained from12

4442. (d) Welch, J. T.; Eswarakrishnan,J3Am. Chem. S0d.987,109, [entry 3 versus 4]. Subsequent work quickly established that

6716.

(14) (a) Ficini, J.; Lumbroso-Bader, N.; PouliquenTétrahedron Lett. ynamides containing the Sibi auxiliary are unique in provid-

1968,9, 4139. (b) Ficini, J.; Barbara, Getrahedron Lett1966,7, 6425.

(c) Nakai, T.; Setoi, H.; Kageyama, Yetrahedron Lett1981,22, 4097. (16) (a) Sibi, M. P.; Deshpande, P. K.; Ji, J. Tetrahedron Lett1995,
(15) All new compounds are characterized'byNMR, °C NMR, FTIR, 36, 8965. (b) Sibi, M. P.; Ji, J. GA\ngew. Chem., Int. Ed. Endl996, 35,
and mass spectroscopy. 190. (c) Sibi, M. P.; Porter, N. AAcc. Chem. Red.999,32, 163.

1384 Org. Lett., Vol. 4, No. 8, 2002



Table 1
entry ynamides Claisen product temp? yield® ratio
o]
HN-=n e NJK/""’"
RcHph, CHPh 2
1 (R}110. R = n-penty! 14: R = n-penty! 709C 60% 93:7
2 (RI11: R = nbutyt 15: R = nbutyl 70 70 96:4
3 (RI12 R=iPr 16: R = iPr 70 74 91:9
4 (R)13 R = cyclohexy! 17: R = cyclohexyl 125 86 80:20
o] 6 o
N iyt
OJLN—-E- nCsHy Q7N ay
\—{  nCsHy N
5 S¥ipr 4 Hor 5 75 50 86:14
o] jJL o}
e e T
[y (|
[} Ph 18

., Fh
Ph 23 110 69 68:32
o}

)OL 0
0 N Gt OJLNJ\rnllyl
7 F‘hd_‘ o 19 H\ﬁ_‘m nCsHi 24 110 75 85:15
o o o
)L OJ\NJKra"yI
R
8 (5)20:R = Ph 25:R = Ph 115 60 60:40
9 (5121 A= nCsHn 26:R = nCsHy 85 65 87:13

25-50 80 87:13

/u\(allyl
10
11 (A1 B = nbuty! ] NLY 80 67 92:8

H

28 CHPh,
o o
12 (AMN OJLN Y AN 32 80 90 93:7
L R l
OH 29 C

o NJ\/\( 33 85 90 90:10

CHPh,

a Reactions were carried out in anhydrous toulene in the presence of 0.1
equiv of PNBSA and heated in sealed tube for 12—18 h. 2-Propen-1-ol

was used for entries-110. ° All yields were isolated yields: Ratios were
determined by usingH and*3C NMR and/or GC analysis.For assignment,
see ref 20.

ing high diastereoselectivity. All other ynamidelsand 18
with the Evans auxiliary? 19 with the Seebach auxiliafy,
20—21with amino indanol based auxiliary, a2@ with the

Boeckman auxiliary? led to the desired rearranged products

in good yields but with slightly inferior diastereoselectivity
[entries 5—10].

It is noteworthy that reactions of the ynami@& could
proceed efficiently at a temperature as low as’@5entry

that with an alkyl substituent [entries 6 and 8]. Finally, the
generality of this stereoselective FicittClaisen rearrange-
ment could be established using different allyl alcohols.
Reactions 0o28—30with 11 led to Claisen product81—
33, respectively, in excellent yields and with high diaste-
reoselectivity [entries 11—13].

We next turned our attention to various substituted allylic
alcohols to construct more elaborate systems. As shown in
Scheme 2, reactions éfans-crotyl and cinnamyl alcohols

Scheme 2

£>=°,f)k

\_( X

A
H[—F’h

isomer a - syn

| | PNBSA
0.2 equiv
X 80°C,15h
(A)-10: X = n-CsHyq 34: X = nCsH1q; R=Me: 70%;a:b/d: 93 : 7
(R)-11: X = n-C4Hy 35: X =nCyHg R =Ph: 77%; a:b/d:296 : 4
36: X = -CqHg; R = CH20Bn: 63%,; a:b/d: 95 : 5
0 o5 °

ﬂO;:;i‘:.,% Il i

38:63%; a:b/d: 95 : 5

isomers b-d

with chiral ynamided0and11 provided the desired Claisen
products34 and 35 in 70% and 77% vyields, respectively.
The overall stereoselectivities were very high in favor of the
synisomera, though there can be four possible diastereo-
mers. Furthermore, the allylic alcoh®¥ was also efficient

in the rearrangement, leading to a more functionalized
Claisen producB6, again in favor of thesynisomer36a
despite four isomeric possibilities. Reactionsaig-crotyl
alcohol anctis-37 also provided theyndiastereoselectivity
for the major isomers but with poorer ratios and yields.
Finally, the ynamid®2 was found to give the desired Claisen
product in good diastereoselectivity. To subsequently broaden
the synthetic scope of this rearrangemaafis-allyl alcohols
39—41 were used, leading to a series of structurally interest-
ing Claisen productd2—44[Scheme 3].

