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ABSTRACT
An important first step in making organic reactions more environ-
mentally benign by design requires processes that are, to a first
approximation, simple additions with anything else needed only
catalytically. Since so few of the existing reactions are additions,
synthesis of complex molecules requires the development of new
atom-economic methodology. The prospect for such developments
is probed in the context of ruthenium-catalyzed reactions. Using
mechanistic reasoning, over 20 new processes of varying complexity
have been designed and implemented. While some involved
oxidation-reduction processes, most involved C-C bond-forming
reactions.

A significant goal of green chemistry must be to maximize
the efficiency of use of raw materials and to minimize the
creation of waste. Thus, it is fundamental that chemical
reactions of the form A + B f C + D by necessity generate
two products even though only one, let us say C, is
desired. By definition D is a byproduct. To maximize the
efficiency of such processes, either a use can be found
for D or D must be as small and innocuous as possible.
In the ideal circumstance, D would vanish and the
reaction would become A + B f C, i.e., an addition, with
anything else only needed cataytically. Thus, as a first step
in making chemical manufacturing more efficient, more
use of reactions that are simple additions must be
emphasized.1 It is important to note that there are such
reactions. The Diels-Alder reaction is noteworthy since
it comes close to being almost the truly ideal reaction for
forming C-C bondssit can be chemo-, regio-, diastereo-,
and enantioselective as well as being atom economic.2

Surprisingly, few industrial processes make use of such a
reaction, although it is an extremely important research
tool for the synthesis of complex molecules. Hydro-

formylation, on the other hand, represents an atom-
economic reaction that has gained important use indus-
trially and only limited use in complex molecule synthesis
in a typical research laboratory.3 Catalytic hydrogenation
comes the closest to being an ideal reaction that is
extensively practiced both industrially and academically.4

Unfortunately, in multistep syntheses, very few of the
reactions used, if any, are additions because so few such
reactions really exist. Increasing the number of such
reactions in our toolbox undoubtedly can change that
picture. With this goal in mind, we set out to see if we
can participate in this first-stage endeavor by, to a first
approximation, deliberating inventing addition reactions
wherein anything else is needed only catalytically. In this
Account, I outline the development of our program in Ru-
catalyzed reactions.

Additions via Vinylidene Complexes
In the 1980s, I was struck by a number of reactions in
which terminal alkynes were reported to be converted
either thermally (eq 1, path a), albeit at very high tem-
perature,4 or in the presence of metals5 to the correspond-
ing carbene or metal complexed carbene. While a cyclo-

pentenone synthesis evolved from the former, the extra-
ordinarily high temperatures required made it dubious
that this strategy might lend itself to new reaction
development. On the other hand, vinylidene metal com-
plexes formed under very mild conditions, but the result-
ing complexes normally proved to be too stable and
therefore devoid of reactivity. We were attracted to the
facile room-temperature formation of vinylideneruthe-
nium complexes 2 by the interaction of terminal alkynes
with a complex like 1 (see Scheme 1).6 The low reactivity
of such carbenes led us to speculate about the possibility
of precoordinating a potential nucleophilic alcohol partner
by prior alkene coordination, as might happen with an
allyl alcohol substrate (i.e., 2 f 3 f 4). This addition
creates a metalla analogue of a 1,5-diene 4 that should
undergo a sigmatropic rearrangement to 5 and a reductive
elimination to form 6.7 Indeed, heating a neat mixture of
3-hydroxy-1-butene (excess) and a terminal alkyne 7 in
the presence of catalyst 8 gave the 1:1 adduct 9 as
predicted by Scheme 1 and shown in eq 2.8 The latter,
after dihydroxylation which spontaneously creates a
tetrahydrofuran and dehydration, produces a short syn-
thesis of the fragrance rosefuran.

