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Abstract: The power of transition metal catalysis as a tool in organic synthesis is exempli®ed

by the recent progress in the following areas: (i) diastereocontrol of Pd(0)-, Mo(0)-, and Ni(0)-

catalyzed allylic substitution; (ii) Pd(0)-catalyzed asymmetric allylic substitution; (iii)

Hartwig±Buchwald amination; and (iv) Suzuki coupling. Development of novel, bidentate

binaphthyl ligands (MAP) and their unique mode of P,Cs-coordination is also described.

DIASTEREOCONTROLLED ALLYLIC SUBSTITUTION CATALYZED BY Pd(0), Ni(0) AND
Mo(0) COMPLEXES

In contrast to the generally capricious SN20 reaction [1] its Pd(0)-catalyzed version [2] is stereospeci®c

and known to occur via the intermediate h3-complex 2 (M� Pd), arising from allylic esters 1 (X�OAc)

via inversion of con®guration (Scheme 1) [2]. The subsequent reaction of 2 with malonate anion and other

stabilized C-nucleophiles again proceeds with inversion (2 ! 3) [2] giving overall retention, whereas

organometallics and nonstabilized nucleophiles react with retention in the second step (2 ! 5) [2].

Although the Pd(0)-catalyzed reaction is dominated by inversion in the ®rst step (1 ! 2), retention

should also be allowed by purely stereoelectronic effects (Scheme 2), although it may be disfavored by

steric hindrance. The ®rst examples of the retention pathway (1 ! 4) were reported by us [3] and by

Kurosawa [4] (Scheme 3); in both cases the reversal was enforced by precoordination of the catalyst to the

leaving group (1 ! 6) [3,4]. Recently, we have extended this methodology to cyclic allylic substrates in

which the catalyst approach is directed by precoordination to a neighboring group (7 ! 8; Scheme 4)
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[5±7]. Overall, this whole sequence can be summarized as 1 ! 4 ! 5 (Scheme 1). Alternatively, using the

same protocol (involving 9), retention in the second step has been obtained for the Ni(0)-catalyzed

reaction with a Grignard reagent (1 ! 4 ! 3) [5].

Aside from Pd(0), Group 6 complexes have also been shown to catalyze allylic substitution and to give

products of overall retention of con®guration (1 ! 3) [8,9]. Interestingly, there is evidence that the

mechanism for the reaction catalyzed by Mo(CO)6 can differ from that for Pd [10±12]: instead of double

inversion, we have recently demonstrated a double retention pathway for Mo (1 ! 4 ! 3) [11] The

difference between Pd and Mo can be rationalized as follows: while formation of the h3-Pd complex

involves a primary coordination of Pd(0) to the C�C bond followed by extrusion of the leaving group

(10; Scheme 5) as a result of back-donation [2], the reactivity of Mo(0) complexes can be understood if,

instead of coordinating to the C�C bond, Mo is assumed to ®rst associate with the Lewis-basic carbonyl

oxygen of the acetate leaving group, followed by coordination to the C�C bond (11). [11,12] That

Mo(CO)6 acts as a weak Lewis acid is compatible with the effect of altering the Lewis basicity of the

carbonyl oxygen by varying the R in the leaving group: thus, an electron-donating nitrogen atom

(11, R�Me2N) accelerates the reaction, whereas an electron-withdrawing unit (11, R�CF3) retards the

process [11,13]. In stoichiometric reactions, the ®rst step has also been shown to proceed with retention of

con®guration (1 ! 4) [10,12] but the isolated h3-complex 4 is known to react with stabilized nucleophiles

via inversion (4 ! 5) [10,12]. This dichotomy can be attributed to the difference in the nature of the

catalyst/reagent: in the stoichiometric reaction, the intermediate complex is ®rst isolated and then reacted

with the nucleophile, whereas in the catalytic cycle the nucleophile is present at the time of the complex

formation, and may be coordinated to the metal [14].

ENANTIOCONTROLLED ALLYLIC SUBSTITUTION CATALYZED BY Mo(0) AND Pd(0)

Not surprisingly, in view of the standard double-inversion mechanism (1 ! 2 ! 3; Scheme 6),

asymmetric induction in Pd(0)-catalyzed allylic substitution was not straightforward. Note that a chiral

ligand adjacent to the metal (2 in Scheme 6), offers little steric interaction with the approaching

nucleophile so that the degree of asymmetric induction can hardly be expected to be high (vide infra,

however). With Mo(0) catalysts, this scenario may change dramatically: if the double-retention

mechanism demonstrated above were still operating with a chiral ligand attached to Mo (4a; Scheme 6),

then the nucleophile approaching from the syn face (presumably, ®rst coordinating to the metal) should

experience a direct interaction with the chiral ligand, so that high asymmetric induction could be

anticipated.

