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Abstract: The reaction of the phenylacetylendicobalthexacarbonyl complex2)( with the 4-R-2-(2-
diphenylphosphinophenyl)oxazolinégR = Ph) and4 (R = CH,CH,SCH;) leads to the selective formation

of the chelated complex&and>, respectively. On the other hand, tieet-butyl-substituted phosphinooxazoline

6 acts as a monodentate ligand, and its reaction with several 1-alkyne-derived comp|éxe<)) affords

readily separable mixtures of the diastereomer nonchelated comfléabs-15ab. The interconversion rate
between diastereomeric pairs is dependent on the steric bulk of the alkyne substituent, andBrrettter
epimerize at room temperature. The structures of both kinds of complexes have been ascertained by a
combination of spectroscopical (IR, NMR), X-ray diffraction, and chiroptical methods; this has allowed the
development of a practical procedure for the establishment of the absolute configuration of the chirat alkyne
dicobaltcarbonyl complexes obtained by the selective substitution of a carbon monoxide on one of the
diastereotopic cobalt atoms. The intermolecular Paugdrand reaction of the chelated complex@and5

with norbornadiene respectively affords the) @nd (—) enantiomers of expected enone addif;tbut in low
enantiomeric excesses. Contrary to that, the tertiary aidingide-promoted intermolecular Pauseikhand
reactions of nonchelated complexiekab—13ab give the corresponding norbornadiene- or norbornene-derived
adducts both in high yields (8829%) and enantioselectivities (987% enantiomeric excess), in what constitutes

a substantial improvement over preexisting procedures for this reaction. The possibility of achieving chiral
induction in the PausonKhand reaction of symmetrical alkynes (via the corresponding dicobaltpentacarbonyl
complexes with ligand) has been demonstrated for the first time. An enantioselectivity mnemonic rule and

a mechanistic model that explains the observed asymmetric sense of induction have been developed, and have
been found to be in agreement with the results of model semiempirical molecular orbital calculations.

Introduction R R2 R! R2 R! R2
R
The substitution of one or more carbonyl groups by phos- o¢ 77( PR, oc_ /L /Pz—\ oc__ [A\ _co
phines and related compounds in acetytedieobaltcarbonyl .Co—Co, X .Co—Co

complexe& has been shown to have significant effects in both ©C" ‘ ‘ co oct ) | P ocTl | “co
CO CO CO CO R, PR, PR,

the structure and the reactivity of these synthetically useful

compounds. Thus, it is well-known that trialkyl- and tri- X

arylphosphines can readily displace a carbon monoxide molecule a b c

from alkyne-dicobalthexacarbonyls, occupying an axial coor-

dination position in the tetrahedral &€& core, trans to the

cobalt-cobalt bond (Figure 1a), and that this substitution is

accompanied by an appreciable shortening of the cebalt
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Figure 1. Phosphine-substituted alkyndicobaltcarbonyl complexes.

carbonyl distances, a fact that is usually ascribed to the poorer
s-acceptor character of phosphines relative to that of carbonyl
ligands? In the case of bidentate phosphines, both chelated
(Figure 1b) and bridged (Figure 1c) comple3é&sn which the

t Universitat de Barcelona. ligand occupies equatorial coordination positions about the metal
* Universitat Autmoma de Barcelona. atoms have been obtained.
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Acetylene-Dicobaltcarbonyl Complexes

With regard to reactivity, phosphine-substituted acetytene

dicobaltcarbonyl complexes have been studied in connection

to both the Nicholasand the PauserKhand reaction&8 mainly
with the aim of developing enantioselective versions of these

processes. Up to now, however, complexes of this type have

not found extensive use in synthesis, due to several reasons:

(a) In several instances, because of the stereoheterotopic py,

nature of the two cobalt atoms, phosphine substitution on
acetylene-dicobalthexacarbonyl complexes leads to the forma-

tion of diastereomer pairs, which are often hardly separable.

This happens for example in complexes of the type shown in
Figure 1a (with R different from R), either when the phosphine

ligand or the alkyne moiety is chiral. Even when obtained
stereoisomerically pure, the absolute configuration of such

substituted complexes is difficult to ascertain by methods other

than X-ray diffraction. Thus, lack of crystallinity has prevented
the complete characterization of tH®){Glyphos-derived com-
plexes used in enantioselective Pausiihand reactiongd
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We have recently fourfdthat the reaction of R)-2-(2-
diphenylphosphinophenyl)-4-phenyloxazolibeith the phen-
ylacetylene-dicobalthexacarbonyl comple®)(gives rise to a
85:15 mixture of two diastereomer complexes. The structure
of the major oneJ), elucidated by X-ray diffraction analysis,
revealed an unprecedented P,N-chelation of the ligand with one

(b) Thermally induced phosphine dissociation processes, copalt atom (Scheme 1).

leading to the interconversion between stereoisomeric complexes contrary to nonchelated, phosphine-substituted alkyne
and to the loss of the stereochemical integrity of the tetrahedral gicopaltcarbonyl complexe8,was very stable toward isomer-

C,Co, moiety, take place at relatively low temperatures. This
phenomenon strongly limits the use of enantiopure chiral
phosphine-substituted alkyne complexes in asymmetric Pauson
Khand and Nicholas reactions.

(c) The electrophilicity of dicobaltcarbonyl-stabilized pro-
pargyl cations, which are the reactive intermediates in the
Nicholas reaction, is greatly diminished upon substitution of a
carbon monoxide by a triaryl- or trialkylphosphiné a similar
way, the PausonKhand reactivity of phosphine- or phosphite-

substituted complexes is lower than that of the parent unsub-

stituted compound¥:2

(3) (a) Gelling, A.; Jeffery, J. C.; Povey, D. C.; Went, M.JJ.Chem.
Soc., Chem. Commui991, 349-351. (b) Gelling, A.; Went, M. J.; Povey,
D. C.J. Organomet. Chen1993 455 203-210. (c) Mirza, H. A.; Vittal,

