2514 J. Am. Chem. S0d.998,120, 2514-2522

Cyclic BF, Adducts of Functionalized Fischer Vinylcarbene
Complexes: Preparation and Stereoselective Bielder Reactions
with 2-Amino 1,3-Dienes

JoseBarluenga,*™ Rosa-Maria Canteli,! Josefa Floez," Santiago Garca-Granda,?
Angel Gutiérrez-Rodriguezf and Eduardo Martin#

Contribution from the Instituto Unkrsitario de Qumica Organométiica “Enrique Moles”,
Unidad Asociada al CSIC, and Departamento d€ iga Fsica y Analiica, Universidad de @iedo,
Julian Claveria 8, 33071 @iedo, Spain

Receied July 29, 1997

Abstract: A new type of cyclic amino-functionalized s-cis boroxyvinylcarbene complex of group 6 metals
has been synthesized. These complexes underwent-Biklsr-type reactions with 2-amino 1,3-dienes that
proceeded with complete regioselectivity and high exo or endo diastereoselectivity, which was found to be
highly dependent on the nature of the substituents on the diene. When chiral 2-amino-5-alkoxy dienes derived
from (S)-prolinol benzyl or methyl ether were used, an exclusive exo and highly diastereofacially selective [4
+ 2] cycloaddition was achieved, affording spiro carbene complexes with three contiguous stereogenic centers
and a high level of enantiomeric purity. Removal of the Cr(€ftdgment and the Bigroup provided an

entry toa,a-branchegd-amino aldehydes g#-amino acids. In addition, the stable form of an amino-substituted
hydroxycarbene complex of chromium was characterized by X-ray diffraction.

Introduction group 6 boroxy derivatives are the dialkylboroxycarbene

Heteroatom-stabilized transition-metal carbene complexes COmplexesl*® and 2,* which have been prepared following
(Fischer-type) have turned out to be important stoichiometric Fischer's original procedure and either characterized or isolated
or catalytic reagents for the transformation of organic substtates. at temperatures below-20 or 0 °C due to their thermal
Of the many systems that are currently accessible, group 6 metafnstability (Chart 1).  The known examples of group 6 cyclic
alkoxy? and aminocarbedederivatives are among the most heterobimetallic functionalized Fischer carbene compounds are
widely used Fischer carbene complexes. Nevertheless, bor-the nine-membered zirconoxycarbene comple3ésand the
OXy',4 Si]oxy_’5 and other meta|oxycarbe§]6‘ne[a|: Ti,7 Zr,g five-membered metallatrlcycllc Z|rC0n0Xycarbene Comple‘kﬁs
Hf,% Thi9) complexes have been prepared, although their Which were prepared by successive treatmenybbiitadiene)-
chemistry has been much less explored. So far, the only knownzirconocene with a hexacarbonylmetal and a carbony! (ketone

T Instituto Universitario de Quica Organométia “Enrique Moles”. or aldehyde) substrate in the former case or by reactiop?f (
*IDepartamento de Qmica Fsica y Analtica. X-ray crystal structure formaldehyde)zirconocene dimer with a metal carbonyl complex
analyses. i iti i R ini ine-
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(3) (a) Grotjahn, D. B.; Dtz, K. H. Synlett1991, 381. (b) Schwindt, M. Am. Chem. S0d.984 106, 7649. (c) Erker, G.; Dorf, U.; Mynott, R.; Tsay,
A.; Miller, J. R.; Hegedus, L. SJ. Organomet. Chenl991, 413 143. (c) Y.-H.; Krtiger, C.Angew. Chem., Int. Ed. Endl985 24, 584. (d) Beckhaus,
Hegedus, L. SAcc. Chem. Red.995 28, 299. R.; Thiele, K.-H.J. Organomet. Chen1989 368 315. (e) Erker, G.; Sosna,
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BF, Adducts of Fischer Vinylcarbene Complexes

Chart 1
OBBu, OBR?,
(CO)W (CO)M” R’
1 2
M = Cr, Mo, W
R'= alkyl, alkenyl, aryl
R2= Me,CHCHMe, PhCH,CH, i-ProN, Ipc?
Cp, C
P ! Cpy &P
LZr—0 oo s
LI e
x> O-zr,
(CO)sM (CO)sM &cp
3
M =Cr, Mo, W M= Mo, W
R'= Me, Ph, tBu, CHo=CH, PhCH=CH
R®= Me, Ph, H
R', R%= (CHp)s

pc = isopinocampheyl

been reported and analogously prepared from the correspondin

(butadiene)metallocene, (cyclopentadienyltetracarbonyl)vanadium

and pivalonitrile}? On the other hand, group 6 hydroxycarbene

complexes are thermally unstable and decompose rapidly at

room temperature to the corresponding aldehydeby a metal
carbonyl producing €C bond cleavag&® Due to their lability,
this type of carbene complex is prepared only in &if

although a few examples have been isolated at low tempera-

turels
Given the strong electron-withdrawing property of the pen-

tacarbonylmetal group, Fischer alkenylcarbene complexes be-
have as exceptionally reactive, regioselective, and mainly endo-

diastereoselective dienophiles in Dielslder reactiong?16The
first studied alkoxyalkenylcarbene derivatives, which are as-

sumed to react in an s-trans conformation, led to different endo/

exo product ratios, in which the former is usually the major
isomert”:18 In contrast, the less reactive aminoalkenylcarbene

complexes, which are assumed to react in an s-cis conformation\'j\-/?

of the vinylcarbene unit, gave the exo cycloadducts with high

(12) Erker, G.; Pfaff, R.; Kiger, C.; Werner, SOrganometallics1991,
10, 3559.

(13) Fischer, E. O.; MaashoA. Chem. Ber1967, 100, 2445.

(14) Salerberg, B. C.; Odens, H. HOrganometallics1996 15, 5080
and references therein.

(15) (a) Fischer, E. O.; Kreis, G.; Kreissl, F. R. Organomet. Chem.
1973 56, C37. (b) Connor, J. A.; Jones, E. M.Chem. Soc., Dalton Trans.
1973 2119. (c) Weiss, K.; Fischer, E. @hem. Ber1976 109, 1120. (d)
Fischer, E. O.; Weiss, KChem. Ber1976 109, 1128. (e) Fischer, E. O.;
Selmayr, T.; Kreissl, F. R.; Schubert, Ghem. Ber1977, 110, 2574. (f)
Dotz, K. H.; Kuhn, W.; Thewalt, UChem. Ber1985 118 1126. (g) Aoki,
S.; Fujimura, T.; Nakamura, B. Am. Chem. Sod.992 114, 2985.

(16) First report: Wulff, W. D.; Yang, D. CJ. Am. Chem. S0d.983
105 6726.

(17) (a) Ddz, K. H.; Kuhn, W.; Miler, G.; Huber, B.; Alt, H. GAngew.
Chem., Int. Ed. EnglL986 25, 812. (b) Wulff, W. D.; Bauta, W. E.; Kaesler,
R. W.; Lankford, P. J.; Miller, R. A.; Murray, C. K.; Yang, D. Q. Am.
Chem. Soc199Q 112 3642. (c) Barluenga, J.; Aznar, F.; MartiA.;
Barluenga, S.; GaratGranda, S.; Paneque-Quevedo, AJAChem. Soc.,
Chem. Commun1994 843. (d) Adam, H.; Albrecht, T.; Sauer, J.
Tetrahedron Lett1994 35, 557. (e) Christoffers, J.; Dp, K. H. Chem.
Ber.1995 128 157. (f) Barluenga, J.; Aznar, F.; MarfiA.; Barluenga, S.
Tetrahedronl1997, 53, 9323.
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selectivityl® It is well-recognized that the DielsAlder reaction,

a valuable and widely used synthetic tool, is generally an endo-
selective cycloadditio®® However, exo selectivity seems to
be a general property of conformationally restricted s-cis
dienophiles?! In addition, there are some cases of exo-selective
Diels—Alder additions witha-substituted dienophil&sand other
substrate-specific examplés.

In this paper, we provide full details of the synthesis of novel
boroxyvinylcarbene complexes with a cyclic chelate structure,
which temporarily fixes the s-cis conformation of the exocyclic
carbor-carbon and carbenchromium double bonds. We also
describe the diastereoselective Diefdder-type reactions of
these boron difluoride complexes with 2-amino 1,3-dienes,
which take place with high exo- or endo-selectivity depending
on the substitution pattern of the diene. In addition, we report
on a highly asymmetric and exo-selective Diefdder reaction
of the above complexes with chiral 2-amino 1,3-dietfes.

