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Abstract

Depending on the variation of the temperature and on the nature of the substituent of alk2] teesnantioselectivity
of the deltacyclene formation in the cobalt catalysed-[2 + 2] cycloaddition of norbornadientand acetylene®, can be
achieved with up to 98%. The best enantioselectivities observed aroliaté in agreement with theoinversion principle
(I1P).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction available from cheap amino aci@s].! The deltacy-
clenes3 feature an interesting framework which can
The cobalt-catalysed homo Diels—Alder (HDA) cy- be viewed as an entry to the less strained tricyclic
cloaddition of norbornadient (NBD) and acetylenes  structuresbrendanes, brexanes or quinanes [6].
2 first reported by Lyons et a[la,1b] has allowed During our investigations, we have been intrigued
a facile access to condensed tetracyclic structuresby the variation of the enantiomeric excess (e.e.) of the
termed deltacyclene$ [1c]. The enantioselective cycloadducts3 at different reaction temperatures. We
version of these cycloadditions has been achieved by report now a detailed study and a rationalisation of the
Lautens et al[1c,2], Brunner et al[3a], Brunner and results making use of thisoinversion principle [7].
Prester[3b], Brunner and Reimej3c], Binger et al.
[4] and our groud5] by the use of catalysts associ-
ated with chiral phosphines. We reported a convenient
method for the preparation of chiral deltacyclenes
in high e.e. using a [CelZn/L,] catalyst system
with enantio-pure organophosphorus ligands readily

2. Experimental
2.1. Catalytic HDA reactions

General procedure: Alkyne 2 (10 mmol) and nor-
bornadienel (921 mg, 10 mmol) were added to a

* Corresponding author. Tek:33-4-91-28-86-81; 1 Metal catalysed deltacyclene formation can also be achieved
fax: +33-4-91-28-27-42. using Co(ll)-complexes activated with Lewis acids such as, Znl
E-mail address: buono@spi-chim.u-3mrs.fr (G. Buono). or ZnCh (see[4]).
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Scheme 1. Enantioselective HDA reaction of norbornadikraed alkyne<? catalysed by cobalt species.

suspension of Cgl(78 mg, 0.25 mmol), organophos-
phorous ligand (0.5 mmol fat, 0.25 mmol for5 or 6),
and zinc powder (163 mg, 2.5mmol) in dry gEl>
(6ml). The mixture was stirred in a thermostated
bath @&1°C) until completion, diluted with BRO
(15 ml), and filtered through a Celite pad. The crude
product was purified by medium pressure liquid chro-
matography on silica gel column. The enantiomeric

found to be linearly dependent on the reciprocal of
the temperature near the inversion paipy;, for each
temperature rang€ > Ty andT < Tiny. Strict lin-
earity on both the sides afforded two sets of activation
parameters AAHY, AASY), (AAHY, AASE), de-
duced by the slope and the intercept of the two lines,
respectively Fig. 1andTable J).

The experimental values of the e.e. were determined

excesses (e.e.) were determined by GC using He aswith five analytical results taking into account the

a carrier gas (0.55bar) on a 40-m Lipodex E (Hep-
takis  (6O-methyl-2,3-diO-pentyl){3-cyclodextrin)
column at 90 C (injection temperature 17QC) [5b].

3. Results and discussion

Seven combinations organophosphorus ligand
(monodentate oxazaphospholiding or bidentate
AMPP 5 and 6%/represented as,t)/acetylene2a—c
characterised by fair to good enantioselectivities were
selected $chemes 1 and)2

According to the Eyring’s formalism[8], the
logarithm of the ratio of the relative global rates
In(kg/ks) —AAH#/RT + AAS#/R345 was

2 AMPP stands for aminophosphinophosphinite. Depending on
the class of the ligand (mono or diphosphine) and more specifically

shape of each enantiomer signal. Therefore, statisti-
cal values such as means and variances are available,
and the uncertainties on the calculated eA@.e. have
been taken in account for the determination of the un-
certainties on the slopes and origin ordinhfEhese
values have been used to express the gaps framing the
whole set of activation parametessA HY, AAS¥.

of the absolute configuration of the deltacyclene framework (see
[5]). We also assumed the ratio of the global ratg&s as the
distribution ratio R]/[§ of enantiomers at the completion of the
reaction (related to the measured e.e. values), since we shown that
the reaction was not reversible, and enantioselectivity remaining
unchanged.