The requirement for use of excess allyl alcohol led to
the development of a second-generation catalyst. Exami-
nation of the catalytic cycle suggested that a cationic
complex bearing only one phosphine ligand might be
more reactive and allow reactions to proceed at lower
temperatures. As shown in eq 3, addition of an In(3+) salt
to promote C1 dissociation would open a coordination
as well as create a positive charge. Indeed, now more
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nearly stoichiometric amounts of allyl alcohol 10 and
alkyne 11 suffice to give satisfactory yields of the â,γ-
unsaturated ketones (eq 4).9

Propargyl alcohols are known to form allenylidene
complexes 12 with these types of ruthenium complexes

(eq 5).10 Such species are subject to nucleophilic addition

to give adducts such as 13 if an alcohol is the nucleophiles

a vinylidene complex that can enter the catalytic cycle of
Scheme 1.11 In a synthesis directed toward the spirocyclic
core of the calyculins, a tandem cyclization-reconstitutive
addition was developed (eq 6) in which the only stoichio-
metric byproduct was water.12

Redox Isomerization
The initial studies of the reconstitutive addition revealed
that the allyl alcohols were being isomerized to saturated
ketones. Indeed, the chemoselectivity of the process

Scheme 1. A Rationale for Reconstitutive Addition
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makes this process a synthetically useful reaction, as
shown in eq 7.13 Particularly noteworthy is the compat-

ibility of isolated double and triple bonds. A potentially
even more powerful process is the related redox isomer-
ization of propargyl alcohols to R,â-unsaturated carbonyl
compounds. The preferred catalyst for this process is the
indenyl complex 14.14 The example of eq 8 highlights the
utility of the reaction.15a Previously, the transformation

required first a stoichiometric reduction followed by a
stoichiometric oxidation.15b A one-step isomerization ac-
complishes the same transformation!

Mechanistic work reveals that the two processes are
quite distinct. Scheme 2, cycle A, outlines a proposed
mechanism for the case of allyl alcohols. The requirement
for allyl alcohols (the corresponding ethers are unreactive
as in eq 7) and the observation of R,â-unsaturated
carbonyl compounds as minor products in a few cases
support this proposal.13 Redox isomerization of the pro-
pargyl alcohol differs in that an intramolecular 1,2-hydride
migration as shown in eq 9 is the critical step.14

An Ene-Yne Addition
The proposal outlined in Scheme 2 invokes a ruthenium
hydride intermediate 15. Such a species might be diverted
by a hydrometalation of an alkyne to follow cycle B.
Indeed, using a more coordinatively unsaturated complex
16, a simple addition results in the formation of γ,δ-
unsaturated ketones (eq 10).16-18

During these studies using complex 16, a very minor
byproduct was observed that proved to be an adduct of
COD and the alkyne. Indeed, a general [2 + 2 + 2] cyclo-
addition was developed, as shown in eq 11.19 Thus, the
COD does not simply serve as a readily exchangeable
ligand, thereby providing the open coordination sites, but
it literally reacts off of the Ru to open the two coordination

Scheme 2. Mechanistic Rationale for Redox Isomerization of Allyl Alcohols and Its Implication for Creating a Related Process
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sites. The ability to generate such a complex tricycle by
this unprecedented bis-homo-Diels-Alder-type reaction
becomes even more impressive as an atom-economical
process when it is realized that both substrates also derive
by addition reactions, COD by the nickel-catalyzed dimer-
ization of 1,3-butadiene and the alkyne by addition of the
terminal acetylene and ethylene oxide.

If the mechanism of Scheme 2, cycle B, is operative,
an allyl alcohol is required as a substrate. To test this
hypothesis, a simple alkene was employed as a substrate,
as shown in eq 12. Using our first-generation catalyst 16,

the reaction proceeded to form the expected branched
(17b) and linear (17l) adducts in a 4:1 ratio.20 With alkene
19, the regioselectivity with 16 as catalyst was 12.5:1 (eq
13)sa key reaction in a short synthesis of alternaric acid.21

This example also illustrates the excellent chemoselectivity
of the process. Since only two open coordination sites
were anticipated to be needed, complex 18 in the presence
of CSA was examined in the reaction of eq 12. Gratifyingly,
the enhanced steric bulk at the Ru increased the b/l
selectivity to 25/1.22 A third-generation catalyst 20 also
effected reaction at ambient temperature to give good to
excellent regioselectivity (eq 14).23 The ease of access of
this complex and its great generality make it the catalyst
of choice.23