While this work was in progress, Trost reported the ®rst examples of high asymmetric induction in
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Mo(0)-catalyzed allylic substitution employing cinnamyl carbonate 12, its allylic isomer 13, and their

aromatic and heteroaromatic counterparts as prototype substrates (Scheme 7): with malonate-type

nucleophiles and ligand 22 (Scheme 8), both the regio- and enantioselectivities were excellent. [15]

While Trost's ligand 22 was characterized by two chiral centers and C2-symmetry [15a], we have

investigated ligands such as 23±29, with just one chiral center. To date, 23 proved to be most successful

(with up to 92% enantiomer excess in the model reactions of 12 and 13), which demonstrates that one

chiral center in the scaffold is suf®cient to determine the twist of the ligand coordination and effect high

asymmetric induction [16]. However, the reaction was sluggish with other substrates (e.g. 15 and 16) or

even failed (18±21). We therefore prepared Trost's ligand 22 and screened it with the same substrates.

Surprisingly, we found its limitations to be identical to those of 23, demonstrating that in the use of both

ligands, similar mechanisms must be operating.
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That a number of typical allylic substrates did not react, appears to be inconsistent with the h3-

intermediate and suggests h1-complex as an alternative (Scheme 9) [17,18]. In this case, the asymmetric

induction would then originate from steric bulk within the complex (30).

As a working hypothesis, we can propose the in situ formation of tetradentate complex 31 from 23
(Scheme 9), which would allow the generation of diastereoisomeric intermediates 32 and 33, with the former

regarded as lower in energy. This model is compatible with the formation of 14 as the major product [19].

As explained above, attaining enantioselection in Pd(0)-catalyzed substitution, is dif®cult a priori

owing to the inv-inv mechanism. Thus, even if the catalyst were enantiofacially selective, the two termini

of the n-allyl system in 2 (Scheme 6) appear not to be suf®ciently different to encourage preferential

attack by the nucleophile at one of them. [20] By contrast, if the two coordinating groups were of

suf®ciently different nature, as in 34 (Scheme 10), attack should take place at the n-allyl terminus trans-

related via Pd to the better acceptor atom (e.g. P >N). The ®rst ligands designed according to this

hypothesis were phosphinooxazolines 35, which proved to work extremely well in selected examples

[21]. Other ligands, such as 36, were less ef®cient [22].

We set out to design a new class of binaphthyl P,N-ligands, such as 37 (MAP), that can be regarded as

nitrogen analogues of 36. The synthesis was straightforward, starting with NOBIN (38) [23], whose

N-methylation, followed by the Pd(0)-catalyzed coupling of its tri¯ate with Ph2P(0)H and reduction,

afforded enantiopure 37 in high yield [24±26].

MAP (37) proved to be acceptably ef®cient as chiral ligand in the Pd(0)-catalyzed reaction of allylic

acetates 43 with malonate nucleophiles, giving 44 of up to 73% enantiomer excess (Scheme 11). The

sense of asymmetric induction was consistent with model 45 assuming preferential attack at that allylic,

terminus, which is trans-related to phosphorus via Pd [24]; however, see below for further insight.

NOVEL LIGANDS IN THE HARTWIG±BUCHWALD AMINATION AND SUZUKI COUPLING

As part of improved ligand design, we aimed at preparation of N-aryl derivatives of NOBIN, for which

the Hartwig±Buchwald amination [27] appeared to be the method of choice. After the original

demonstration of BINAP, DPPF, and related bidentate phosphines as suitable ligands for this coupling

(note that Ph3P is ineffective) [27], Hartwig, Buchwald and Fu have independently developed a series of

more ef®cient bulky phosphines [27±30]. It has been argued that, for instance, chelate 46 can easily

expose coordinatively unsaturated Pd (47), thereby increasing the catalyst reactivity (Scheme 12) [28].
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We reasoned that MAP could mimic this behavior in view of the weaker coordination capability of

nitrogen vs. phosphorus so that complex 48 can be expected to generate a suf®cient concentration of 49
[25]. A similar approach was pursued by Buchwald, who synthesized biphenyl analogues of MAP [29a]

and more recently reported on the binaphthyl MAP ligands with P(t-Bu)2 in place of our PPh2 [29b].

Indeed, MAP/Pd complex proved, e.g. to accelerate dramatically the amination of NOBIN

(Scheme 13) [25]. Similar effects have been observed for amination and related coupling reactions

(Suzuki coupling and formation of aryl ethers), both by us [25,31] and by Buchwald [29].