A plausible mechanistic model based on the stereochemical
assignment has been proposed in Figure 2. Protonation of
the ynamide45 would lead to the ketene iminium s&lb,
and subsequent addition of an allyl alcohol from the same

10]. We also observed the corresponding ketene aminal [seeside as the hetero cumuléhenydrogen would give the

2 in Figure 1] from22 after the addition of allyl alcohol

E-ketene aminal or Claisen precursév. The observed

prior to rearrangement. It was rather unstable for isolation stereoselectivity in the Claisen produ48 can then be

but can be assigned &sbased on NOE experime®.In
addition, with ynamidesl8 and 20 containing a phenyl

substituent, the stereoselectivity suffered greatly relative to

(17) (a) Evans, D. AAldrichimica Actal1982, 15 23. (b) Heathcock,
C. H. Aldrichimica Actal1990, 23 99.

(18) For a leading reference, see: Hintermann, T.; SeebachleD.
Chim. Actal1998,81, 2093.

(19) (a) Boeckman, R. K., Jr.; Nelson, S. G.; Gaul, MJJDAm. Chem.

S0c.1992 114 2258. (b) Boeckman, R. K., Jr.; Boehmler, D. J.; Musselman,

R. A. Org. Lett.2001,3, 3777.

Org. Lett., Vol. 4, No. 8, 2002

reasoned through the chair transition state shown in the
Claisen precursod7, assuming a conformation similar to

(20) (a) The stereochemistry @7 was unambiguously determined by
matching optical rotation §{]?°> = — 10, ¢ = 0.3 in CDC}] of the
corresponding alcohol after LAH reduction @¥ to the literature value
[[0] %% = +10.1,c = 1.0 in CHC} for the enantiomer]. See: Hodgson, D.
M.; Foley, A. M.; Boulton, L. T.; Lovell, P. J.; Maw, G. Nl. Chem. Soc.,
Perkin Trans. 11999, 2911. (b) See Supporting Information for charac-
terizations of thekE-ketene aminal fron22.

(21) Denmark, S. E.; Harmata, M. A. Org. Chem1983,48, 3369.
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Scheme 3
\Prh | B \ PhrrC4H9 \ th-C4H9
II \=\—OH Ph)_ syn F’h)_ syn

n-C 4Hq 40
(A1

42a: 77%; >96: 4 syn  43a: 50%; 86: 14 syn

O&W

44a: R = nCyHy
88%; 88: 12

that of Evan’s model for asymmetric aldol reactions using

chiral oxazolidinone$’ This conformation would minimize
the dipole interaction between the uretharre@and vinyl

C—0 bond, thereby setting up two sterically differentiated

m-faces of the ketene aminal.

Scheme 4

OBn 0]
Q Q77 ) LiOH, Hy0,
OJLN/U\/\/ THFHO 31t O
5
{

1 ————————————eeeeee .
Phn-C4Hg 2)1,, CH,CN, 0 °C 1—' *—OBn
oY 3:1[R: 8]
36a 48: 50% over 2 steps

n-C4Hg

the overall steric presence of the front face andacial
selectivity during the rearrangement.

The observation thatis-crotyl alcohol also led t®yn
diastereoselectivity is puzzling, although it has been docu-
mented in the Claisen literatute? This could be a result
of a boat transition state for the [3,3]-sigmatropic rearrange-
ment instead of the chair shown 47 ?? or an acid-induced
isomerization of the ketene aminal froBnto Z in 4722 or
isomerization otis-crotyl alcohol taransprior to the allyl

The larger the substituent [i.e., a dibenzylidene group] on zicohol addition.

the chiral auxiliary is three-dimensionally, the more dif-

Finally, as shown in Scheme 4, the auxiliary3ffa may

ferentiated the twa-faces can be, thereby leading to greater pe effectively removed and recovered using standard condi-

diastereoselectivity. The ensuing [3,3]-sigmatropic rearrange-tions24 A subsequent iodolactonizatirof the corresponding
ment should then occur at the less hindered backside leading:arhoxylic acid led to synthetically useful lactond8 in

to the desired major isomer. The observation ofEHeetene

~50% yield from36awith an isomeric ratio of 3:1 in favor

aminaf® that underwent subsequent rearrangement to give of the R-epimer at C-5. The relative stereochemistryl®f

27 from the reaction of22 lent strong support to the

postulation of the Claisen precursér.

was assigned using NOE experiments. These assignments
also confirm thesynstereoselectivity assigned to the Claisen

This mechanistic model could also in part rationalize the products shown in Schemes 2 and 3.

observed lack of diastereoselectivity wheh=RPh [entries

We have described here the first asymmetric Fieini

6 and 8 in Table 1]. A Ph group could assume coplanarity Claisen rearrangements using chiral ynamides. These rear-
with the z-face of the ketene aminal, thereby diminishing rangements proceed with high diastereoselectivity at rela-

O h ROH
JLN% H* & FH
{

4,

g
}—Ph OYN —.:< ]
O 4 R
less hindered

Ph
v
back side
A
OJLNJW H’]\( \// _\_ R2
\_—(\ é1 m’k[[q):
O

oY

—_—

O\//_\—\

O o —
& P
N)kl/\/ N HT
i-Pr
O the Eketene
/4

aminal from 22

Figure 2.
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tively low temperatures and are efficiently promoted by using
catalytic PNBSA. Studies involving synthetic applications
and mechanism are underway.
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