J. J.; Puddephatt, R. J.; Frampton, C. S.; Manojlovic-Muir, L.; Xia, W.;
Hill, R. H. Organometallicsl993 12, 2767-2776. (d) Yang, K.; Bott, S.
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(f) Edwards, A. J.; Mach, S. R.; Mays, M. J.; Mo, C.-Y.; Raithby, P. R.;
Rennie, M.-A.J. Organomet. Chen996 519 243-251. (g) Gimbert,
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dron: Asymmetry199Q 1, 711-714. (c) Park, H.-J.; Lee, B. Y.; Kang, Y.
K.; Chung, Y. K.Organometallics1995 14, 3104-3107. (d) Hay, A. M;
Kerr, W. J.; Kirk, G. G.; Middlemiss, DOrganometallicsL995 14, 4986—
4988. (e) Kerr, W. J.; Kirk, G. G.; Middlemiss, [J. Organomet. Chem.
1996 519 93-101. (f) Derdau, V.; Laschat, S.; Dix, I|.; Jones, P. G.
Organometallics1999 18, 3859-3864. For the use of chiral bidentate
phosphines in catalytic asymmetric intramolecular Pat$drand reactions,
see: (g) Hiroi, K.; Watanabe, T.; Kawagishi, R.; AbeTetrahedron Lett.
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(7) Kuhn, O.; Rau, D.; Mayr, HJ. Am. Chem. Sod.998 120 900-
907.

ization, but showed only moderate enantioselectivities [up to
51% enantiomeric excess (ee)] in the intermolecular Pauson
Khand reaction with norbornadiene. On the basis of these
findings, we decided to further investigate the use of 4-substituted-
2-(2-diphenylphosphinophenyl)oxazolines as chiral ligands for
alkyne—dicobaltcarbonyl complexes. We disclose here in full
detail the results of this study, which has led to the development
of both a highly enantioselective, practical version of the
intermolecular PauserKhand reaction and a facile method for
the determination of the absolute configuration of chiral,
phosphine-substituted acetylergicobaltcarbonyl complexes.

Results and Discussion

Synthetic and Structural Studies on Alkyne—Dicobalt-
(phosphinooxazoline)carbonyl Complexedrirst, we studied
the reaction of the methionine-derived phosphinooxazodine
[prepared from $-methioninol according to the procedure
reported by Helmchen and co-work&fswith the phenylacety-
lene—dicobalthexacarbonyl compleX The oxazoline residue
was chosen to ascertain the effect of the replacement of the
phenyl group inl by a less bulky alkyl chain, as well as to
investigate the possibility of additional chelation by the sulfide
moiety!! The treatment o with 1 equiv of4 in hot toluene
led to the isolation of a new complex in 78% vyield after
chromatographic purification (Scheme 2).

This complex appears to be a single diastereomer, according
to physical data (melting point), chromatographic behavior
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M. E.; Juliano, C. A.; Scott, I. L.; Wright, C.; McEachin, M. . Am.
Chem. Soc1991, 113 1693-1703. (c) Krafft, M. E.; Juliano, C. AJ.
Org. Chem1992 57, 5106-5115. (d) Krafft, M. E.; Scott, I. L.; Romero,
R. H.; Feibelmann, S.; Van Pelt, C. E.Am. Chem. S04993 115 7199~
7207. (e) Verdaguer, X.; Moyano, A.; Perga. A.; Riera, A.; Bernardes,
V.; Greene, A. E.; Alvarez-Larena, A.; Piniella, J. F..Am. Chem. Soc.
1994 116, 2153-2154. (f) Tormo, J.; Verdaguer, X.; Moyano, A.; Pésca
M. A; Riera, A. Tetrahedronl996 52, 14021-14040. (g) Verdaguer, X.;
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(HPLC), and spectroscopic studiésl @nd'3C NMR). Because 40 | ; T
we were not able to obtain single crystals suitable for X-ray 300 400 500 600

diffraction analysis, the structural characterization5ofvas
carried out in the following way. First, the 1:1 stoichiometry
of the new complex was readily apparent both from the NMR
spectra and from mass spectroscopic data. Next, the fact thalgcheme 3
the phosphinooxazolingacts as a bidentate ligand in complex

5 could be established by inspection of infrared (IR) spectrum

Wavelength (nm)
Figure 2. CD spectra of pseudoenantiomeric comple3emd>5.

0,
of 5, both in the carbonyl (see later) and in the=8 stretching Ph;P N‘\f .
zones; in effect, a shift of this band from 1655 (in the free ligand OC\RMH/CO s S oc H‘,y(thQP N'\f * NthP\RMH/ o
4) to 1625 cn1! (in the complex) is strongly indicative of the o Trco o Toco M >éHV o 1 co
presence of a chelated structure, as previously observedby us = o ©e
and by other author$.On the other hand, complexation of the &7, ; 1on 120
cobalt by the sulfur atom of the chain does not take placg in ~ G-S¥e e 12a I
as revealed by the coincidence of fittand*C NMR signals (R=CHOH) 10 152 15

corr.espondlng to methylthlo.ethyl group n bo¢hand5.. Table 1. Synthesis of Dicobalt Pentacarbonyl Complexes
Finally, the absolute configuration & was ascertained by 11ab-15ab

analysis of its chiroptical properties. Previously, Kaga al13

have shown that the circular dichroism (CD) spectra of the starting reaction _

. . entry complex condition§  product (yield, %)  d.r¢
dicobalthexacarbonyl complexes of chiral acetylenes show - .
several bands in the 36@00-nm zone that can be assigned to % Pg 2 ggog* iﬁ h Ea(gi)' EE(Z?) 1:1'(2)421
chirally perturbed transitions of the,Co,(CO) core of the 3 gil\%e(;?%S) 60°C. 2 h 132&4%’13[)2163 1133
molecule. We reasoned that the CD spectra of complexes such 4 By (9) 70°C,3h  14a(16).14b(21) 1:.1.25
as 3 and 5, in which the localC,, symmetry of the @o, 5  CHOH(10) 55°C,25h 15a(28),15b(16) 1.87:1

tetrahedral moiety is broken by the substitution of one cobalt — - - .