Results and Discussion

Preparation of Chelate Boroxycarbene Complexes 7The
new carbene complexes were synthesized from the corre-
sponding (2-bromoallyl)amine$ as shown in Scheme 1.
Treatment of the appropriate ami@avith tert-butyllithium led
to the corresponding-amino-functionalized vinylic organo-
lithium compound?® which subsequently was added to an
ethereal solution of the corresponding group 6 metal hexacar-
bonyl. The lithium acylmetalate anions thus generated were
E{hen treated with an excess of boron trifluoride etherate,
‘affording carbene complexés which after silica gel column

(18) For intramolecular [4- 2] cycloadditions of group 6 Fischer carbene
complexes, see: (a) Huy, N. H. T.; Mathey, Brganometallics1988 7,
2233. (b) Dz, K. H.; Noack, R.; Harms, K.; Mier, G. Tetrahedronl99Q
46, 1235. (c) Miller, G.; Jas, GTetrahedron Lett1992 33, 4417. (d) Wulff,
W. D.; Powers, T. SJ. Org. Chem1993 58, 2381.

(19) (a) Anderson, B. A.; Wulff, W. D.; Powers, T. S.; Tribbitt, S.;
Rheingold, A. L.J. Am. Chem. S0d.992 114, 10784. (b) Powers, T. S;
Jiang, W.; Su, J.; Wulff, W. DJ. Am. Chem. S0d.997, 119, 6438. For
other isolated examples afxo selectivity, see: (c) Paquette, L. A,
Gugelchuk, M.; Hsu, Y.-LJ. Org. Chem1986 51, 3864. (d) Dz, K. H.;
Noack, R.; Miier, G.J. Chem. Soc., Chem. Comm@888 302. (e) Sabat,
M.; Reynolds, K. A.; Finn, M. G.Organometallics1994 13, 2084. (f)
Barluenga, J.; Aznar, F.; Barluenga, S.; Gar@Granda, S.; Alvarez-Ru)
C. Synlett1997, 1040.

(20) Oppolzer, W. InComprehensie Organic Synthesidrost, B. M.,
Fleming, ., Eds.; Pergamon: New York, 1991; Vol. 5, p 315.

(21) (a) Sauers, R. R.; Henderson, T.JROrg. Chem1974 39, 1850.
(b) Mattay, J.; Mertes, J.; Maas, Ghem. Ber1989 122 327. (c) Fotiadu,
Michel, F.; Buono, GTetrahedron Lett199Q 31, 4863. (d) Adam,

; Albert, R.; Hasemann, L.; Nava Salgado, V. O.; Nestler, B.; Peters, E.
M.; Peters, K.; Prechtl, F.; von Schnering, H. &5.0rg. Chem1991, 56,
5782. (e) Roush, W. R.; Brown, B. B. Org. Chem1992 57, 3380. (f)
Pyne, S. G.; Safaei-G, J.; Hockless, D. C. R.; Skelton, B. W.; Sobolev, A.
N.; White, A. H. Tetrahedron1994 50, 941. (g) Takeda, K.; Imaoka, |.;
Yoshii, E. Tetrahedron1994 50, 10839. See also ref 19f.

(22) (a) Kobuke, Y.; Sugimoto, T.; Furukawa, J.; FuenaJ. TAm. Chem.
So0c.1972 94, 3633. (b) Creary, X.; Inocencio, P. A.; Underiner, T. L.;
Kostromin, R.J. Org. Chem1985 50, 1932. (c) Reetz, M. T.; Kayser, F.;
Harms, K.Tetrahedron Lett1992 33, 3453. (d) Corey, E. J.; Loh, T. P.
Tetrahedron Lett1993 34, 3979. (e) Ishihara, K.; Gao, Q.; Yamamoto, H.
J. Am. Chem. So0d993 115 10412. (f) Ishihara, K.; Gao, Q.; Yamamoto,
H. J. Org. Chem1993 58, 6917. See also: (g) Maruoka, K.; Imoto, H.;
Yamamoto, HJ. Am. Chem. Sod.994 116 12115.

(23) (a) Lee, M. W.; Herndon, W. Gl. Org. Chem1978 43, 518. (b)
Gilbertson, S. R.; Zhao, X.; Dawson, D. P.; Marshall, KJLAm. Chem.
Soc.1993 115 8517. (c) Node, M.; Nishide, K.; Imazato, H.; Kurosaki,
R.; Inoue, T.; lkariya, TJ. Chem. Soc., Chem. Commd®96 2559. (d)
Wright, M. W.; Welker, M. E.J. Org. Chem1996 61, 133. See also: (e)
Lamy-Schelkens, H.; Ghosez, Detrahedron Lett1989 30, 5891. (f)
Pandey, B.; Dalvi, P. VAngew. Chem., Int. Ed. Engl993 32, 1612.

(24) Preliminary work was reported in a communication: Barluenga,
J.; Canteli, R. M.; Fleez, J.; Gar@a-Granda, S.; Gutieez-Rodfguez, A.

J. Am. Chem. S0d.994 116, 6949.

(25) Barluenga, J.; Canteli, R. M.; e, J.J. Org. Chem1994 59,

602 and 1586 and references therein.
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Scheme 1
1 1. +BuLi, Et,0 -
Br z 78°C to t (COsM O“?’—F
N2 o + o1
4/ LR 2. M(CO)g, EtO, it 7 N‘_F?Z
R GF‘ 3. Et,0.BF,, 1t R R
7
l\lﬂe
(Co)sclio/'?t
Nepn
8c

chromatography were isolated as dark-red solids that are
perfectly stable in the solid state and can be stored under

nitrogen for several months, though they very slowly decom-
posed upon standing {5 days) at room temperature in THF
or CH,ClI, solutions. The chromium and tungsten derivatives
7a—g,i were obtained with moderate yields (Table 1), but in
the case of the molybdenum compouridthe yield was very
low (Table 1, entry 8), presumably due to the relative instability
of molybdenum carbene complex&sThe structures of these
complexes7 were determined from their spectral data and
unambiguously established by single-crystal X-ray diffraction
of compounds7a and 7¢,2* which showed the formation of a

six-membered ring oxazaboracycle that locked the vinylcarbene

complex into an s-cis conformatiéh?® Actually, the formation
of these BR-chelated adduct3 was unexpectedly observed
when following Fischer’s original procedure; alkylation of the
lithium acylate intermediate was carried out with triethyloxo-
nium tetrafluoroborate. On the other hand, the conventional
and initially expectedD-methylateds-nitrogen-functionalized
carbene comple&c (Scheme 1) was obtained (31% yield) using
methyl triflate as alkylating agent.

In the course of these studies we accidentally found that silica
gel flash column chromatography of the lithium acylmetalate

salt, generated after successive treatment of (2-bromoallyl)amine

6b with t-BuLi and Cr(CO}, gave a stable orange solid whose

structure, tentatively assigned as a hydroxyvinylcarbene complex

from the NMR data, was finally ascertained to be the intramo-
lecular ammonium sal by an X-ray crystallographic study
(Scheme 2). This dipolar structur® which presents an
intramolecular hydrogen bond, is apparently the stable form of

the originally formed hydroxycarbene complex as a consequence
of the presence of both an acidic (hydroxycarbene) and a basic

group (aliphatic amine) in the molecule.

(26) For some precedents, see: (a) Hegedus, L. S.; Schultze, L. M.; Toro,
J.; Yijun, C.Tetrahedronl985 41, 5833. (b) Harvey, D. F.; Brown, M. F.
Tetrahedron Lett199Q 31, 2529. See ref 13.

(27) Similar BF; chelates of3-diketones5-hydroxy ketones, enamino
ketones, and 1,3-diamino derivatives are known. See, for example: (a)
Brown, N. M. D.; Bladon, PJ. Chem. Soc. A969 526. (b) Itoh, K.;
Okazaki, K.; Sera, A.; Chow, Y. LJ. Chem. Soc., Chem. Comm@892
1608. (c) Morris, J.; Wishka, D. G.; Fang, Y. Org. Chem.1992 57,
6502. (d) Gossauer, A.; Fehr, F.; Nydegger, F.,cBlieEvans, H.J. Am.
Chem. Soc1997 119, 1599.