4 The uncertainties on the slopes and on the origin ordinates de-
pend on the number of experimental values which have been taken
into account to draw a half straight line. The resolution between
two signals and the return to the baseline mainly depends of the
sensibility of the analytical method used for the determination of

on the nature of the heteroatom (N, O) bounded to phosphorus, the e.e. (GC, 1H NMR or 19F NMR; see rdba]). The second part of

cycloaddition proceeds smoothly with temperature ranging from
—25 to +40°C, affording deltacyclenes 3 in moderate to good
yields and good to excellent enantioselectivities (Ed

3 We assumed the following formalisrkz andkg are the rela-
tive global rates of formation of each enantion3aandent-3. The
capitalsR andSrefers to the absolute configuration of carbon bear-
ing the oxygen atom of compounds after hydroboration-oxidation
and esterification with Mosher's MTPA used for the determination
of the absolute configuration of deltacyclenes 3. Due to the CIP
sequential rules, the designatid®l pr [§ might be inverted when
the alkyl moiety is replaced by a phenyl group, without inversion

the Eyring diagram (temperatures ranging from 0 to (15<209)
involves less experimental values than the first part (temperatures
ranging from (15-20) to 4%C). Therefore, the former is char-
acterised by more increased uncertaintiesmms§ and AAH§
values. The poor reactivity of the catalytic system [§b),*)/Zn]
at temperatures below’@ has restricted the present study (former
part), and the low boiling point of dichloromethane has limited
the extension at higher temperatures (later part).

5 The uncertainties evaluated for the determinationAdtHi#,
AAS¥, were used to evaluate the uncertaintiessefAH* and
SAAS values.
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Scheme 2. Selected organophosphorus ligands for the22- 2] cycloaddition.

The combinations A, B and C involving ValINO&® before and after the inversion poinfig, (moderate to

and phenylacetylenga or hex-1-yne2b are well char- low incidence of the temperature on the enantioselec-
acterised by very similar values for the slopes of each tivity of the cycloaddition)[5b]. This typical change
half straight line in the two aregg < T,y andT > of behaviour of oxygenated alkynes suggests a quite
Tinv, the slope of each straight line are reversed before different and less temperature dependent mechanism
and after the inversion poinig,, (Fig. 2). For combi- for the formation of cycloadduct3c andent-3c.

nations D and E, which concern acetyléludeaturing With combination F, involving a monodentate lig-

an oxygen atom at remote position, the slopes have and 4, the e.e. was somewhat lower than those ob-
lower values, with no significant change of the sign served with a bidentate ligand such as ValN®Br

Inversion diagram

6.0 T N — A — S — . — H —
50—t — o T E T B —
{0 Lo A RS Y B P
8.€inv  -{IIIIIIIIIIIY e e e S Ay ps sene vy Al PR b
] T T T f T T 1 ) r T L X»:\..\ ' ' I ' ' '
P S O 52 N S S B
4 1 1 1 1 1 ' 1 1 1 ATpeTeT n H 1 T I ' ' 1
P Lo AR5 S A L I R IR S P
R I A Lo T A I Lo
€., R 5 P w o Lo
SR A N R gl
J ' | h | R T T T \ T | ' i ' TNl
1 0o / Lo AR Lo
In (kFI"’kS) ED 1 i 1 /E;-‘ ] 1 1 1 1 |E " : 1 [l 1 1 ] 1
R Lo R b
! h/‘/f Lo A AR Y ror
10 freierer — — e e —
P HAAS'R ! b oo w P
00 ——F+1 — e 4 e
0,0031 0,0032 0,0033 0,0034 10,0035 0,0036 0,0037
Wi [K']

YTIK] & —m——

Fig. 1. Eyring plot for the enantiomeric excess of the HDA of norbornadieaad phenylacetylena using VaINOP5 (combination (A)
Colp/5/Zn/2a/1: 0.025/0.025/0.25/1.0/1.0).