- . . . a Stirring the preformed complex in toluene solution at the specified
atom, would exhibit a direct correlation with the absolute emperature in the presence of 1 molar equiv of the phosphinooxazoline
configuration of the molecule. After checking that the free 6 under nitrogen® Yield of diastereomerically pure, isolated complexes
ligands1 and 4 did not present any significant absorption in  after column chromatography (Si0° Determined by HPLC analysis
the CD between 300 and 700 nm, we recorded the spectra ofof the reaction mixture.
the corresponding complexe&sand 5, which as anticipated
showed relatively intense bands ascribable to transitions of the€ntry 1 of Table 1). After heating a 1:1 mixture Bfand6 at
intrinsically chiral GCo, chromophore (Figure 2). 60 °C in toluene for 2.5 h, thin-layer chromatography (TLC)

As can readily be seen, the two spectra present a clear@nalysis showed the complete disappearance of conzmexi
pseudoenantiomeric relation. Because the X-ray analysg of the presence of two more polar, dark-colored spots of similar
established that the phosphinooxazoline ligand is chelating theintensity. After chromatographic purification, the two mono-
pro-R cobalt atom, we conclude that in compthe coordina- ~ Substituted complexeklaand11bwere isolated as burgundy-
tion of the ligand takes place at the pmobalt, as depicted in ~ colored, crystalline solids in 38 and 39% yield, respectively.
Scheme 2. It is thus clear that the stereochemistry of these The spectral data of bothla and 11b clearly showed their
chelated complexes is dictated by the absolute configuration of diastereomeric nature. The structure of the more polar complex
the chiral oxazoline moiety: the phosphinooxazoline ligand ~ 11bwas unambiguously determined by X-ray diffraction of a
[derived from R)-phenylglycinol] leads to arR)-configuration ~ Single crystal, and is shown in Figure 3.

of the GCo, moiety in complex3, whereas theS)-ligand 4 Contrary to what we had observed for complegesd5, in

affords the corresponding)-complex5s. this case the phosphinooxazoline behaves as a monodentate
To further clarify the influence of the steric bulk of the ligand, in which the phosphorus atom is bound to the fgro-

oxazoline substituent, we next studied the reactior? efith cobalt atom in an axial (i.e., trans to the cobalbbalt bond)

the §)-t-leucinol-derived® phosphinooxazoliné (Scheme 3and  coordination position. The cobaltobalt and cobattcarbon
bond lengths of the ££o, core are similar to those of
unsubstituted complexé$ywhereas the cobalphosphorus bond

(12) Koch, G.; Lloyd-Jones, G. C.; Loiseleur, O.; Pfaltz, A.!tBteR.;
Schaffner, S.; Schnider, P.; Von Matt,Recl. Tra. Chim. Pays-Ba&995

114 206-210. length and the CeCo—P and C-Co—P bond angles are
(13) Kajtar, M.; Kéjtar-Miklos, J.; Giacomelli, G.; GdaG.; Varadi, G.;
Horvah, I. T.; Zucchi, C.; Phi, G. Tetrahedron: Asymmetr$995 6, (14) Castro, J.; Moyano, A.; PefigaM. A.; Riera, A.Tetrahedron 995

2177-2194. 51, 6541-6556.
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analogous to those recorded for other phosphine-substituted

complexeg:® On the other hand, the usual decrease of the

cobalt-carbonyl distances upon substitution of a carbonyl ligand .

by a poorerz-acceptor or is also observed in this case. As both diastereomers of complekl appear to be remarkably

we will see later, the structure of the less polar comlleais stable, since the diastereomeric purity of a hexane solution of
totally parallel to that oL 1b, except for the fact that the ligand ~ 11b remained essentially unchanged after 2 days at room
is bound to the pr& cobalt atom. temperature, whereas thatbfawas slightly disminished (6%

On the basis of this result, we explored the effect of the alkyne 10SS). Complexesi2a and 12b interconvert slowly at room
substituent by reactingwith the alkyne-dicobalthexacarbonyl ~ temperature (a 11% loss of the diastereomeric purity of a

complexes/—10 (Scheme 3 and entries-5 in Table 1). In all solution of 12a was observed after 2 days). The behavior of
instances, an easily separable mixture of two monosubstituted,15ab is very similar to that ofl2ab, except that the stability
nonchelated diastereomer complex&ab—15ab) was ob- of these complexes in solution is much more limited. The

tained. This demonstrates that the presence of the ety ~ trimethyisilyl-substituted complexed3ab epimerize more
butyl substituent in the oxazoline moiety strongly hinders the readily, and a 6% loss of diastereomeric excess is observed after
formation of a chelated complex, the ligadacting as a 1 h. In sharp contrast to th|§, tkmrt—butyl-substltuted cpmplexes
monodentate chiral phosphine, but with the additional bonus 14ab undergo a very fast interconvertion, and their diastereo-
that the two diastereomers can be separated by standard columfleric excesses fall down to ca. 70% afte h at room
chromatography, being readily obtained in high diastereomeric témperature. On the other hand, the chelated compleaes
purity (checked by HPLC) The nature of the acetylene NOt epimerize at room temperatirds we will see later, the
substituent has some effect both in the yield and in the relative rates of epimerization of these complexes are closely
stereoselectivity of the process. Thus, in the case of the relatgd to the enantioselectivities of their Pauskhand
phenylacetylene2j- and of the 1-hexyne7j-derived complexes, ~ 'éactions.
the reaction was not diastereoselective (entries 1 and 2 in Table The behavior of symmetrical alkyrelicobalthexacarbonyl
1). Increasing the steric bulk of the alkyne substituent (com- complexes toward the substitution reaction was also investigated.
plexes8 and 9) strongly diminished the yield of the reaction, In this case, given the homotopic nature of the two cobalt atoms,
whereas the isomer ratio remained essentially the same (entrie®nly one monosubstituted complex can be obtained. The reaction
3 and 4 in Table 1). A reversal of the diastereoselectivity of of the ethyne comple%6 with 1 equiv of the phosphinooxazo-
the process was observed with the 1-propynol-derived complexline 6 gave a four-component mixture (TLC) from which the
10, which gave a ca. 1.9:1 mixture in which the less polar monosubstituted complek7 could be isolated in 42% yield by
complex was the major component (entry 5 of Table 1). In this column chromatography (Scheme 4). The nonchelated nature
case, the relatively low global yield (44%) was due to the of 17was deduced from its spectroscopic properties (see below).
competing formation of other complexes that were too unstable The diphenylacetylene-derived complé& reacted more slug-
to be characterized. gishly with 6, and gave, after heating in toluene at°T® over