(28) For conventional Fischer vinylcarbene complexes with a fixed s-cis
conformation, see: (a) Casey, C. P.; Brunsvold, WJ.ROrganomet. Chem.
1975 102, 175. (b) Barrett, A. G. M.; Mortier, J.; Sabat, M.; Sturgess, M.
A. Organometallicsl988 7, 2553. (c) Lattuada, L.; Licandro, E.; Maiorana,
S.; Papagni, AGazz. Chim. Ital1993 123 31. (d) Baldoli, C.; Lattuada,

L.; Licandro, E.; Maiorana, S.; Papagni, Brganometallicsl 993 12, 2994.
See also ref 7d.

(29) Crystal data fo®: Ca3H19CrNOsCHyClp, M, = 542.32, triclinic,
space group:P1, a = 9.41(2) A,b = 11.74(2) A,c = 12.858(9) Ao =
77.45(7), B =90.8(2), y = 67.01(9}, V= 1260(3) B, Z=2,Dx=1.43
g cnt 3, u = 7.05 cnT?, F(000)= 556. Final conventionaR = 0.049 and
wWR2 = 0.121 for 2817 “observed” reflections and 393 variables, GOF
0.909. Red crystal, size 0.200.19 x 0.13 mm. One strong intramolecular
H-bonding interaction was found, showing bond distance$iN= 0.83(4)

A, O---H =1.89(4) A [N---O = 2.614(6) A] and bond angle NH:+-O =
144.(35.
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Diels—Alder Reactions of Complexes 7 with 2-Amino 1,3-
Dienes30 We first studied the reaction of carbene complax
with 2-amino-3-methylbutadient0 (Scheme 3). These prod-
ucts were mixed in THF at78 °C, and the mixture was slowly
warmed to room temperature overnight. The end of the reaction
is clearly shown by a color change from dark red due to the
o,f-unsaturated nature of the starting carbene compketo
orange-yellow characteristic of saturated or nonconjugated
Fischer carbene complexes. After silica gel chromatographic
purification only one regioisomeric cycloaddudt in agreement
with the polarization of diene and dienophile, was isolated as a
yellow solid. Subsequent acid hydrolysis of the enamine group
afforded spiro carbene complé® as a single diastereoisomer.
The reaction under the same experimental conditions of complex
7a with 2-amino dienel3, which has the nonenaminic<C
double bond inside a six-membered ring, analogously led to
only one regio- and diastereoisomeric addidt(chromato-
graphic purification was performed in this case on basic
aluminum oxide). Acid hydrolysis ofl4 gave exclusively
tricyclic carbene complexac-15. The experiments with
2-amino diened6 and17 derived from an aliphatic amine led
to similar results. Treatment afa with 16 under the above
conditions, where hydrolysis of the more labile aliphatic enamine
group took place, provided directly ketocarbene compleas
a unigue isomer. By contrast, in the reaction7af with 17
enamino carbene complé® was isolated. This product is the
result of a [4+ 2] cycloaddition followed by isomerization of
the enaminic GC double boné and was easily transformed
to compoundac-15 under acidic conditions. The stereochem-
istry shown for compounds in Scheme 3 has been assumed by
analogy from subsequent results and corresponds to an exo
diene—dienophile orientation. The relative configuration of the
third generated stereogenic carbon at the positioto the
carbonyl group of compound8 has not been determined.

Next we examined the reactions of racemic carbene complex
7ccontaining a stereogenic nitrogen atom with aromatic 2-amino
dienes10 and 13, and the results are shown in Scheme 4. In
the first case, the [4- 2] cycloaddition of7c with diene10
yielded, after basic aluminum oxide column chromatography,
a 3:1 mixture of spiro enamino carbene comple28s:.20b.
These diastereoisomers differ in the relative configuration of
the stereogenic nitrogen and spiranic carbon atoms. A similar
behavior was observed in the reaction7f with 13, which
provided a mixture of three isomerdlaa’,b from which
complex21b was separated by silica gel column chromatog-
raphy. The major fraction was a mixture of isom@kaa,
which differ in the position of the enaminic-€&C double bond
and which could not be separated by the above procedure.
Therefore, this mixture was transformed to a single diastereo-
isomer22 by acid hydrolysis of the enamine group. A single-
crystal X-ray analysis of compour2#? confirmed the structure
and unambiguously established the stereochemistry as depicted
in Scheme 4, which corresponds to a formal exo topology of

(30) Reviews: (a) Krohn, KAngew. Chem., Int. Ed. Engl993 32,
1582. (b) Enders, D.; Meyer, Quiebigs Ann.1996 1023. The [4+ 2]
cycloadditions of 2-amino-1,3-dienes with conventional tungsten vinyla-
Ilkoxycarbene complexes have been reported in ref 17c,f.

(31) The isomerization of a tetrasubstituted enamine into the correspond-
ing trisubstituted derivative is a well-known process: (a) Johnscg@hEm.
Rev. 1968 68, 375. (b) Marc, G.; Nitti, P.; Pitacco, G.; Pizzioli, A.; Valentin,
E. J. Chem. Soc., Perkin Trans.1B97, 223.

(32) Crystal data for22: CysH26BCrNO7:CHyCl, M, = 553.29,
monoclinic, space grou@2/c, a = 28.242(4) A,b = 14.458(2) A,c =
14.598(2) AS = 96.09(2), V =5927(2) B, Z=8,D,=1.24gcm3, u
= 4.24 cn1?, F(000) = 2288. Final conventiondR = 0.054 and wR2=
0.155 for 3415 “observed” reflections and 392 variables, GOB.965.
Red crystal, size 0.3% 0.26 x 0.20 mm.
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Table 1. Chelated Amino Functionalized Boroxyalkenylcarbene Complé&xes

entry starting material R R? R3 R* product M yield (%)
1 6a Et Et H H 7a Cr 39
6b PhCH PhCH H H 7b Cr 34
3 6C Et Ph H H 7c Cr 38
4 6d Me Ph H H 7d Cr 35
5 6e Me p-MesCPh H H 7e Cr 45
6 6f Me p-MeOPh H H 7f Cr 33
7 69 Et Et —(CHz)s— 79 Cr 31
8 6a Et Et H H 7h Mo 5
9 6a Et Et H H 7i w 37
a|solated yield based on the corresponding antine
Scheme 2 Scheme 4
P11 eBuLi ELO (CO)sCray Oy s o F
-78°Ctort I+ “B-F
/I\/N NT>ph T+
2. Cr(CO)e, E,0, 1t N N—_
6b 3. Silica gel Ph Ph F
9 65% 7c . (CONBCry- _ O, / (CO)SCr\:o 8CF
eh . + — N Ph + N
cheme
. 10 Ph\'ﬂ Ph\'}l Ph
(€0 F Me Me
20a 70% 20b
3:1
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diene and dienophile. In addition, it showedrans fusion of _ . -

the six-membered rings and as orientation of theN-ethyl *Key: (a) (i) THF, =78 °C to rt, (ii) silica gel.

substituent and the CH group bonded to the spiranic carbon.exarac-25 Diels—Alder adducts in which the former is generally
While the reactions of Bichelate carbene complexgaand the major or even exclusive isomer isolated under otherwise

7cwith nonheteroatom 4-substituted 2-amino dieh@sl 3, 16, analogous reaction conditions. These results are summarized

and17 afforded exclusively the corresponding exo cycloaddition in Scheme 5 and Table 2. Carbene complexreacted with

products (Schemes 3 and 4), the reactions of the same carbenalkoxy-substituted 2-morpholino dien28a—c yielding the endo

complexes with 2-morpholino dien@8 bearing an alkoxy- or cycloadduct4a—c with high diastereomeric excess (Table 2,

amino-containing group on the 4 position led to the correspond- entries 1-3). The reactions of the same compl@&a with

ing ketocarbene complexes as a mixture of forerale24 and propargyloxy-substituted amino dier8d and 2,5-diamino
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Table 2. Preparation of Endo, Exo Cycloaddu@4 andrac-25, Respectively
endo exo

entry complex? R! diene23 R? product yield (%) Jc—c® (ppm) product yield(%) JSc=c® (ppm) dé (%)
1 7a Et 23a MeO 24a 56 381.2 rac-25a 3 365.2 90
2 7a Et 23b PhCHO 24b 75 381.2 rac-25b 7 366.4 83
3 7a Et 23c CH,=CHCH,O 24c 48 381.3 rac-25c 7 366.4 75
4 7a Et 23d MeC=CCH,O 24d 50 381.2 rac-25d 0 f 100
5 7a Et 23e Me;SiO 24e 54 380.68 rac-25e 18 366.5 50
6 7a Et 23f PhMeN 24f 65 376.9 rac-25f 0 f 100
7 7b PhCH 23e MesSiO 24qg 30 380.8 rac-25g 30 368.3 0

a|solated yields based on the corresponding carbene conpfeC NMR chemical shift of the carbene carbon measured in@pDat 75
MHz. ¢ Diastereomeric excess determined from the amounts of isolated protiMaasurements carried out in CQCt Data recorded at 50 MHz.

f Formation of the exo isomer was not observed.