Disubstituted alkynes also may give excellent regio-
selectivity. For example, silyl-substituted alkynes gave only

single regioisomers wherein the new C-C bond formed
at the less hindered alkyne carbon (eq 15).25 Alkynoates

showed a rather unexpected regioselectivity wherein the
new C-C bond formed at the R alkyne carbon.26 Thus,
this reaction provides a heretofore unavailable comple-
ment to the common conjugate addition-type processes
normally expected with R,â-alkynoates. This unorthodox
regioselectivity served as a key aspect in a novel strategy
to the acetogenins, as illustrated in the synthesis of
squamocins using our first-generation catalyst (parviflorin)
(eq 16).27 Even unsymmetrical internal alkynes bearing

only alkyl-type substituents may give rise to excellent
regioselectivity and thus constitute a geometrically con-
trolled trisubstituted olefin synthesis. As illustrated in eq
17, a building block for the total synthesis of callipeltoside
A and its analogues became available by a simple addi-
tion.28 The third-generation catalyst allowed the extension
of this addition to disubstituted alkenes (eq 18).17

These results with simple alkenes are inconsistent with
the mechanism outlined in cycle B of Scheme 2. All of
the results are consistent with a metallacycle mechanism29

as outlined in Scheme 3. While metallacyclopentenes are
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geometrically ill-disposed to undergo endocyclic â-hy-
drogen elimination which accounts for exclusive forma-
tion of the 1,4-dienes, such eliminations have been
reported when exocyclic processes are precluded (eq 19).29

The metallacycle mechanism predicts that when mono-
substituted alkenes are employed, cyclization processes
to form “normal” ring sizes (e.g., 5, 6, 7) cannot proceed
since they require a 1,3-bridge in the metallacycle. How-
ever, if the tether is long enough to allow such 1,3-
bridging, then intramolecular processes become possible.
Indeed, macrocyclizations to form 18-membered or larger
rings proceed readily, as illustrated by the formation of a
25-membered ring in good yield in eq 20.30 The ability to
employ more substituted double bonds with the third-
generation catalyst 20 also allows the normal-sized rings
to form (eq 21, path a).31 This example illustrates the
complementary regioselectivity between the Ru- versus
the Pd (eq 21, path b)-catalyzed cycloisomerizations.32

Cycloisomerizations to form 1,3-dienes, in cases where
1,4-diene formation is precluded, have also been observed.

A Three-Component Coupling
Employing an alkene partner incapable of exocyclic
â-hydrogen elimination has not led to endocyclic â-hy-
drogen elimination, in contrast to the results of eq 19.
However, the vinylruthenium unit appears to be polarized,
as suggested by the depicted resonance structure 21. Such

a resonance structure reactionalizes the R regioselectivity
with conjugated alkynoates. This depiction suggests the

Scheme 3. A Metallacycle Mechanism for Alkene-Alkyne Addition
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ability to add HX across such a double bond if a facile
â-hydrogen elimination is excluded. Indeed, utilization of
a vinyl ketone as the alkene partner in aqueous DMF
effects a useful three-component coupling, as illustrated
in eq 22 and rationalized in Scheme 4.34,35

Utilizing complex 20 as the catalyst allows an intra-
molecular version of the reaction. Thus, the 1,7-enyne 22
produced the diketone 23 at room temperature (eq 23,
path a).36 While the diketone can be easily isolated, direct

base-catalyzed intramolecular aldol condensation com-
pletes a facile bicycloannulation sequence. Performing the

same reaction under anhydrous conditions produced the
4H-pyran 25 exclusively. The somewhat reduced yield
derived from the sensitivity of this product. It is possible
that pyran 25 is the precursor of the diketone 23 by simple
acid-catalyzed hydrolysis.

Another consequence of the resonance considerations
of the metallacycle is the ionization of propargylic sub-
stituents that can function as leaving groups. For example,
if a propargylic alcohol is employed, a reorganization of
the type predicted in eq 24 would be predicted. As shown
in eq 25, such a process indeed occurs.37 The exclusive
formation of enone 26 eliminates consideration of diol
27 (formed as in Scheme 4) as an intermediate followed
by dehydration. Such an intermediate should produce
enone 28 to some extent.

