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1.1
Basic Aspects of Organic Synthesis with Transition Metals

Barry M. Trost

Chemistry is described as a central science — one in which phenomena are de-
fined at a molecular level. Understanding functions ranging from material science
to biology occurs increasingly at the molecular level. At the heart of such an exer-
cise is synthesis. Designing structure for function requires the greatest flexibility
in putting together the molecular edifice. A key in synthesis is efficiency, which
may be defined as the ability to convert readily available building blocks into the
target molecule in relatively few synthetic operations that require minimal quanti-
ties of raw materials and produce minimal waste.

Synthetic efficiency may be divided into two major sub-categories — selectivity
[1] and atom economy [2]. Four types of selectivity categorize reactions. First, dif-
ferentiation among bond types is termed chemoselectivity. Such selectivity can be
rather simple, such as selective additions to a carbon—carbon double bond in the
presence of a carbon—oxygen double bond or vice versa. Alternatively, such differ-
entiation can be quite subtle, such as differentiating among several carbonyl
groups in the same molecule. Second, orienting reactants with respect to each
other is termed regioselectivity. Markovnikov vs. anti-Markovnikov additions to a
carbon-carbon double bond are classical illustrations. The regioselectivity of the
additions of the equivalent of allyl anions to carbonyl groups represents a continu-
ing contemporary challenge [3].

The remaining selectivity issues revolve around stereochemistry. Controlling rel-
ative stereochemistry, termed diastereoselectivity, is generally simpler than control-
ling absolute stereochemistry, termed enantioselectivity. Because of this fact, a fre-
quent approach to the latter problem is to convert it into one of controlling rela-
tive stereochemistry. In reactant design, such a strategy has given birth to the con-
cept of chiral auxiliaries [4]. While such an approach is useful and practical, its re-
quirement of a stoichiometric amount of the auxiliary clearly defines it as a less
desirable one. Controlling absolute stereochemistry in which the chiral inducing
agent is needed only catalytically is clearly the penultimate goal.

Selectivity helps assure that reactions proceed with minimal byproducts that
must be separated and disposed of. However, it does not tell the whole story. An
additional issue relates to the question of how much of what one puts into a pot
ends up in a product. Too often, this issue, which may be called atom economy
[2], is sacrificed to resolve problems of selectivity. Consider the Wittig olefination
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[5] which was introduced to solve the problem of regioselectivity of introduction of
a double bond. For the synthesis of a methylenecycloalkane, a reagent whose
mass is 357 transfers a unit of mass 14. The remainder of the reagent which con-
stitutes >95% of its original mass becomes byproducts that must be disposed of.
Nevertheless, the uniqueness of the process makes it important. It also indicates
that an opportunity exists for invention of a more atom economical one.

The development of reactions and reagents that achieve both selectivity and
atom economy must be a prime goal of synthetic chemistry. Furthermore, creat-
ing new types of bond forming reactions that also address the twin issues of selec-
tivity and atom economy enhance opportunities for simplification of synthetic
strategies. The ability of transition metal complexes to catalyze organic reactions
constitutes one of the most powerful strategies to address these fundamental is-
sues. Choice of the transition metal combined with the design of the ligand envi-
ronment provide opportunities for electronic and steric tuning of reactivity to a
high degree.

In drawing upon examples from my laboratories to illustrate the principles, I
am giving a personal account of my conversion to the world of transition metals
to solve problems of selectivity and atom economy. The many chapters that follow
provide the readers with the vast scope of the effort throughout the world and the
rewards to date. Allylic alkylation becomes a good starting point [6] since the ini-
tial question is why bother to use transition metal catalyzed reactions when such
alkylations proceed in the absence of catalysts with suitably reactive leaving
groups. The answer to the question is embodied in the concept of selectivity — the
transition metal catalyst provides an avenue for controlling chemo-, regio-, diaste-
reo-, and enantioselectivity not possible in its absence. It also allows use of more
easily handled, generally more readily available, and less noxious substrates.
Other examples will illustrate reactions that are not possible in the absence of a
transition metal. As these reactions are discussed, it will become apparent that a
key phenomenon that underlies much of the ability of transition metals to func-
tion as they do is initial coordination. This prerequisite combined with the issues
of selectivity leads me to compare transition metal complexes to the active sites of
enzymes and to dub them the ‘chemists’ enzymes'.