Scheme 6
OMe
| 1. THF o...F
(CONsCI-©- B’ F .78°Cto nt | E:F
NW\ [ ] 2. Silica gel W\
79 23a 26 49%

Scheme 7
R2 (CO)sCr
F | 1. THF B F
(CO)sCr O;|3 4l +\()\/R\3 78°Ctont NIR'
NIR'" N e~ . 2. Silica gel R
w U] 9 0" %
R R R
7 27 15,25

diene 23f afforded uniquely the corresponding endo isomers the previous experiments, we decided to investigate the reactions

24d and24f, respectively (Table 2, entries 4 and 6). When the
(trimethylsilyl)oxy-substituted amino dier#ewas employed,
the diastereoselectivity of the [4 2] cycloaddition was
considerably lower; thus, with compl&athe endo isome24e
was formed with 50% de (Table 2, entry 5), whereas with
carbene complexb both diastereoisomerd4g and rac-25¢g
were formed in equal amounts (Table 2, entry 7). The
cycloadduct®24 andrac-25, which were separated by silica gel

of chelate boroxycarbene complexgsith enantiomerically
pure 2-amino diene27 derived from §)-prolinol O-benzyl or
O-methyl ether. The results of these reactions, which were
conducted under above conditions, are indicated in Scheme 7
and Table 3. Surprisingly, we found that treatment of carbene
complexes7ab with chiral dienes27a—f, which bear an
additional oxygen substituent, afforded exclusively, and in sharp
contrast to the results with the structurally similar 2-morpholino

column chromatography, displayed both notable physical and dienes23, the corresponding exo DietAlder adduct25 with

spectroscopic differences. Whereas the exo isonaer25 are
yellow solids, the endo cycloaddu@4 are dark orange solids.
On the other hand, in thH8C NMR spectra the carbenic carbon
signal of the endo isomegl appears at values éfsignificantly
higher than that of the corresponding exo isonmacs25 (Table
2). The stereochemistry of endo cycloaddufswas ascer-
tained by an X-ray crystallographic study2¥#c3® The relative
configuration of amino-substituted carbene compkf has

moderate yields but with a high level of enantioselectivity (Table
3, entries 7). The use of thé-benzyl orO-methyl ether
derivative of ©-prolinol as the chiral auxiliary group led
roughly to the same level of asymmetric induction (Table 2,
entries 1 and 4ersus6 and 7, respectively). Itis worth noting
that these [4+ 2] cycloaddition reactions generate with high
enantioselectivity spiranic carbene complékesntaining three
contiguous stereogenic centers, one of which is a quaternary

been assumed by physical analogy (orange solid) as well ascarbon aton?$3’ On the other hand, the reaction of carbene

similarity in the carbene carbdfC NMR chemical shift of this

compound with those of the alkoxy-substituted endo cycload-

ducts24a—eg.

Finally, we observed that the reaction of bicyclic carbene
complex7g, which has the €C double bond inside a fused
six-membered ring, with 2-morpholino dier23a did not
produce the corresponding Dieldlder adduct, but instead
bicyclic diene26 was isolated (Scheme 6). The structure of

complex 7a with chiral cyclic amino dien€7g, which does
not contain an additional 5-alkoxy group, provided the expected
exo cycloadductl5 but disappointingly with a very low
enantiomeric excess (Table 3, entry 8). A single-crystal X-ray
structure determination of compoun2ba established the
absolute configuration as depicted in Scheme 8 and confirmed
the relative configuration of exo cycloaddu@s.24

The observed absolute configuration would correspond in a

this BR-chelated amino dienol ether denoted that amino diene hypothetical more or less concerted Diefdder reaction, taking
23adid behave only as a base, promoting the elimination of place with an exo dienedienophile orientation to dienophile
the pentacarbonylchromium fragment of the vinylcarbene addition to ther-face of the chiral diene, which appears to be

complex7g. Similar base-induced transformations of alkoxy-

alkylcarbene complexes to enol ethers are well-precedéhted.
Diels—Alder Reactions of Complexes 7 with Chiral

2-Amino 1,3-Dienes. Given the high selectivity observed in

(33) Crystal data for24c CyoH2sBCrNOg-CH,Cly, My = 620.19,
monoclinic, space group2i/c, a = 11.914(8) A,b = 10.86(3) A,c =
21.52(7) A, =90.8(2F, V=2786(12) B, Z=4,Dy=1.47¢g cm3
= 4.53 cn1?, F(000) = 1280. Final conventiondR = 0.047 and WR%
0.125 for 3053 “observed” reflections and 451 variables, GOBP.941.
Red crystal, size 0.26 0.26 x 0.16 mm.

(34) (a) Fischer, E. O.; Plabst, @Chem. Ber.1974 107, 3326. (b)
Lattuada, L.; Licandro, E.; Maiorana, S.; PapagniJAChem. Soc., Chem.
Commun1991, 437. (c) Barluenga, J.; Montserrat, J. M.} félp, J.; Gara-
Granda, S.; Maft, E. Chem. Eur. J1995 1, 236.

the sterically more hindered one (Scheme 8, strud)revhich
suggests that the mechanism of these reactions is unlikely to
be a concerted process and that presumably these &

(35) For conventional spirocyclic Fischer carbene complexes, see: (a)
Baldoli, C.; Del Buttero, P.; Licandro, E.; Maiorana, S.; Papagni, A.; Zanotti-
Gerosa, AJ. Organomet. Chen1994 476 C27. (b) Ddz, K. H.; Neuss,

O.; Nieger, M.Synlett1996 995. (c) Schmidt, B.; Kocienski, P.; Reid, G.
Tetrahedronl1996 52, 1617. See also ref 19f.

(36) For a review regarding the asymmetric creation of quaternary carbon
centers, see: Fuji, KChem. Re. 1993 93, 2037.

(37) For a recent asymmetric Dield\lder reaction of a chiral 1-amino-
3-siloxy-1,3-butadiene leading to cyclohexenones with a quaternary chiral
center, see: Kozmin, S. A.; Rawal, V. H. Am. Chem. Sod.997 119,
7165.
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Table 3.  Asymmetric Exo-Selective DielsAlder Reactions of Carbene Complexesvith Chiral Amino Dienes27

entry complex? R diene27 R? R® R4 product yield (%) ee (%)
1 7a Et 27a MeO Me PhCH 25a 39 92
2 7a Et 27b PhCHO Me PhCH 25b 50 93
3 7a Et 27c CH,=CHCH,O Me PhCH 25¢ 26 76
4 7a Et 27d MesSiO Me PhCH 25e 44 90
5 7b PhCH 27d MesSiO Me PhCH 25g 23 90
6 7a Et 27e MeO Me Me 25a 43 74
7 7a Et 27f MesSiO Me Me 25e 60 93
8 7a Et 27g —(CHp)a— PhCH 15 45 11

a|solated yield based on the corresponding carbene confpfe&nantiomeric excess determined by HPLC analysis on a chiral support (Chiralcel
OD-H column) in comparison with the corresponding racemic mixtures.