The easy availability of the complexes in stereochemically 3 h, a mixture of the nonchelated, monosubstituted compex
pure form allowed us to investigate their stability toward with an unstable, less polar compl2® to which we assigned
epimerization processes. To this end, all of the isolated a chelated structure (Scheme 4). Although the unstabili80of
complexes were dissolved in hexane at room temperatureprecluded its spectroscopic characterization, this structural
immediately after chromatographic purification and the diaster- assignment comes from the fact that pure comp@xsolated
eomeric purity of the resulting solutions was monitored by in 55% yield by column chromatography, could be completely
HPLC (see Supporting Information). The rate of epimerization converted intd0 either by heating at 90C or by treatment by
is dependent on the steric bulk of the alkyne substituent. Thus, N-methylmorpholineN-oxide!*

(15) The separation of the diastereomer alkydiobaltpentacarbonyl Whereas the structure &lb was unambiguously established

complexes obtained by substitution wi){Glyphos has only been achieved DY X-ray diffrgction, thqse of the remaining complexes derived
either by fractional crystallizati®a® or by preparative HPLE%® from phosphinooxazoliné (11a 12ab—15ab, 17, and 19)
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Figure 4. CD spectra of diastereomer complexes {aab; (b) 12ab; (c) 13ab; and (d)15ab.

were ascertained by indirect methods. In the course of the 1655 cnt! that corresponds to the=€N stretching frequency
structure determination process, three questions have to beof the free ligand.

answered: (a) Is the phosphinooxazolthacting as a mono- Chiroptical Method for Assigning Absolute Configuration
or as a bidentate (chelated or bridged) ligand? (b) Is the of the C,Co, Moiety in Chiral Phosphine-Substituted Alkyne—
phosphorus atom placed in an axial or in an equatorial pjcobaltcarbonyl Complexes.The absolute configuration of
coordination site? (c) In the case of complexes derived from the chiral alkyne-dicobaltcarbonyl complexes obtained by the
nonsymmetrical alkynes, which of the two enantiotopic cobalt selective substitution of a carbon monoxide on one of the
atoms has been substituted? diastereotopic cobalt atoms has been ascertained only in the
The nonchelated nature of the complexes could be readily cases in which the X-ray diffraction analysis has been possible.
ascertained by inspection of their IR spectra. Because theoyy finding that the sign of several bands of the CD spectra of
structures of botl3 and11b are knOV\(n from X-ray diffracti.on ~ the chelated complexe3 and 5 appeared to present a clear
studies, we can conclude that the intramolecular coordination ¢orelation with their absolute configurations paved the way for
of one cobalt by the oxazoline nitrogen is accompanied by a the development of a practical alternative to X-ray diffraction.
decrease of ca. 40 crhof the frequencies associated with CO |, particular, in the case of compleS in which the configu-

stretching vibrations. These experimental observations areation of the GCo, moiety is R), the CD spectrum presents a
moreover in good accordance with theoretical calculations on \4vimum (\e = + 7.9) at a wavelength of 475 nm, whereas

the normal vibration models of model complexes, performed e ()-complex5 showed a minimum negative absorptiake(
with the PM3(tm) semiempirical meth8das implemented in - — _'3 gy at 4 very similar wavelength (Figure 2). We surmised
the SPARTAN 5.1.1 package of prograthgsee Supporting ¢ in the case of the monosubstituted (1-alkyrdipobalt-
Information). Moreover, as we have already stated when pentacarhonyl complexes the sign of a CD absorption at ca.
discussing the structure of complBxthe position of the &N 500 nm, if observed, could also be directly related to the topicity
stretching band is also indicative of the coordination mode of (i.e., to the praR or the proScharacter) of the substituted cobalt.
the phosphinooxazoline ligand. Thus, all of the nonghelated T;) verify this hypothesis, we measured the CD spectra of
complexes 11ab—15ab, 17, 19) present an IR absorption at the complexed 1ab—13ab and15ab (Figure 4). All of them

(16) Which incorporates a parametrization for transition metals to the presented several bands in the 30@0-nm zone. Most

grzi(g)inal PM3 method: Stewart, J. J. .Comput. Chenil989 10, 209- importantly, we were pleased to find that the complib,

(17) SPARTAN, version 5.1.1. Wavefunction, Inc.; 18401 Von Karman Whose R) configuration at the &Co, moiety had been unam-
Ave., Suite 370, Irvine, CA 92612. biguously established by X-ray diffraction analysis (Figure 3),
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Figure 5. Empirical rule for determination of the absolute configuration
of chiral phosphine-substituted 1-alkyndicobaltcarbonyl complexes
using their chiroptical properties.

Scheme 5
(o]
A: Toluene, A
R———H + 4 R
Coy(L) (CO), or B: NMO, CH,Cl,
exo
5 (L=4) n=4
= = 21 (R="Ph)
11a,b-13a,b, 15a,b (L=6) n=5 21B=r
23 (R = CH,0H)
24 (R = SiMe,)

showed a maximum positive dichroism at 492 nixe (= +
4.4), and that its diastereometla had a CD spectrum
pseudoenantiomeric to that bib (Figure 4a), with a minimum
at 480 nm Ae = — 3.8). In all of the remaining complex pairs,
the more polar onedl @b, 13b, 15b) have a positive CD in the
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Table 2. Intermolecular PauserKhand Reaction of Complexes
11ab, 13ab, and15ab with Norbornadiene

starting reaction

entry  complex conditiong 26" product yield e¢
1 Phb) A, 60°C,18h - ()21 93 12
2 Ph6) B,20°C,24h  n.d. 21 90 0
3 Ph@lg A 60°C,18h - ()21 86 61
4 Ph(la A, 45°C,18h - ()21 98 66
5 Ph(lg B,20°C,24h nd. ()21 85 87
6 Ph@la B,0°C,24h 87 ()21 85 94
7  Ph(llb) A, 80°C,15min -  @)21 95 70
8 Ph(@lb) A 45°C,18h - ()21 98 74
9 Ph(1lb) B,0°C,24h nd. )21 99 97
10 nBu (L23) B,20°C,24h 88 ()22 73 82
11  nBu(@2b) B,20°C,24h 85 {)22 89 093
12 CHOH (158 B,20°C,24h 70 ()23 54 83
13 CHOH (15b) B, 20°C,24h 94 ()23 92 95
14 SiMe (138 B,20°C,24h 92 ()24 33 30
15 SiMe (13b) B, 20°C, 24 h 85 f{)-24 50 19