Table 1
Activation parametersA AH}, AASY for T > T, and AAHS, AASS for T < Tiny for the A-H combinations

Entry System Ty (°C)  e.env (%) AAHf(kcallmol) AAHY (kcal/mol) SAAH* (kcal/mol) AAS¥ (cal/mol/K) AAS) (callmol/K) SAAS (cal/mol/K)

1 A 142+ 14 975+ 04 -180+04 18.2+ 0.7 371+ 1.0 —57.2+ 0.8 718+ 2.6 129.0+ 3.4
2 B 83+16 975+£03 -147+03 15.6+ 1.3 304+ 15 —43.7+£ 1.0 64.1+ 4.8 107.8+ 5.6
3 C 171+ 21 975+ 04 -16.6+ 0.6 1.6+ 0.2 18.2+ 0.8 —48.6+ 2.2 14.2+ 0.9 62.8+ 3.1
4 D 18.3+ 53 952+ 04 —-40+0.1 -13+0.1 27+ 0.2 —-6.5+ 04 27+0.1 9.2+ 0.5
5 E 20.2+ 6.2 950+ 05 -40+01 -18+0.1 22+ 03 —-65+04 1.0+ 04 75+ 0.8
6 F 150+ 0.3 76.6+ 10 —-6.4+0.3 139+ 0.4 20.3+ 0.7 —-18.1+ 1.1 52.3+ 1.4 704+ 2.5
7 G 233+ 15 744+ 06 -06+0.2 —19.4+ 35 —18.7+ 3.8 1.6+ 0.8 —61.5+ 12.2 —63.1+ 13.0
8 H 18.6+ 24 935+ 0.7 -04+0.2 -125+ 1.1 -12.2+ 13 55+ 04 —-36.3+ 3.7 —-41.8+ 4.1

A, 1 eq. VaINOP5/NBD/phenylacetylen®a; B, 1 eq. VaINOP5/NBD/hex-1-yne2b; C, 2 eq. VaINOP5/NBD/hex-1-yne2b; D, 1 eq. VaINOP5/NBD/4-acetoxybut-1-yne
2c; E, 2 eq. VaINOP5/NBD/4-acetoxybut-1-ynec; F, 4 eq. 2-phenyl-1,3,2-oxazaphospholiddiphenylacetylen®a; G, 1 eq. phenylalaNOB/NBD/phenylacetylen&a;
H, 2 eq. phenylalaNOB/NBD/hex-1-yne2b.
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Inversion diagram for studied systems
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Fig. 2. Eyring plot for the enantiomeric excess of the HDA of norbornadierend alkynes2 using ValNOP5. A, Coly/5/Zn/2a/1
(0.025/0.025/0.25/1.0/1.0); B, G#b/Zn/2b/1 (0.025/0.025/0.25/1.0/1.0); C, Géb/Zn/2b/1 (0.025/0.05/0.25/1.0/1.0); D, Cdb/Zn/2c/1
(0.025/0.025/0.25/1.0/1.0); E, G#b/Zn/2c/1 (0.025/0.05/0.25/1.0/1.0).