Scheme 8 Scheme 9
OR2 (CO)sCrs_O.=F O H
ety % e X
C;\N :;N~B' F Si0, L)\\/ N\ CHyCly, 1t L} ~
S O e PR o e
z :/ =1 o1
Sort R R
A Cr(CO)s 12 R'=Me,R*=H 28 85%
rac15  R'-R%= (CHy)y 29 8%

close contacts of the metal center with the prolinol unit than
with the vinyl substituent of the enamine. The zwitterionic
intermediateC thus formed would undergo final ring closure
by a subsequent Michael addition of the carbene enolate-type
moiety to the resultingy,S-unsaturated iminium salt, which
would occur with the CHOR?Z unit positioning itselfanti to
the metal fragmenD. Finally, conversion of the enamirteto
ketone25 creates the third contiguous stereogenic center in a
highly stereoselective way. The lack of face selectivity observed
in the reaction with chiral 2-amino dierg&g which could be
related to the absence of the vinylic alkoxymethyl substituent
and/or the endocyclic nature of the nonenaminieG@double
bond, is, thus far, not well understood. The endo stereoselec-
tivity observed in the reactions with 2-morpholino diergs
could be explained likewise by this mechanistic model but
assuming the opposite relative topicity shown Fn This
preference would be a consequence of the absence of the
oxygen-containing substituent at C-2 of the amine, and therefore,
the greater number of close contacts of the metal center will be
with the vinyl alkoxymethyl group.
Transformation of [4 + 2] Cycloadducts to Metal-Free
Organic Products. The formation of metal-free organic
279 F products from the spiro Bichelate metal-complexed cycload-
ducts was carried out by employing known reactions of Fischer
cycloadditions take place in a sequential fashion involving carbene complexes. Thus, simultaneous removal of both the
zwitterionic specie® and with the observed diastereoselectivity pentacarbonylmetal fragment and the,Bffoup was readily
controlled by electrostatic interactions. Thus, the above resultsachieved by treatment with hydrogen bromf@eBubbling this
can be rationalized by a stepwise mechanism model (Schemegas into a dichloromethane solution of racemic carbene com-
8), assuming an initiahnti nucleophilic attack (Michael-type  plexes 12 and rac-15 furnished the corresponding amino
addition) of the enamine unit to the electrophilic vinylcarbene aldehydes28 and 29, respectively, as diastereomerically pure
complex at the sterically least hindered face of the di8éis compounds (Scheme 9). Unfortunately these strong acid
approach topology could be favored by a greater number of conditions failed with chiral carbene complex&sa and25¢
- — perhaps due to the acid-sensitive nature of the methoxy or
(38) Indeed, when under analogous reaction conditions carbene complex

7a was treated with th& isomer of diene27a a 2.5:1 mixture of two (trimethylsilyl)oxy substituents present in these cycloadducts.
open-chain diastereomeric keto aldehydes resulting from an initial Michael- ~ Alternatively, the formation of metal-free organic products
type addition of the diene enaminic carbon to thecarbon of the was accomplished in a two-step and more general sequence.
Zg‘ggg{g@h%ezoggée)r(ef‘“ﬁsf. obtained. These results will be reported gt the chromium pentacarbonyl fragment was selectively
(39) For chiral 2-amino 1,3-dien& has been assumed to be of lower reémoved by oxidative cleavage either with ceric ammonium

energy since the conformation in which the alkoxymethyl side chain of the nitrate (CAN}* or methyl(trifluoromethyl)dioxirane (TFMD)?
chiral auxiliary is located as far away as possible from the methyl group at

the C-3 position: (a) Enders, D.; Meyer, O.; Raabe,Sgnthesisl992 (40) See refs 16 and 17b and: Anderson, B. A.; Wulff, W. D.; Rahm,
1242. (b) Barluenga, J.; Aznar, F.; MartA.; Vézquez, J. TJ. Am. Chem. A. J. Am. Chem. S0d.993 115 4602.
Soc.1995 117, 9419. (c) Barluenga, J.; Aznar, F.; Ribas, C.; Vald€.; (41) Casey, C. P.; Boggs, R. A.; Anderson, R.JL..Am. Chem. Soc.

Fernadez, M.; Cabal, M. P.; Trujillo, lChem. Eur. J1996 2, 805. 1972 94, 8947 and ref 28a.
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Table 4. Oxidation of Cycloadductd&?2, rac-15, 18, and25a—c
F
: : l\|l+ : B r\|l+
07 ~"TR? j 07 Y TR? W
R1 R1
entry carbene complex R R? oxidation method| product yield (%)
1 12 Me H A 30 76
2 12 Me H B 30 90
3 18 —(CHy)s— B 31 93
4 rac-15 —(CHg)a— A 32 70
5 rac-15 —(CHy)4— B 32 90
6 25a Me MeOCH A 33 80
7 25b Me PhCHOCH, A 34 73
8 25¢c Me CH,=CHCH,0OCH, A 35 88

aMethod A: CAN, acetone/THF, rt. Method B: TFMD, GEll,, 0 °C. ? Isolated yield based on the corresponding starting carbene complex.

Scheme 10
OOz F O OH
X U B- 'Y
H E+F MeOH H N(
L e O™
07 Y R? 07 R?
';1 =Y
32 R'-R?=(CHy), t=3h 36 58%
33 R'=Me, R2=MeOCH, t=1h 37 50%

Racemicl2, rac-15, and18or chiral25a—c carbene complexes
could be easily oxidized to the corresponding,Bifotected
p-amino acids30—35 by treatment with either of the above-
mentioned oxidants (Table 4j. The chemical yields were
higher when TFMD was used (Table 4, entries 2 ands8
and 4, respectively). Finally, the chelate BEomplex was
cleaved by methanolysis (Scheme 10). Heating racemic BF
adduct32 or the chiral derivative33 in refluxing methanol for

3 and 1 h, respectively, led to the corresponding-disubsti-
tuted-amino acids36 and37 each as a single diastereoisomer.
When the methanol solution of boron chelate com@8xvas
refluxed for a longer period of time (3 h), epimerization of the
stereogenic centex to the ketone carbonyl group took place
and p-amino acid 37 was isolated as a 2:1 mixture of
diastereoisomers.

In summary, a novel type of group 6 amino-functionalized
s-cis vinylcarbene complexes with a cyclic Béhelated
structure is described. The Dielélder reactions of these
nonconventional Fischer carbene complexes with 2-amino 1,3-
dienes take place under mild conditions and with high regiose-
lectivity and exo or endo selectivity depending on the substi-
tution pattern of the diene. In addition, the exclusive formation
with a high level of asymmetric induction of the generally less

plates coated with silica gel 60 with.dz indicator. Flash column
chromatography was carried out on silica gel 60,-2380 mesh, or
basic aluminum oxide, 70290 mesh. NMRH, 13C) spectra were
recorded on a 200 or a 300 MHz spectrometer with tetramethylsilane
(6 = 0.0,H NMR), CDCk (6 = 77.0,13C NMR), or CD.Cl, (6 =
54.2,"C NMR) as internal standard®F NMR spectra were acquired

on a 200 MHz spectrometer, and chemical shifts are referenced relative
to external CGIF. Low-resolution (LRMS) and high-resolution
(HRMS) mass spectra were obtained using electron impact (EI)
ionization at 70 eV. Suitable single crystals for X-ray structure analysis
were obtained by liquid diffusion of hexane into saturated,Clk
solutions at—30 °C. Enantiomer compositions were determined by
HPLC analysis carried out on a Chiralcel OD-H chiral column with a
UV/vis photodiode array detector and employing mixtures of hexane/
THF 6—12:1 as eluants; flow rates between 0.8 and 1.0 mL/min; the
racemic compounds were used to choose the operating conditions for
the resolution of the enantiomer peaks. Optical rotations were measured
at the sodium line at ambient temperature (samples concentrations are
given in g/100 mL of solvent).

Materials. All commercially available reagents were used without
further purification unless otherwise indicated. The solvents were
distilled under positive pressure of dry, Refore use: THF and ED
from sodium benzophenone ketyl and hexane andGTHrom P,Os.
Et,0-BF; was distilled prior to use. Methyl(trifluoromethyl)dioxirane
(TFMD) was prepared following the literature procedti®e. The
preparation of (2-bromoallyl)amines using slight modifications of
published procedureds provided in the Supporting Information. The
previously known 2-amino 1,3-diend$), 13, 16, 17, 23, and 27ef
were prepared according to the reported meftiet?.

Experimental procedures and spectral data for compounds not
described here are presented in the Supporting Information.

General Procedure for the Synthesis of Carbene Complexes 7.

To a solution of the corresponding amifeg25 mmol) in EtO (50
mL) was added-BuLi (1.7 M in pentane, 50 mmol) at60 °C under
nitrogen. The mixture was stirredrf@ h at—60 °C and 1 h aroom

accessible exo cycloadduct was observed when chiral 2-aminotemperature. The resulting solution was added dropwise to a suspension
dienes were employed. The spiro carbene complexes thusof the appropriate group 6 metal hexacarbonyl (25 mmol) }OEE0

synthesized can be easily transformed jfitamino aldehydes
or 5-amino acids containing an additional carbonyl group.