1.1.1
Chemoselectivity

Consider the reactivity of the bromoester 1 towards nucleophiles (Eq. (1)) [7].
There is little question that simple treatment with a nucleophile in a solvent that
promotes Sy2 reactions like DMF leads exclusively to substitution of bromide
(Eq. (1), path a). On the other hand, employing a solvent like THF in which such
direct substitutions are slower, addition of a Pd(0) complex completely changes
the course of the reaction to substitution of the allylic ester (Eq. (1), path b).
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The phenomenon responsible for the reversal of chemo-selectivity is coordination,
a prerequisite for the Pd(0) complex to effectively achieve ionization. The double
bond proximal to the ester provides initial coordination to Pd(0), which sets the
stage for the palladium to promote an intramolecular ionization of even relatively
poor leaving groups like carboxylates to a z-allylpalladium intermediate as de-
picted in Scheme 1. In the absence of such precoordination, even relatively reac-
tive leaving groups like bromide or iodide remain unreactive towards palladium
under the above conditions.

Whereas main group organometallics preferentially add across polarized unsatu-
ration, notably carbonyl groups; carbametallation when the metal is a transition
metal normally involves addition across a relatively nonpolarized carbon—carbon
unsaturation. This selectivity stems from the preferential coordination of the latter
to the metal. Carbapalladation, a key step in the Heck arylation and vinylation [8],
occurs across carbon—carbon double bonds selectively even in the presence of car-
bon-oxygen double bonds. The fact that unactivated carbon—carbon triple bonds
are better ligands than unactivated carbon—carbon double bonds even allows dis-
crimination between these two types of carbon—carbon unsaturation — a key issue
in an approach to vitamin D and its analogues as illustrated in Eq. (2) [9].
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Scheme 1 A metal-catalyzed allylic alkylation.
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1.1.2
Regioselectivity

Transition metal complexes may control the orientation of chemical reactions.
Allylic alkylations illustrate this phenomenon in an intermolecular case. Whereas,
palladium-catalyzed reactions normally are dominated by steric effects leading to
attack on an unsymmetrical z-allylpalladium intermediate at the less substituted
carbon (Eq. (1)) [10], more electropositive metals like molybdenum [11] or tung-
sten [12] promote reaction at the more electron deficient allyl terminus, which
will be the more substituted one. As shown in Eq. (3), the molybdenum-catalyzed
reaction was employed to make a product which is a fragment of the saponaceo-
lides [13].

Mo(CO)g =z LAH F
# + CHy(COLCH); ——— _—
OAc PhCH3  CH,0,67 ~CO,CH,  ether (3)
reflux HO OH
74%

Directing reactions along regiochemical pathways not possible in a nonmetal-cata-
lyzed reaction constitutes another aspect of transition metal chemistry. Consider
the Alder ene reaction [14] as shown in Eq. (4), path a. By virtue of the mecha-
nism of the concerted thermal reaction, the resultant product between an alkene
and an alkyne is a 1,4-diene regioselectively. On the other hand, migration of a vi-
nyl hydrogen Hjy, can lead to the synthetically particularly useful 1,3-diene, Eq. (4),
path b, which participates in Diels—Alder and other cycloadditions. In this case,
the role of a catalyst would be not only to increase the rate of the reaction and
permit it to proceed at temperatures significantly below its thermal version, which
may permit reactions to proceed which otherwise might fail, but also to redirect
the regioselectivity when desired.
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Using a carbametallation as shown in Eq. (5) as the key C-C bond forming reac-
tion produces an intermediate 2 for which f-elimination of hydrogen can involve
either H, or Hy. The weaker allylic Hy, bond might be anticipated to eliminate
more facilely thereby producing the 1,3-diene. As shown in Eq. (6), this process
can indeed be realized [15] and served as a key step in the synthesis of the isolac-
taranes sterepolide [16] and merulidial [17] in which the subsequent regio- and
diastereoselective Diels—Alder reaction of 2-bromomethylmaleic anhydride intro-
duces all of the remaining carbon atoms in both total syntheses.
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1.13
Diastereoselectivity