a(A) stirring the preformed complex in toluene solution at the
specified temperature in the presence of 10 equiv of olefin under
nitrogen; (B) chemical activation of the complex Nymethylmorpho-
line-N-oxide in dichloromethane solution under nitrogéiield (%)
of phosphine oxid&6 (see text)¢ Yield (%) of isolated product after
chromatographic purificatiorf.Determination of the enantiomeric purity
(% ee) of 21 and 23 by HPLC analysis. Determination of the
enantiomeric purity (% ee) &2 and24 by GC analysis.

enantioselectivity (61% ee). Lowering the reaction temperature
to 45°C (entry 4) gave slightly better yield and optical purity.
A substantial improvement took place when the reaction was
promoted byN-methylmorpholineN-oxide: at 0°C, enone {)-

21 was obtained in 85% yield and in high enantiomeric purity
(94% ee, entry 6). Under these optimized conditions (entry 9),
the diastereomer complexlb produced the dextrorotatory

450-650-nm region that presents a mirror-image rglation with adduct ¢-)-21, again with high optical purity (97% ee) and in
the CD spectra of the corresponding less polar diastereomersessentially quantitative yield. The use of thermal activation

(123 133 153 Figure 4b-d). In this way, we have shown for

(entries 7 and 8) diminished the enantiomeric excess of the

the first time that the absolute Configuration of Chiral, phosphine- product_ ThUS, both enantiomers of the exo_tricycnc ketPhe

substituted 1-alkynedicobaltcarbonyl complexes can be di-

can be obtained from the same starting materia)s6( and

rectly ascertained from their chiroptical properties according norbornadiene).

to the following empirical rule: A positve (negatie) CD
absorption in the 456650-nm region implies that the phosphine
ligand is bound at the pro-R (pro-S) cobalt atdifigure 5).
Enantioselective Intermolecular Pausor-Khand Reac-
tions of Chiral Phosphinooxazoline-Substituted Alkyne-
Dicobaltcarbonyl Complexes.Having successfully solved the

These excellent results could be extended to other alkyne
complexes. Thus, the two diastereomer complexes derived from
1-hexyne {2a and 12b) gave rise, respectively, to the levo-
and dextrorotatory enantiomers of te&cenone22 in high
optical purity (entries 10 and 11). In a similar way, the reaction
of the diastereomer complexes derived from propargyl alcohol

problem of the structure elucidation of the phosphinooxazoline- (15a and 15b) took place in a highly enantioselective fashion
substituted complexes, we turned our attention to their inter- (entries 12 and 13), affording the two enantiomers of the tricyclic

molecular PausonKhand reactions. In the first place, we

exoketo alcohoR3. For these complexes, the reaction was run

studied their reaction with norbornadiene (Scheme 5 and Tableat 20°C, because lowering the temperature &C0resulted in

2).

The reaction of comple® with norbornadiene gave, under
thermal conditions (entry 1 of Table 2), the levorotatero
enone {)-21in a low enantiomeric excess (12% ee). When
the reaction was run in the presenceNsfnethylmorpholine-
N-oxide 18 essentially racemi21 was obtained (entry 2 of Table

very low conversions. On the other hand, the Paustmand
reaction of the two complexes derived from trimethylsilylethyne
(13aand13b) was very slow, and the levo- and dextrorotatory
enantiomers of the expectexxcadduct24 were obtained in
both low yields and enantiomeric excesses (entries 14 and 15).
In this case, TLC monitoring of the reaction mixture showed

2). This behavior is entirely parallel to that observed in the case that epimerization processes compete with the Paukbiand

of 3,° and underscores the fact that chelated complexes, althoughreactions, in accordance with the epimerization behavior

being very stable toward epimerization processes, give low observed by HPLC. It is thus clear that, as was originally

enantioselectivities in the PauseKhand reaction. suggeste@2the intermolecular PauserkKhand reactions of the
The reaction took a very different course in the case of the pure diastereomers are stereospecific, and that the only requisite

nonchelated complexes. The thermal reaction (toluené§0
of the phenylacetylene-derived compleka (entry 3) afforded
the adduct €)-21 in high yield (86%) and with moderate

(18) (a) Shambayati, S.; Crowe, W. E.; Schreiber, STetrahedron
Lett. 199Q 31, 5289-5292. (b) Jeong, N.; Chung, Y. K.; Lee, B. Y; Lee,
S. H.; Yoo, S.-ESynlett1991 204-206.

for attaining good enantioselectivities is that the rate of
cycloaddition must be much higher than that of epimerization.
The reaction of complexe$lab with norbornene, under
N-methylmorpholineN-oxide-promoted conditions, was also
investigated (Scheme 6 and Table 3). Optimization of the
temperature (OC) led to the formation of the two enantiomers
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Scheme 6 Scheme 7
(0]

[e]
—_— |
i no ﬂb 0 or 20°C th PP JAL %0 ﬂb NMO, CHa Cl
Con(CO)sL H

oc™l | "co
co co (-)-27 (53% yield, 29% ee)

11a,b (L =6) exo-25 .
/.
Table 3. Intermolecular PauserKhand Reaction of Complexes %O
11ab with Norbornene
starting reaction 28 (9% yield, 9% ee)

entry complex condition$ 26> product yield e¢

1  Ph@la 20°C,18h nd. €)25 91 68 (c) The ultimate source of chiralitytdrt-leucinol) can be

2 Ph@la 0°Cto20°C,24h 90 ()25 89 74 recovered at the end of the process.

3 Ph(lbh 20°C,18h nd. )25 83 67 (d) Because the absolute configurations of both the starting

4  Ph@lb) 0°Ct020°C,24h 79 )25 77 87

5  Phalb 0°C,24h 86 ()25 85 94 complexes and (as we will see in the next section) of the reaction

products can be ascertained, the stereochemical course of the
@ Chemical activation of the compleXlab by N-methylmorpholine- reaction can be determined.