THE UNIQUE MODE OF COORDINATION OF Pd(II) BY MAP AND MOP LIGANDS

In order to shed more light on the mechanism of the Pd/MAP-catalyzed reactions, structural

characterization of the complexes involved was required. To this end, we prepared a complex from

(PhCN)2PdCl2 and (S)-(�)-37. Single-crystal X-ray crystallography of the product excluded the expected

P,N-chelate 48 and revealed its P,Cs-ligating alternative (S)-(�)-50 (Scheme 14 and Fig. 1) [31] whose

formation can be understood in terms of the ligand's enamine-like behavior combined with the known

tendency of Pd to form 5-membered palladacycles in preference to other ring-sizes [32]. In solution, an
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85:10:5 mixture of three species (50, 48 and 49) has been shown to be present by 1H NMR spectroscopy

(Scheme 14). In the NOESY spectrum, exchange cross-peaks between the signals of 50 and 48 indicate a

dynamic equilibration.

Crystallographic analysis of the h3-allyl complex, prepared from (S)-(�)-37 and [(MeCN)2Pd(h3-

C3H5)]� TfOÿ, again revealed the unusual P,Cs-chelate structure (�)-51 (Fig. 1) that exists as a <3:2

mixture of two diastereoisomers (51a,b) resulting from the positioning of the allyl unit (Scheme 15).

NMR spectroscopy con®rmed the presence of the two latter species in solution (in a <1.1:1 ratio), whose

interconversion is slower than the NMR time scale at ambient temperature [31]. The sense of asymmetric

induction discussed above (Scheme 11) [24] is compatible with model 51a (note that here we used the

opposite enantiomer), assuming preferential nucleophilic attack at the carbon trans-related to P via Pd

(Scheme 15) [33].

In contrast to the P,C-chelation by 37, Hayashi's X-ray structure of (36)Pd(prenyl)C1 shows that 36
(MOP) is monocoordinated to Pd by P [34]. However, inspection of this structure revealed that Pd is, in
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Fig. 1 ORTEP diagrams and bonding parameters for 50±52. Hydrogen atoms and TfOÿ are omitted for the sake

of clarity.
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fact, positioned right above the C(1)-C(2) bond with Pd-C(1) and Pd-C(2) distances being 3.38 and

3.50 AÊ , respectively. Hence, on creation of a vacant coordination site (e.g. by loss of chloride), minimal

distortion would permit bonding in a manner analogous to 51. Indeed, we have now found this to be the

case for [(MOP)Pd(h3-C3H5)]� TfOÿ (52; Fig. 1), in which Pd-C(1) and Pd-C(2) distances of 2.34 and

2.47 AÊ were observed by single crystal X-ray analysis, clearly demonstrating h2-coordination [31].

The enhanced reactivity of the Pd/MAP complexes in the coupling reactions may originate from the

presence of the low-abundant P-monocoordinated species 54, in line with Buchwald's suggestion [29]

while the P,C-complex would serve as an inactive reservoir. On the other hand, the P,C-chelate 53 can

also be conjectured as playing a role with the reactivity of Pd/MAP understood in terms of accelerated

oxidative addition (the rate-limiting step [27]) owing to the electron richness of the `palladate' species.

The lack of accelerating effect of 36 (MOP) [25,35] (which tends to avoid bidentate coordination in the

presence of Cl ligand [34]) seems to support further the importance of P,c-coordination of 37 (MAP), at

least in some parts of the catalytic cycle [36]. Furthermore, we have recently found the reaction of (6)-

(1-2H)-cyclopent-2-enyl pivalate with NaCH(CO2Me)2 and (S)-(�)-51 (5 mol%) to proceed with 88%

regiochemical retention and nearly identical results were observed with 36 (MOP) [31]. This powerful

memory effect [31,37] proved to be eroded by the presence of Clÿ (5 mol%), which can be understood in

terms of accelerated collapse of an ion-paired [38] intermediate [h3-(c-C5H7)-PdL]� [O2C-tBu]ÿ

(L�MAP or MOP in P,C-mode) and chloride-catalyzed diastereoisomer equilibration [31b]. Moderate

kinetic resolution (kR/kS > 4±7) [31b] and high catalyst stability further support bidentate coordination of

MAP and MOP, since a less rigid monodentate ligation would be unlikely to effectively discriminate

between enantiomers.

CONCLUSIONS

Our contribution to diastereo- and enantiocontrol in Pd(0)-, Ni(0)-, and Mo(0)-catalyzed allylic

substitution has been summarized. New chiral ligands for asymmetric, Mo(0)-catalyzed allylic

substitution have been developed and their mode of action discussed. P,N-binaphthyls 37 (MAP) have

been developed as a new, promising class of chiral ligands to be used, e.g. in Pd(0)-catalyzed allylic

substitution, Hartwig± Buchwald amination, Suzuki coupling, and related reactions. Their Pd complexes

50 and 51 have been structurally characterized both in the solid state and in solution, and shown to be

P,Cs- rather than P,N-chelates. This unique feature is regarded as an important factor governing the

activity of MAP-derived catalysts. Complex 52, obtained from 36 (MOP), exhibited h2-chelation of Pd

between P and C(1)�C(2).
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