Changing the ‘rules’ of reactivity is an exciting prospect offered by transition met-
al-catalyzed reactions. Allylic alkylations nicely illustrate this phenomenon. The
stereochemical rule for Sy2 reactions is substitution with inversion of configura-
tion. Examination of Scheme 1 indicates that a metal-catalyzed reaction effects
substitution with net retention of configuration regardless of the regioselectivity,
i.e. the nucleophile approaches the same face of the allyl fragment from which
the leaving group departed. This result stems from either a double inversion
mechanism (as depicted) [18] or a double retention mechanism (not depicted)
[19]. Equation (7) illustrates employment of this phenomenon for direct substitu-
tion in the elaboration of the steroid side chains of the ecdysones, insect molting
hormones [20]. Another example of this principle is shown in Eq. (8). The diaste-
reoselectivity of the Diels—Alder reaction arising from an endo transition state gen-
erates the all cis isomer such as 3. Cyclization to the quinuclidine system 4, com-
mon in alkaloids represented by ibogamine [21] and catharanthine [22], then re-
quires an Sy2' substitution with retention of configuration which is equally acces-
sible by the transition-metal catalyzed chemistry. The final cyclization to form ibo-
gamine required a new type of reactivity that derived from the Heck arylation but
initiated by an electrophilic aromatic substitution by a palladium(+2) salt and ter-
minated by reductive cleavage of a 0-C-Pd bond. Thus, the availability of two pal-
ladium mediated reactions as illustrated in Eq. (8) created a four-step synthesis of
ibogamine from the Diels—Alder partners.

H SO,Ph

50,Ph PhsP),Pd
Na* CH< (Ph3P)4
CO,CHjg THF
85%
OCH, OCH,
H
o N\/\(Q (CH,CN),PdC, N
n
rdo | (PhaP)sPd N AgBF4
N onon ) — \ ®
H CH,CN N ’ then N
reflux H NaBH, H
3 45% 4 IBOGAMINE

(8)

Controlling relative stereochemistry also applies to sp carbon in terms of alkene
geometry. The geometry of trisubstituted alkenes is difficult to control by most
olefination protocols; whereas, 1,2-disubstituted alkenes are readily available by
such methods in either the E or Z configuration [5]. If the disubstituted alkene
can be specifically converted to a trisubstituted alkene by stereospecific replace-
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ment of a vinyl C-H bond by a C-C bond, a new way to create trisubstituted al-
kenes of defined geometry will be available. Activation of C—H bonds by transition
metals is one of their fundamental reactions. Using pre-coordination to direct re-
gioselectivity, a new strategy for stereocontrolled construction of trisubstituted al-
kenes emerges as illustrated in Eq. (9) using a Ru catalyst [23, 24].

o.

CO2C2Hs i CO2C2Hs

oM 7 "Si(0CzHs)s o Si(OC,Hs)s o

2% (Ph3P)3RuH,(CO) o H,0, o
- —
o PhCHj, reflux o KHCO,4 0
xo 70% °><7 63% %
)
1.1.4