N-oxide in dichloromethane solution under oxygeéiield (%) of ; ; ; ;
phosphine oxide26 (see text) Yield (%) of isolated product after Finally, we set out to investigate the hitherto unexplored

chromatographic purificatior. Determination of the enantiomeric purity ~ POSSibility of performing an enantioselective Pauséinand
(% ee) of25 by HPLC analysis. reaction with symmetrical alkynes. Tidmethylmorpholine-

N-oxide-promoted reaction of the acetylene compl&xwith

of the expectedexaenone25 with yields and enantiomeric  norbornadiene (Scheme 7) gave a readily separable mixture of
purities only slightly inferior to those obtained when using theexo andendeadductd® (—)-27 and28in 53 and 9% yield,
norbornadiene (compare entries 2 and 5 of Table 3 with entriesrespectively. Most significantly, the major adduct was obtained
6 and 9, respectively, of Table 2). in nonracemic form (29% ee, as determined by chiral &C).

Another interesting feature of this reaction lies in the fact  Even if the recorded enantioselectivities are only moderate,
that the ultimate source of chirality3(-tert-leucinol] can be the above results stand out as the first examples of an
recovered at the end of the process in good yield. In effect, enantioselective Pause#hand reaction with symmetrically
when the PausonkKhand reaction was run in the presence of substituted alkynes.
N-methylmorpholineN-oxide, the phosphine oxidg6 derived Determination of Absolute Configuration of Reaction
from 6 could be isolated by column chromatography-Ba% Products. 1. Enantioselectivity Mnemonic for Intermolecular
yields; see Tables 2 and 3). Subsequent acidic hydrolysi6 of  pauson-Khand Reaction of Phosphine-Substituted Alkyne
afforded pure §-tert-leucinol in 85% yield. It is worth noting  Complexes.In previous reports on chiral phosphine-mediated
that under thermal conditions the phosphinooxazoline ligand enantioselective Pause#hand reaction& ¢ not only were the
appears to be strongly bonded to the cobalt residues, and wasbsolute configurations of the starting complexes unknown, but

not recovered from the reaction mixture. those of the adducts do not appear to have been investigated.
In conclusion, the above results show that tBephosphi-  As a result of that, the stereochemical course of these reactions

nooxazoline6 is an exceptionally good chiral ligand in the  remained totally unclear.

enantioselective intermolecular Pausdthand reactions of In the course of our studies on the Paus&mand reaction

relatively unhindered 1-alkynes that nicely complements the of chiral 1-alkynylsulfoxides, we had established that the
chiral auxiliary-based strategies previously developed in our gpsolute configuration of enones)22was (R 2R,6R,7S) and
laboratories:** Moreover, the use o8 presents several clear-  that (+)-2522 had the opposite @2S,6S7R) configuration. In

cut advantages over the preexisting methods also based on thgne present work, we were able to assign the absolute stereo-
use of chiral phosphinés: _ _ _ chemistry of enones<)-24 and (-)-27 in the following way

(a) The diastereomer complex pairs resulting from the reaction (scheme 8): Catalytic hydrogenation of)t24 (30% ee)
of 6 with 1-alkynes can be readily separated by standard column afforded the levorotatorg-trimethylsilyl ketone ¢)-29, which
chromatography on silica gét. o _ after desilylation gave the levorotatceyotricyclic ketone ¢)-

(b) The enantiomeric excesses obtained in the reactions of3q, This compound showed a negative Cotton effect for the
the isolated diastereomers with norbornene or norbornadiene,nz+ transition in the CD spectrum. According to the octant
under tertiary amin&l-oxide-mediated conditions, are uniformly e 23 this unequivocally establishes arR2R,6S7S) config-
high (93-97%ee) for nonhindered alkynes. uration to ()-24 (Figure 6). Catalytic hydrogenation of-§-

(19) Intermolecular Pauserkhand reactions: (a) Bernardes, V.; Ver- 24 (19% ee) followed by desilylation gave a dextrorotatory

daguer, X.; Kardos, N.; Moyano, A.; PergaV. A.; Riera, A.; Greene, A. sample of ¢)-30. On the other hand,~)-27 (29% ee) was
E. Tetrahedron Lett1994 35, 575-578. (b) Fonquerna, S.; Moyano, A.;

Pericas, M. A.; Riera, A Tetrahedronl995 14, 4239-4254. (c) Bernardes, (20) The reaction between compleéx and norbornadiene has been
V.; Kann, N.; Riera, A.; Moyano, A.; PerisaM. A.; Greene, A. EJ. Org. reported to give a mixture of the racenggo (rac-27) andende (rac-28)
Chem.1995 60, 6670-6671. (d) Fonquerna, S.; Moyano, A.; PescM. adducts: Billington, D. C.; Helps, I. M.; Pauson, P. L.; Thomson, W.;
A.; Riera, A.J. Am. Chem. S0d997 119, 10225-10226. (e) Fonquerna, Willison, D. J. Organomet. Chen1988 354, 233-242.

S.; Ros, R.; Moyano, A.; Peria M. A.; Riera, A.Eur. J. Org. Chem (21) Under the same reaction conditions, comf&xdecomposed and
1999 3459-3478. Intramolecular PauseiKhand reactions: (f) Castro, J.; gave diphenylacetylene as the sole identifiable product. However, when
Sarensen, H.; Riera, A.; Morin, C.; Moyano, A.; PerizaVl. A.; Greene, the reaction was run under very mild thermal conditions (room temperature,
A. E. J. Am. Chem. S0d.99Q 112 9388-9389. (g) Castro, J.; Moyano, 5 days) an optically active (38% ee) adduct was formed, although in very
A.; Pericas, M. A.; Riera, A.Tetrahedron: AsymmetriQ94 5, 307-310. low yield.

(h) Castro, J.; Moyano, A.; PerisaM. A.; Riera, A.; Greene, A. E.; Alvarez- (22) Montenegro, E.; Moyano, A.; PefigaM. A.; Riera, A.; Alvarez-
Larena, A.; Piniella, J. RJ. Org. Chem1996 61, 9016-9020. (i) Tormo, Larena, A.; Piniella, J.-FTetrahedron: Asymmetr§999 10, 457—471.