Experimental Section

General Methods. All reactions involving organometallic species
were carried out under an atmosphere of dry Using oven-dried
glassware and syringes. TLC was performed on aluminum-backed

(42) (a) Mello, R.; Fiorentino, M.; Sciacovelli, O.; Curci, R. Org.
Chem1988 53, 3890. (b) Lluch, A. M.; Jordi, L.; Sachez-Baeza, F.; Ricart,
S.; Camps, F.; Messeguer, A.; Moretb M. Tetrahedron Lett1992 33,
3021. (c) Ferrer, M.; Schez-Baeza, F.; Messeguer, A.; Diez, A.; Rubiralta,
M. J. Chem. Soc., Chem. Commua®95 293.

(43) For recent references of amino acidetal complexes, see: (a)
Vedejs, E.; Fields, S. C.; Schrimpf, M. R. Am. Chem. S0d.993 115
11612. (b) Grotjahn, D. B.; Groy, T. lJ. Am. Chem. S04994 116, 6969.

mL) at room temperature. After 1 h, an excess gOEBF; (3—4 equiv)
was added at room temperature and the solution stirred for another 1
h. To the reaction mixture was added silica gel (ca. 15 g), the solvent
was removed under reduced pressure, and the residue was transferred
to the top of a silica gel column and purified by flash chromatography
with mixtures of hexane/CiI, to give compound3 as dark red solids.
Yields are reported in Table 1.
Pentacarbonyl(4,4-diethyl-3,3-difluoro-6-methylene-2-oxa-4-aza-
3-boracyclohexylidene)chromium (7a):red solid; Rr 0.25 (hexane/

(44) (a) Pollard, C. B.; Parcell, R. B. Am. Chem. S0d951, 73, 2925.
(b) Ficini, J.; Sarrade-Loucheur, G.; Normant,Billl. Soc. Chim. Fr1962
1219. (c) Mori, M.; Chiba, K.; Okita, M.; Kayo, I.; Ban, Yletrahedron
1985 41, 375.

(45) Barluenga, J.; Aznar, F.; VdlgleC.; Cabal, M. PJ. Org. Chem.
1991, 56, 6166.
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CH,CI; 1:1); *H NMR (300 MHz, CDC}) 6 1.2 (t,J = 7.3 Hz, 6H),

2.65 (m, 2H), 3.15 (m, 2H), 3.50 (s, 2H), 6.25 (m, 1H), 6.73 (M, 1H);

13C NMR (75.5 MHz, CDCYJ) 6 7.4, 45.9, 54.8, 140.2, 144.6, 217.3,

225.3, 339.6%°F NMR (188.15 MHz, CDG) 6 —153.9 (m); IR (KBr)

v 2060, 1919, 1628 cnt; LRMS (70 eV, El)m/z 381 (M*, 2), 241

(90), 86 (100), 52 (78). Anal. Calcd for,¢11BCrENOg: C, 40.97;

H, 3.70; N, 3.67. Found: C, 41.81; H, 3.76; N, 3.67.
Pentacarbonyl(4-ethyl-3,3-difluoro-6-methylene-4-phenyl-2-oxa-

4-aza-3-boracyclohexylidene)chromium (7c)red solid;R; 0.32 (hex-

ane/CHCI, 1:1); *H NMR (200 MHz, CDC}) ¢ 0.85 (t,J = 7 Hz,

3H), 3.15 (m, 1H), 3.65 (m, 1H), 4.10 (AB d,= 14.6 Hz,Av = 20.7

Hz, 2H), 6.22 (s, 1H), 6.65 (s, 1H), 7.4 (m, 5HJC NMR (75.5 MHz,

CDCl;) 6 7.4, 53.2, 54.7, 122.5, 128.9, 129.9, 139.7, 139.9, 1455,

217.1, 225.3, 339.5°F NMR (188.15 MHz, CDG) 6 —151.8 (m);

IR (KBr) v 2062, 1936 cm!; LRMS (FAB) m/z 429 (M*, 7), 289

(80), 106 (100), 52 (46). Anal. Calcd for:1.BCrENOg: C, 47.58;

H, 3.28; N, 3.26. Found: C, 47.26; H, 3.45; N, 3.47.
Pentacarbonyl[2-[(N,N-dibenzylamino)methyl]-1-hydroxy-2-pro-

penylidene]chromium (Betaine) (9). To a solution of amin&b (1.58

g, 5 mmol) in EtO (20 mL) was addet+tBulLi (1.7 M in pentane, 10

mmol) at—80 °C under nitrogen. The mixture was stirred h at

—80°C and 1 h atoom temperature. The resulting solution was added

dropwise to a suspension of Cr(GQ(L.10 g, 5 mmol) in BO (20

mL) at room temperature. After the solution was stirred for 2 h, silica

J. Am. Chem. Soc., Vol. 120, No. 11,26298

CD.Clp) 6 1.01 (d,J = 5.4 Hz, 3H), 1.25 (m, 6H), 2:23.4 (m, 12H),
3.65 (m, 2H), 4.0 (m, 2H), 5.15 (m, 2H), 5.8 (m, 1HC NMR (75.5
MHz, CD.Cl,) 6 8.2, 9.4, 12.0, 37.7, 37.9, 43.2,49.1, 51.7, 52.1, 60.9,
62.0, 66.2, 73.3, 117.5, 134.7, 208.0, 217.4, 225.1, 38IF3NMR
(188.15 MHz, CDCJ) 6 —146.2 to—147.8) (m); IR (KBr)» 2060,
1935, 1707 cm®. Anal. Calcd for GHsBCrNOg: C, 49.37; H,
5.27; N, 2.62. Found: C, 49.15; H, 5.21; N, 2.59.
(6S,7S,8S)-Pentacarbonyl[4,4-diethyl-3,3-difluoro-7-(methoxy-
methyl)-8-methyl-9-oxo-2-0xa-4-aza-3-boraspiro[5.5]-1-undecylidene]-
chromium (25a): yellow solid; [0]?% = —4.5 (€ 0.70, CHC}); R 0.18
(hexane/CHCl, 1:2); *H NMR (300 MHz, CDQ.Clp) 6 1.1 (m, 6H), 1.32
(t, J= 7 Hz, 3H), 1.85 (m, 1H), 2.352.6 (m, 3H), 2.6-2.85 (m, 3H),
3.05-3.4 (m with s at 3.23, 9H), 4.15 (m, 1HFC NMR (75.5 MHz,
CDCl) 6 6.1, 8.8, 11.5, 35.6, 36.5, 42.2, 43.0, 50.4, 50.7, 51.7, 58.4,
61.6, 69.5, 208.9, 216.7, 223.0, 365.2; IR (KBrp062, 1981, 1942,
1929, 1709 cm!. Anal. Calcd for GgH,BCrFNQs: C, 47.17; H,
5.15; N, 2.75. Found: C, 46.86; H, 5.10; N, 2.72.
(6S,7S,89)-[7-[(Allyloxy)methyl]-4,4-diethyl-3,3-difluoro-8-meth-
yl-9-ox0-2-oxa-4-aza-3-boraspiro[5.5]-1-undecylidene]pentacarbo-
nylchromium (25c): yellow solid; [0]?% = 4.8 (¢ 0.24, CHC}); R
0.23 (hexane/CkCl, 1:2); H NMR (300 MHz, CDCl,) 6 1.15 (m,
6H), 1.33 (t,J = 6.7 Hz, 3H), 1.9 (m, 1H), 2.45 (m, 2H), 2.6 (m, 1H),
2.65-2.9 (m, 3H), 3.1 (m, 3H), 3.3 (m, 2H), 3.51 (dd= 10.9, 5.2
Hz, 1H), 3.78 (dd of AB gq,J = 12.3, 5.8 Hz, 1H), 3.98 (dd of AB q,

gel (ca. 3 g) was added to the reaction mixture, the solvent was removedJ = 12.3, 5.6 Hz, 1H), 4.27 (dJ = 13.9 Hz, 1H), 5.2 (m, 2H), 5.85
under reduced pressure, and the residue was transferred to the top of &n, 1H); 13C NMR (75.5 MHz, CDCl,) 6 6.7, 9.4, 12.1, 36.5, 37.3,

silica gel column and purified by flash chromatography (hexane/CH
Cl, 1:1) to give compound as an orange solid (1.48 g, 65% vyield):
R 0.23 (hexane/CKCl, 1:1); *H NMR (300 MHz, CQCly) 6 3.6 (s,
2H), 4.0 (s, 4H), 5.9 (s, 1H), 6.4 (s, 1H), 3.6 (m, 10H);33C NMR
(75.5 MHz, CDQCl,) 6 56.6, 57.4, 129.8, 130.4, 130.7, 130.9, 132.6,
146.4,221.1, 226.7, 319.8; IR (THFR042, 1965 cm'; LRMS (FAB)
m/z 429 (Mt — 28, 70), 91 (100).