Enantioselectivity

Controlling absolute stereochemistry certainly must be classified as one of the ma-
jor challenges of contemporary organic synthesis. Doing so wherein the asym-
metric inducing entity is used only catalytically is the most effective approach [25].
The pioneering studies of Knowles [26], Kagan [27], and others [25] on asym-
metric catalytic hydrogenation proved the principle that transition metal com-
plexes can indeed achieve excellent enantioselectivity. How far can this concept be
pushed? In all cases of successful enantioselectivity, the bond forming event intro-
ducing stereochemistry occurs within the coordination sphere of the metal. Can
reactions in which the enantiodiscrimination occurs outside the coordination
sphere of the metal also proceed with synthetically useful ee’s? Using the chem-
ists’ enzymes concept, can chiral space analogous to an active site of an enzyme
be created to influence the absolute stereochemistry? Fig. 1 illustrates the concept
in the case of a complex for asymmetric allylic alkylation [28, 29]. This catalyst
system efficiently induces asymmetry via a number of different mechanisms.
Equation (10) illustrates an example of inducing stereochemistry in an ionization
event leading to the synthesis of nucleosides [30]. Since the starting dibenzoate de-
rives from furan in one step, a six step synthesis of the complex of the polyoxin-
nikkomycin complex results. Equation (11) illustrates inducing enantioselectivity
in the nucleophilic addition step wherein an enantioconvergence occurs since
both enantiomers of the racemic butadiene monoepoxide produce the same enan-
tiomeric product [31]. This simple synthesis of vinylglycinol in a protected form
from cheap, commercially available starting materials makes it an excellent build-
ing block. For example, vigabatrin, an anti-epileptic in the S form, is available in
either enantiomeric form in only four steps [32].
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Fig. 1 A chiral pocket for asymmetric induction.
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1.1.5

Atom Economy

While most attention has focused on solving problems of selectivity, that is not suf-
ficient for synthetic efficiency. Consideration of maximal use of raw materials and
minimal generation of waste calls for solutions to be atom economical — i.e. as
many as possible of the atoms of the reactants should end up in the product with
the ideal being the product as simply the sum of the reactants, i.e. the reaction in-
volves only additions with anything else being required catalytically. The serendipi-
tous discovery that a ruthenium complex catalyzed a novel cycloaddition of 1,5-cy-
clooctadiene provides easy entry to the energy rich tricycle 5 nearly quantitatively
[33]. The starting materials are also made by addition reactions — cyclooctadiene
by the dimerization of butadiene catalyzed by a nickel complex [34] and the diol
from acetylene and 2 equivalents of acetone [35]. Thus, a fairly complicated bridged
bicycle arises by a series of three additions from butadiene, acetylene, and acetone.
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Activation of C-H bonds provides prime opportunity to rationally invent new addi-
tion reactions. Equation (9) illustrates one such example. Activation of the C-H
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bond of terminal alkynes allows its addition across ‘activated’ alkynes [36]. Hydro-
gen shuffling by certain palladium complexes allows isomerization of alkynes into
n-allylpalladium intermediates that also leads to additions [37]. Combining these
ideas led to a structurally complex macrodiolide in which the final three steps
were only addition reactions as illustrated in Eq. (13) [37].

OCH3
b paon OTBDMS
CH30,C OTBDMS 3 PalOh _ -
X OCH3 Z X _OAc
// \\ ——————————3 CH30C™
I\ o0
OH c’ ¢ 28 OH
OAc
69%
OTBDMS OTBDMS
o{ro OAc
Z XD o
S Ac  (dba)gPdz»CHCly
—= o cHpe Y o O e CHOLTN
DMAP oH PhP. PhCH, 3
95% o reflux o
0 90% 0
(13)
1.1.6
Conclusion

Opportunities to invent new reactions catalyzed by transition metals to solve prob-
lems of selectivity and to do so with as much atom economy as possible appear
infinite. The range of transition metals and their sensitive response to their li-
gand environment assure the truth of that statement. In the ideal, we can achieve
both objectives, which is clearly what we must strive for. On the other hand, prob-
lems must be solved to meet the needs of society today. Thus compromises must
also be made. Clearly, the practice of organic chemistry today with respect to ac-
cessing sophisticated structures for various practical end uses arose from the avail-
ability of new paradigms for molecular transformations derived from organometal-
lic chemistry. As our understanding of the underlying reactivity principles in-
creases, our ability to rationally invent new synthetic reactions that move us to-
ward the ideal will undoubtedly increase. At this point, it is already clear that cata-
lysts have gone far beyond their traditional function as simple rate enhancers to
become the ultimate arbiter of which path a reaction will take [38].
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