J.; Moyano, A.; Pericgy M. A.; Riera, A.J. Org. Chem1997, 62, 4851 (23) Eliel, E. L.; Wilen, S. HStereochemistry of Organic Compounds

4856, and refs. cited therein. John Wiley & Sons: New York, 1994; pp 1022033.
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L' = Chiral phosphine

Figure 6. AM1-calculated lowest-energy conformation of compound R :
(—)-30 and selected nuclear Overhauser enhancement spectroscopy oC N
correlations (a). Octant rule projection (rear sector) of ketene30 ) - |°_C|°\
®. : Co Co
Scheme 8

18.L\ 2 SiMeg Hy,10% Pd-C 15 A\ »n SiMe;
i 0 o)
7s o H
o EtOH, 20°C 7R 2R R R 2s
)- 70% d ‘ ' b
()-24 ()29 ‘nBu,iNH.{F. H,0

THF, 20°C
97% (-)-21 R= Ph (+)-21
o Q ()25 R= Ph (+)-25
18 L) 2a H,,10% Pd-C 1A\ 2 ()22 R =nBu (+)-22
()23 R=CH,OH  (+)-23
7s s EtOH, 20°C 7A s (')'24 R= SIMEQ (+)'24
()-27 53% (-)-30 Figure 7. Enantioselectivity mnemonic for the intermolecular Pauson

Khand reaction of phosphine-substituted alkyne complexes.

hydrogenated to<)-30, so that an (R 2R,6S7S) configuration  the stereochemical outcome of the reactions of the monodentate,

was qlso assigned to-{-27. ) ) ~ phosphinooxazoline-substituted complexes can then be explained
All'in all, these results offer compelling evidence that in by assuming the following: (a) The substitution of a cobalt atom
general the levorotatory enantiomers of the Paustmand by a phosphine ligand largely directs the coordination of the

enone adducts obtained in this work have the sanf® (2 olefin to the unsubstituted cobalt; (b) the olefin (norbornene or
configuration, irrespective of the starting alkyne substituent, and norbornadiene) is bonded to the cobalt by the more accessible
that therefore the dextrorotatory enantiomers have the oppositeexo-face, and (c) the olefin is oriented in a way that minimizes
(29 configuration. Most importantly, this conclusion allows us  the steric interactions of the methylene bridge with the
to establish for the first time a correlation between the absolute tetrahedral GCo, cluster. In this way, as depicted in Figure 7,

configurations of the chiral phosphine-substituted alkyne com- the predominant formation of the R or (29 products from

plexes and those of the corresponding Patdtimnd ad-  the substituted)- or (R)-complexes, respectively, can be easily
ducts: In their intermolecular PausonKhand reactions either rationalized. It should furthermore be pointed out that PM3-
with norbornene or norbornadiene, 1-alkyndicobaltcarbonyl (tm) calculationg®17performed on model systems, give support

complexes with mono- or bidentate phosphinooxazoline ligandsto this rationalization of the stereochemical outcome of the
coordinated at the pro-S cobalt predominantly afford enones reaction (see Supporting Information).

with a (2R) absolute configuration. Coersely, the diastereomer The reduced enantioselectivity shown by the chelated com-
complexes with ligands coordinated at the pro-R cobalegi  plexes3 and5 can also be accommodated within this mecha-
rise predominantly to the (2S) enantiomers. nistic model, assuming that in this case, because of the lability

This enantioselectivity mnemonic rule can be readily ac- of the nitroger-cobalt bonc?® coordination of the olefin can
counted for on the basis of the usually accepted mechanism ofalso take place at the substituted cobalt and leads therefore to
the PausorrKhand reaction, initially proposed by Magnus et the competing formation of both enantiomers of the product.
al?* and largely corroborated by subsequent theoréfieaid

experimentdfla<25 studies. According to this mechanistic (25) (a) La Belle, B. E.; Knudsen, M. J.; Olmstead, M. M.; Hope, H.;
anuck, M. D.; Schore, N. EJ. Org. Chem1985 50, 5215-5222. (b)

. L . Y
sequence of events, the reaction |s.|n|t|ated py the dlsplacemenqwomam’ A-M.: Moyano, A.. Perica, M. A.. Serratosa, FTetrahedron
of a carbon monoxide from the starting alkyrdicobaltcarbonyl 1985 41, 5995-6003. (c) Casalnuovo, J. A.; Scott, R. W.; Harwood, E.
complex by the olefin, leading to an intermediate species in A.; Schore, N. ETetrahegron Lett1994 35, 1153—1I156.h(h) Thommen,

; At M.; Veretenov, A. L.; Guidetti-Grept, R.; Keese, Relv. Chim. Actal996
which both the alkyne_and the glkene moieties are bonded to7gy 261-476. (d) Corlay, H.: James. 1. W.: Fouquet, E. Schmidt, J.:
cobalt. Further evolution of this complex (insertion of the potherwell, W. B.Synlett1996 990-993. (e) Kowalczyk, B. A.; Smith,
complexed olefin into a carbercobalt bond giving a five- T. C.; Dauben, W. GJ. Org. Chem1998 63, 1379-1389. (f) Krafft, M.
membered cobaltacycle, insertion of carbon monoxide, and E.; Wilson, A. M.; Dasse, O. A; Bonaga, L. V. R.; Cheung, Y. Y, Fu, Z.;

. T - . Shao, B.; Scott, I. LTetrahedron Lett1998 39, 5911-5914. (g) Corlay,
reductive elimination of a dicobaltcarbonyl moiety) leads to the 1 "co quet, E.: Magnier, E.; Motherwell, W. &hem. Commuri999

final cyclopentenone product. Within this mechanistic scheme, 183-184.

(26) PM3(tm) calculations on the relative energies of the chelated and
(24) (a) Magnus, P.; Exon, C.; Albaugh-Robertsorif€rahedronl985 nonchelated forms of complex&sand11a b indicate that the oxazoline

41, 5861-5869. (b) Magnus, P.; Principe, L. Metrahedron Lett1985 nitrogen—cobalt bond is ca. 20 kcal mdl weaker than a cobattcarbonyl

26, 4851-4854. one.
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In summary, the results described in this article exemplify
the use of the chiral phosphinooxazofihé as a highly efficient
and practical ligand for the enantioselective intermolecular
Pausor-Khand reactions of 1-alkynes with norbornadiene.