General Procedure for the Diels-Alder Cycloadditions. To a
solution of the appropriate carbene comp®e mmol) in THF (20

mL) was added dropwise a solution of the corresponding 2-amino 1,3-

dienel0, 13, 16, 17, 23, or 27 (2 mmol) in THF (10 mL) at-78 °C
under nitrogen. The reaction mixture was allowed to slowly warm to

room temperature overnight. Then silica gel (ca. 5 g) was added, the

43.0,44.1,51.3,51.4,52.7, 62.6, 68.2, 72.6, 117.4, 135.0, 209.7, 217.6,
224.1, 366.4%°F NMR (188.15 MHz, CDCly) 6 —153.0 (m),—156.2
(m); IR (KBr) v 2060, 1981, 1933, 1715 crh

Acid Hydrolysis of Carbene Complexes 11, 14, 19, and 214,a
To a solution of the corresponding carbene complex (1 mmol) in THF
(20 mL) was added a solutiori 8 N HCI (10 mL) at room temperature.
The reaction mixture was stirred dugirB h and then was extracted
with CH.Cl,. The combined organic layers were washed with water,
dried over anhydrous N8O, and concentrated in vacuo, and the
residue was purified by flash column chromatography (hexang/CH
Cl,) on silica gel. Yields are listed in Schemes 3 and 4. This method
was used to prepare compouridy rac-15, and22.

(6S*,8S*)-Pentacarbonyl(4,4-diethyl-3,3-difluoro-8-methyl-9-oxo-

solvent was removed, and the residue was transferred to the top of a2-oxa-4-aza-3-boraspiro[5.5]-1-undecylidene)chromium (12yellow

silica gel column and purified by flash chromatography (hexang/CH
Cl) to give the corresponding Dietdlder cycloadducts. The
chromatographic purification of cycloaddud$and20awas performed
on basic aluminum oxide. Yields are listed in Schemeg and Tables
2 and 3.
Pentacarbonyl[4,4-diethyl-3,3-difluoro-8-methyl-9-N-methyl-N-
phenylamino)-2-oxa-4-aza-3-boraspiro[5.5]undec-8-en-1-ylidene]-
chromium (11): yellow solid; R: 0.20 (hexane/&EO/CH,Cl, 5:1:1);'H
NMR (300 MHz, CQCl,) 6 1.30 (m, 6H), 1.651.75 (m with s at
1.69, 4H), 1.95-2.15 (m, 2H), 2.30 (m, 1H), 2:63.3 (m with s at 3.0,
10H), 3.6 (m, 1H), 6.57 (dJ = 7.9 Hz, 2H), 6.75 (tJ = 7 Hz, 1H),
7.23 (t,J = 8 Hz, 2H);13C NMR (75.5 MHz, CDC}) 6 7.3, 7.8, 18.2,

solid; Rr 0.19 (hexane/CECl; 1:2); *H NMR (300 MHz, CQCly) 6
1.0-1.5 (m, 9H), 1.95 (m, 2H), 2.352.95 (m, 6H), 2.953.30 (m,
5H); 3C NMR (75.5 MHz, CQCl,) 6 8.2, 8.4, 14.8, 37.7, 38.4, 41.0,
46.4, 47.9, 48.7, 58.3, 59.5, 209.2, 217.7, 224.4, 36¥M;NMR
(188.15 MHz, CRCly) & —153.7 (s); IR (KBr)v 2060, 1934, 1715
cmy; LRMS (FAB) m/z 465 (M™, 14), 353 (69), 325 (100). Anal.
Calcd for GgH2,BCrRNO7: C, 46.48; H, 4.77; N, 3.01. Found: C,
46.13; H, 4.85; N, 2.90.
(4S*,65*,1'S,*6'S*)-Spiro[pentacarbonyl(4-ethyl-3,3-difluoro-4-
phenyl-2-oxa-4-aza-3-boracyclohexylidene)chromium-6;bicyclo-
[4.4.0]decan-5o0ne] (22): yellow solid; R; 0.24 (hexane/CkCl, 1:2);
IH NMR (300 MHz, CDCl) 6 0.15 (m, 1H), 0.9-1.13 (m, 8H), 1.5

21.2, 33.6, 36.6, 41.6, 46.6, 47.8, 57.8, 57.8, 111.8, 116.6, 127.4, 129.2,1.8 (m, 3H), 1.9-2.2 (m, 2H), 2.4-2.6 (m, 2H), 3.2-3.85 (m, 5H),

135.7, 147.1, 216.9, 223.7, 364.0; IR (KBrp058, 1931, 1599 cnt;
LRMS (FAB) miz 554 (M*, 10), 470 (73), 414 (84).
(6S*,1'S*)-Spiro[pentacarbonyl(4,4-diethyl-3,3-difluoro-2-oxa-4-
aza-3-boracyclohexylidene)chromium-6,25'-(N-methyl-N-phen-
ylamino)bicyclo[4.4.0]-8-decene] (14)yellow solid; R 0.25 (ALOs,
hexane/BEXO/CH,CI, 8:1:1); *H NMR (300 MHz, CDC}) 6 1.1-1.5
(m, 9H), 1.6-1.95 (m, 4H), 2.£2.25 (m, 1H), 2.3-2.55 (m, 2H),
2.65-3.35 (m with s at 3.02, 11H), 3.55 (d= 11.2 Hz, 1H), 6.60 (d,
J=7.5Hz, 2H), 6.76 (tJ = 7 Hz, 1H), 7.26 (tJ = 7.3 Hz, 2H);**C
NMR (75.5 MHz, CDC}) 6 6.4, 8.3, 22.0, 24.6, 24.7, 26.8, 27.4, 33.0,

7.4 (m, 5H);23C NMR (75.5 MHz, CDCl,) 6§ 10.5, 25.7, 25.9, 27.1,
28.8,34.9,36.9,49.3,52.3,58.6, 59.8, 62.8, 124.4, 130.8, 131.3, 140.1,
208.7, 217.4, 224.0, 368.8F NMR (188.15 MHz, CDGJ) 6 —144.7
(m), —147.5 (m); IR (KBr)» 2062, 1921, 1701 cm.

Reaction of Complexes 12 andac-15 with HBr. Preparation
of Aldehydes 28 and 29.HBr gas was bubbled into a solution of the
corresponding carbene compl&® or rac-15 (1 mmol) in CHCI, (30
mL) at room temperature and undey til the complete disappearance
of the starting complex was observed (the reaction was followed by
TLC). The reaction mixture was treated wi8 N KOH and then was

36.5, 43.8, 45.3, 49.6, 50.8, 61.1, 111.7, 116.4, 129.1, 133.5, 133.7,extracted with CHCIl,. The organic layer was dried over anhydrous

147.1, 216.9, 223.5, 365.8F NMR (188.15 MHz, CDGJ) 6 —152.8
(m), —155.2 (m); IR (KBr)v 2056, 1931 cm!. Anal. Calcd for
CosHsBCriENOg: C, 56.58; H, 5.59; N, 4.71. Found: C, 56.28; H,
5.61; N, 5.28.
(6S*,7R*,85*)-[7-(Allyloxymethyl)-4,4-diethyl-3,3-difluoro-8-methyl-
9-0x0-2-0xa-4-aza-3-boraspiro[5.5]-1-undecylidene]pentacarbonyl-
chromium (24c): orange solidRs 0.35 (CHCl,); *H NMR (200 MHz,

N&SO, and concentrated in vacuo, and the residue was purified by

flash column chromatography (GEIl,/THF) on silica gel. Yields are

reported in Scheme 9.
(1S*,2S5*,65*)-2-[(N,N-Diethylamino)methyl]-5-oxobicyclo[4.4.0]-

decane-2-carbaldehyde (29)olorless 0il;R; 0.40 (CHCI/THF 1:50);

H NMR (200 MHz, CDC}) 6 0.98 (t,J = 7 Hz, 6H), 1.1-1.4 (m,

4H), 1.6-1.9 (m, 6H), 2.6-2.6 (m, 8H), 2.85 (d of AB qJ = 14 Hz,
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1H), 3.08 (d of AB q,J = 14 Hz, 1H), 9.6 (s, 1H)*C NMR (50.5 3H), 3.46 (dd of AB gJ = 10.93, 4.3 Hz, 1H), 3.57 (d of AB gl =
MHz, CDCh) ¢ 11.1, 24.9, 25.7 (2C), 27.1, 28.5, 37.0, 47.2, 48.1, 10.93 Hz, 1H), 3.66 (d of AB gJ = 14.6 Hz, 1H);13C NMR (75.5