PhenylalaNOFRS. The same variation was roughly ob-
served, but the inversion point was less high on the served for Inkg/ks). Two half-straight lines were ob-

ordinate axis than with previous mentioned combina- served for the high-temperature part of the inversion
tions when plotting the variation of the enantioselec- diagram, with slopes close to nought, whereas in the

tivity against the reciprocal of temperatured. 3).
Conversely, when PhenylalaN@Rvas used as lig-
and, whatever the acetylene involvéth or 2b) in the

Inversion diagram for studied systems

[2 + 2 + 2] additions, opposite variations were ob-

low-temperature diagram part, the half-straight lines

with positive slopes were observed.

At this stage,

we have no explanation for these variations, but we
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Fig. 3. Eyring plot for the enantiomeric excess of the HDA of norbornadiermed alkynes2 using ligands4 or 6. F, Cob/4/Zn/2a/1
(0.025/0.10/0.25/1.0/1.0); G, Ga#b/Zn/2a/1 (0.025/0.025/0.25/1.0/1.0); H, G#b/Zn/2b/1 (0.025/0.05/0.25/1.0/1.0).
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Isoinversion diagram
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Fig. 4. Determination of the isoinversion temperatlireo for A-H combinations ligand/NBD/alkyne.

presume that the phenyl group of PhenylalaN®P
induce some extra constraints in the transition state.
According to the Scharf's formalisifva], the dif-
ferences in the values @&t AH* andA AS before and
after the point of inversion—in this case, the inversion
temperaturdli,, leads to the isoinversion temperature
Tiso (EQ. (1) which describes the selectivity of a re-
action as a characteristic quantity.
SAAH? = Tigo - SAAST (1)
The plot of the variation o§ AAH* as a function of
S§AAS for all the studied systems, leading to a straight
line (Fig. 4) allowed the determination of thisoin-
version relation. The slope of the regression line fur-
nished thesoinversion temperature Tiso = 287+ 2K
or 144+ 2°C with a correlation coefficient up to 0.99.
The typical behaviour of combinations G and H
could justify the remarks formulated by Hale and Ridd
[9] concerning the generalisation of thainversion
relationship for any systenj7a]. The explanation sug-
gested by Gypser and Norrl0] concerning the lim-
its of applicability of the soinversion principle, seems

andAAS’g is in agreement with Hale and Rid@] and
Gypser and Norrby10] observations. The isoinver-
sion relationshig7] valuable for limited conditions,
could give in the transition area values unrelated with
the observed selectivity, due to the hypothesis formu-
lated and the size of the transition region towards the
full temperature scale selected.

Binger et al.[4] has shown that cationic cobalt
species could be involved in the HDA reactions. The
active catalysts in these new cobalt catalytic systems
were generated using a Lewis acid such asyZnl
or ZnCh with [L,*Coly] to afford cationic species
[L,*Col]*[Znl3]~ or [L,*Col?*[Znl4]?~. Based on
the coordination ability of cobalt to five or more
ligands® a two step process for the formation 8f
can be involved $cheme B[7].

We proposed to consider the reversible formation
of two diastereoisomeric five pentacoordinated cobalt
intermediates8 and ent-8, which can equilibrate
according to the well-knowrBerry pseudorotatioh
[11] andTurnstile rotation mechanisfi[12]. The low

6 At different L, */Co ratio, tridentate ligands, such as CysteNOP

to prove that in a so narrow temperature range, the and ThreoNOOP gave neither cycloadd@mnor NBD dimers.
determination of the activation parameters using the Moreover, trimerisation of alkyn& into aromatic compounds was

global relative ratesk, andks) could lead to values
without any experimental fundamefio].

not observed (unpublished results).
7 The two trigonal bipyramid (TBP) structuré&sand ent-8 are
related to each other by simple rotation, the entire process is called

The case of system A, B, F, G and C characterised perry pseudorotation.

by experimental insignificant high values farASf

8 This alternative is the so-calletTurnstile rotation”.
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Scheme 3. Proposed mechanism for the cobalt-catalysed2[2 2] enantioselective HDA of norbornadierieand alkyne<2.
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