Experimental Section

Ligands1, 4, and6' and complexe®, 7—10, 16, and 1828 were
prepared according to standard procedures.

General Procedure for Preparation of Alkyne—Dicobaltpenta-
carbonyl Complexes Substituted by {)-[2-[(4S)-4-(tert-Butyl)(1,3-
oxazolin-2-yl)Jphenyl]diphenylphosphino 6: Preparation of Com-
plexes 11a,bTo a solution of phenylacetyleralicobalthexacarbonyl
complex2 (297 mg, 0.765 mmol) in toluene (10 mL) was added
phosphinooxazoliné (210 mg, 0.54 mmol). The dark-red solution was
heated to 60°C for 2 h 30min. The reaction mixture was cooled to
room temperature and filtered through Celite, which was thoroughly

Castro et al.

11b has been X-ray diffracted@Complex 11a:Brown-red crystals; mp
105-106°C; R 0.24 (hexane:ethyl acetate, 5:19]% —968 € 0.006);
CD [Amax NM (A€)] 287 (+12.0), 383 ¢6.2), 480 (3.8) (c 8.57 x
1079); IR (cm™) 2060, 2010, 1997, 1960, 1655, 1478; NMR (300
MHz) 6 8.10-8.00 (m, 1H), 7.66-7.45 (m, 2H), 7.43-7.30 (m, 1H),
7.25-6.60 (m, 16H), 5.54 (dJ = 3.9 Hz, 1H), 3.86-3.30 (m, 3H),
0.62 (s, 9H);=°C NMR (75.4 MHz)6 207.0 (b, CO), 206.0 (b, CO),
202.5 (b, 3CO), 162.6 (§. 139.8 (), 138.0-126.0 (complex signal,
4C, and 19CH), 88.2 (@, 76.7 (CH), 73.2 (CH), 69.1 (CH 34.2
(Cy), 26.4 (3CH); *'P NMR 6 +55.23; MS [FAB(+)] mle = 748.1
(M*+1, 1%), 691.1 (M — 2CO, 5%), 663.1 (M — 3CO, 8%), 636.2
(M* — 4CO, 3%), 607.1 (M — 5CO, 60%), 474.1 (20%), 446.1
(100%); HRMS (FABt) calcd for GsHz:Co,NOP (M — 4CO)"
607.089, found 607.08% omplex 11b: Brown-red crystals; mp 95
96 °C; Rr 0.10 (hexane:ethyl acetate, 5:1)]> = + 637 € 0.017);
CD [Amax NM (A€)] 342 (+3.03), 392 (-2.4), 492 (+4.4) € 2.25 x
107%); IR (cm2) 2060, 2010, 1647, 1593, 14784 NMR (200 MHz)

washed with methylene chloride. The solvents were eliminated under ¢ 7.8-7.5 (m, 5H), 7.2-6.6 (m, 14H), 5.59 (d) = 4 Hz, 1H), 3.52-
reduced pressure, and the dark-brown residue was purified by column3.65 (m, 1H), 3.273.39 (m, 1H), 2.822.98 (m, 1H), 0.69 (s, 9H);

chromatography on silica gel (previously washed with ether and
hexane), eluting with hexanegthyl acetate mixtures of increasing
polarity, to afford 155 mg (38%) oflaand 159 mg (39%) ol lb.

13C NMR (75.4 MHz)6 207.6 (b, CO), 206.5 (b, CO), 202.7 (b, 3CO),
163.7 (@), 139.2 (G), 138.0-126.0 (complex signal, 4Gnd 19CH),
90.0 (G), 75.8 (CH), 72.6 (CH), 69.2 (CHi 34.4 (G), 26.4 (3CH);

The global yield was 77%. Each diastereomer was recrystallized from 31p NMR § +58.27; MS [FAB()] mle = 748.1 (M" + 1, 1%), 691.1
hexane/methylene chloride and then kept in the freezer. One crystal of (M+ — 2CO, 7%), 663.2 (M — 3CO, 10%), 607.1 (M — 5CO, 65%),

(27) For references on the use of chiral phosphinoozaxolines in asym-

metric synthesis, see: (a) Von Matt, P.; Pfaltz,Akagew. Chem., Int. Ed.
Engl. 1993 32, 566-568. (b) Spinz, J.; Helmchen, Getrahedron Lett.
1993 34, 1769-1772. (c) Dawson, G. J.; Frost, C. G.; Williams, J. M. J,;
Coote, S. JTetrahedron Lett1993 34, 3149-3150. (d) Allen, J. V,;
Dawson, G. J.; Frost, C. G.; Williams, J. M. J.; Coote, STetrahedron
1994 50, 799-808. (e) Von Matt, P.; Loiseleur, O.; Koch, G.; Pfaltz, A.;
Lefeber, C.; Feucht, T.; Helmchen, Getrahedron: Asymmetr{994 5,
573-584. (f) Sprinz, J.; Kiefer, M.; Helmchen, G.; Reggelin, M.; Huttner,
G.; Walter, O.; Zsolnai, LTetrahedron Lett1994 35, 1523-1526. (g)
Dawson, G. J.; Williams, J. M. J.; Coote, ST&trahedron Lett1995 36,
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474.1 (35%), 446.1 (100%); HRMS (FAB calcd for G3H3,Co,NOP

(M — 4CO)" 607.089, found 607.085. Conditions for the determination
of the diastereomeric purities dfla and 11b by HPLC analysis:
CHIRALCEL OD (25 cm) column, 1% 2-propanol 99% hexane, 0.5
mL/min, 30°C, A = 254 nm,P = 14 bar.tr(118): 9.71 min.tr(11b):
11.24 min.

General methods, preparation, and spectroscopic and analytical data
of complexes3, 5, 12ab—15ab, 17, and 19, procedures for their
intermolecular PauserKhand reactions, and characterization data of
the resulting adducts can be found in the Supporting Information.
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