48.9, 49.5, 51.5, 206.6, 211.1; IR (neatl712, 1720 cm'; HRMS MHz, CDCk) 6 10.5, 12.2, 34.6, 36.9, 42.4, 47.9, 48.9, 49.9, 52.1,
(70 eV, EI) calcd for GH;NO, (M*) 265.2041, found 265.2042. 59.3,72.5,178.9, 211.1; HRMS (70 eV, IE) calcd fagldzNO, (MT)
Oxidation of Complexes 12rac-15, and 25a-c. Method A. To 285.1940, found 285.1953.

a solution of the corresponding carbene complex (1 mmol) in THF  X-ray Structure Determinations. Data were collected on a Nonius
(20 mL) was added a solution of ceric ammonium nitrate (CAN, 1.5 CAD-4 single-crystal diffractometer, Mod<radiation (graphite crystal
mmol) in acetone (20 mL) at room temperature. The reaction mixture monochromatord = 0.710 73 A), T = 200(2) K (Oxford CRYOS-
was stirred for 15 min, and then solvents were removed under reducedTREAM).46 The structures were solved by Patterson methods using
pressure. The resultant crude material was extracted witCGH\fter the program DIRDIF? Refinement orF?, using SHELXL93* The
filtration of insoluble solids, the resulting solution was concentrated maximum shift to esd ratio in the last full-matrix least-squares cycle
under reduced pressure. The residue was purified by flash columnwas less than 0.001 for all structures. The,CH solvent molecule,
chromatography on silica gel. This method was used to prepare present in the packing of all structures reported, was affected by strong

compounds30 and32—35. Yields are listed in Table 4. structural disorder resolved in two alternative positions with occupation
(6S,75,89)-4,4-Diethyl-3,3-difluoro-7-(methoxymethyl)-8-methyl- factors close to 50%. The final difference Fourier map showed no

2-oxa-4-aza-3-boraspiro[5.5]undecane-1,9-dione (33)vhite solid,; peaks higher than 1.0 eA All calculations were made at the

[0]%% = +3.09 € 1.32, CHC}); R; 0.45 (CHCl); *H NMR (300 MHz, University of Oviedo on the Scientific Computer Center and X-ray

CDCly) 6 1.02 (d,J = 6.4 Hz, 3H), 1.19 (tJ = 7.3 Hz, 3H), 1.28 (t, Group DEC/AXP computers.
J=7.3Hz, 3H), 2.2 (m, 3H), 2.45 (m, 3H), 2.9 (M, 2H), 3.2 (M, 2H),
3.25(s, 3H), 3.35 (s, 1H), 3.45 (d,= 3.1 Hz, 2H), 4.15 (dJ = 13.9 Acknowledgment. Support for this research by the Direauio
Hz, 1H); *C NMR (75.5 MHz, COCly) 6 7.2, 9.2, 11.5, 36.1, 36.9,  General de InvestigaaiCientfica y Tecnica (DGICYT) (Grant
425,455, 47.5, 50.3, 51.6, 52.1, 59.0, 71.3, 1_73'1' 21EONMR Nos. PB92-1005 and PB93-0330) is gratefully acknowledged.
((:1”?_81'15 MHz, CRCl) 0 ~151.2 (m),~153.6 (m); IR (KB)v 1711 R.M.C. and A.G.R. thank the Ministerio de EducacioCiencia
Oxidation of Complexes 12, 18, andac-15. Method B. To a for a predoctoral ,feIIowshlp. The authors thank Prof. A.
stirred solution of the corresponding carbene complex (1 mmol)inCH Messeguer, Dr. F. ‘$ahez-Baeza, and Dra. A. M. Lluch for
Cl, (20 mL) was added at OC a 0.6 M solution of methyl- performing the initial oxidation experiments with TFMD and
(trifluoromethyl)dioxirane (TFMD) in 0.5 mmol fractions every 30 min ~ Dr. P. Bernad for expert assistance in mass spectral analysis.
until the complete disappearance of the starting complex was observed
(ca. 4 mmol of TFMD was needed, TLC monitoring). The solid Supporting Information Available: Experimental proce-
residue was eliminated by filtration, and the filtrate solution was dyures and analytical and spectral data E)rg-methyl-6-phenyl-
concentrated under vacuum. The resulting residue was purified by flash 6-aza-3-hepten-1-yneSf(+)-2-(benzyloxymethyl)pyrrolidine,
column chromatograp_hy on silicg gel. _ This method was used to pmpare2-bromoallylaminesﬁ, 2-amino diene€3f and 27a—d,g, and
compounds30-32. Yields are listed in Table 4. carbene compleXc. Analytical and spectral data for com-

(6S*,1'S*,6'S*)-Spiro[4,4-diethyl-3,3-difluoro-2-oxa-4-aza-3-bora- .
1-cyclohexanone-6,2bicyclo[4.4.0]decan-5o0ne] (32): white solid; pounds7b,d—i, 15, 18, 19, 20a 21b, 24ab,d—g, 25beg, 26,

R 0.46 (CHCI,/EtOAC 211);1H NMR (300 MHz, CDC}) 6 1.1-1.4 28, 30, 31, and34—36. Crystallograp_)hic eXpe_I'imenta' Septions
(m with 2t at 1.24 and 1.34 = 7 Hz, 8H), 1.8 (m, 4H), 2.1 (m, 3H), and tables of X-ray crystal data, final fractional coordinates,
2.45 (m, 3H), 2.9 (m, 3H), 3.22 (s, 2H), 3.4 (m, 3FC NMR (75.5 thermal parameters, bond lengths and angles, and a crystal-
MHz, CD,Cl,) 6 7.4, 9.2, 25.5, 25.9, 26.4, 28.7, 35.9, 36.9, 45.3, 46.5, lographic plot for9, 22, and24c (51 pages). See any current
48.4,50.2, 51.5, 51.6, 172.4, 2088 NMR (188.15 MHz, CxCl,) masthead page for ordering and Web access instructions. The
0 —151.4 (m),—152.4 (m); IR (KBr)» 1711, 1721 cm*. Anal. Calcd authors have deposited the atomic coordinates for the three X-ray
for C1gH26BFNO;: C, 58.38; H, 7.96; N, 4.25. Found: C,58.02;H,  stryctures with the Cambridge Crystallographic Data Centre.
8.12 N, 4.33. The coordinates can be obtained, on request, from the Director,

Reaction of BR-Protected Amino Acids 32 and 33 with Metha- . . .
; ; ) : Cambridge Crystallographic Data Centre, 12 Union Road,
nol. Obtention of Amino Acids 36 and 37. A solution of the Cambridge, CB2 1EZ, UK.

corresponding Bfprotected amino acid (0.5 mmol) in MeOH (20 mL)

was heated at reflux (dugn3 h for32and 1 h for33). The reaction JA9725880

mixture was concentrated in vacuo, and the resulting residue was

purified by flash column chromatography on silica gel. Yields are listed (46) Cosier, J.; Glazer, A. Ml. Appl. Crystallogr.1986 19, 105.

in Scheme 10. (47) Beurskens, P. T.; Admiraall, G.; Beurskens, G.; Bosman, W. P.;
(1S,25,39)-1-[(N,N-Diethylamino)methyl]-2-(methoxymethy!l)-3- Garca-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,BIRDIF

e : . . - Users’s Guide. Technical Repp@rystallography Laboratory, University
methyl-4-oxocyclohexanecarboxylic acid (37)white solid; R 0.46 of Nijmegen: The Netherlands, 1992.

(CH,CI/CH;OH 10:1);*H NMR (300 MHz, CDC}) 6 1.03 (d,J = (48) Sheldrick, G. M. SHELXL93. IrCrystallographic Computing ;6
5.8 Hz, 3H), 1.25 (tJ = 7.2 Hz, 6H), 2.15 (m, 3H), 2.45 (m, 3H), 2.9  Flack, H. D., Parkanyi, P., Simon, K., Eds.; IUCr/Oxford University Press:
(m, 2H), 3.05 (m, 2H), 3.15 (d of AB q] = 14.6 Hz, 1H), 3.26 (s,  Oxford, 1993; p 111.