This three-component coupling led to examination of
alternatives to water. Hydrogen halides, specifically HCl
and HBr in the form of aqueous chloride and bromide
salts, might behave analogously to water in Scheme 4. In
the event (eq 26), reaction of an aqueous chloride solution
with an alkyne and enone gave selectively the E-vinyl
chloride 29, not the Z-isomer expected via the mechanism

Scheme 4. A Rationale for Hydrative Three-Component Coupling
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of Scheme 4.38 Scheme 5, cycle A, outlines a rationale
wherein the process is initiated by a typical type of
electrophilically promoted trans addition to the alkyne.35

The affinity of halides for ruthenium suggests that a cis
addition pathway may also be accessible (Scheme 5, cycle
B). Indeed, upon switching to bromide with acetone as
solvent, excellent Z-selectivity was obtained.39 Equation
27 illustrates the evolution of a facile cyclopentenone
synthesis from this three-component coupling to produce
a selective COX-2 inhibitor, 30.40

The working hypothesis of Scheme 5 invokes the
intermediacy of an enolate which is simply protonated.
Can such a species be intercepted by an alternative
electrophile faster than protonation?41 Equation 28 dem-
onstrates the realization of this prediction in both the
trans chlororuthenation (path a) and cis bromoruthen-
ation (path b) processes, respectively.42 This four-com-
ponent coupling creates a great deal of molecular com-
plexity in one step in highly atom-economic fashion.

An Allene-Alkene Addition
The uniqueness of the alkyne as a reaction partner was
probed by considering alternative functional groups re-
taining an sp-hydridized carbon such as an allene.43 To
avoid issues of chemoselectivity in the â-hydrogen elimi-
nation, an enone was considered as the alkene partner.
Scheme 6 proposes a catalytic cycle to form a 1,3-diene,

a useful functionality for further atom-economical addi-
tions. Equation 29 demonstrates the viability of this
proposal.44 The formed 1,3-diene 31 participates well in

a subsequent Diels-Alder reaction with maleic anhydride,
which solvolyzes selectively to form lactone 32 in highly
atom-economic fashion wherein the only stoichiometric
byproduct is methyl acetate.

Scheme 6 proposes a σ-allylruthenium intermediate.
The well-known susceptibility of allylmetal complexes
toward nucleophiles, including ruthenium,45 suggested
that a properly disposed nucleophile might capture the
allylruthenium moiety faster than it underwent â-hydro-
gen elimination. Equation 30 reveals that an alcohol can,
indeed, function as such a nucleophile to form a cyclic
ether concomitant with addition of the enone.46 The

observation that amines normally served as catalyst
poisons for the ruthenium-catalyzed alkene-alkyne ad-
dition led us to believe that amines could not function as
a suitable nucleophile. In complete contrast to that
expectation, secondary amines function extremely well to
form nitrogen heterocycles, as illustrated in eq 31.47
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A Ru-Catalyzed [5 + 2] Cycloaddition
The metallacycle mechanism becomes a basis to propose
new processes. For example, a [2 + 2 + 2] cycloaddition,
as illustrated in eq 32 for a ruthenacyclopentadiene, is

analogous to such processes for many other metals such
as cobalt48 and rhodium.49 Equation 33 illustrates this
process for both an alkene (path a)50 and an alkyne (path
b).51

Scheme 7 raises the question of the effect of a small
strained ring proximal to the alkene. Formation of the

ruthenacyclopentene creates a cyclopropylcarbinyl-
ruthenium system which sets the stage for release of
strain energy by invoking a cyclopropylcarbinyl to
homoallyl rearrangement. Reductive elimination then
completes a [5 + 2] cycloaddition to form a cyclohepta-
diene.52

Equation 34 demonstrates the great facility of this
cycloaddition to form perhydroazulenessthe reactions
frequently being completed within 30 min at ambient
temperature.53 Furthermore, it illustrates the ability to

control the regioselectivity by simple choice of the nature
of the substituent. Complex polycyclic systems can be

Scheme 5. A Working Hypothesis for Three-Component Coupling Involving Hydrogen Halide

Scheme 6. An Allene-Enone Addition
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formed equally well, as illustrated in eq 35, which sets the
stage for the application of this methodology for the
synthesis of complex natural products.54

Conclusion
There are many issues that must be addressed to make
organic synthesis more environmentally benign by
design. One fundamental consideration is the stoichiom-
etry of the process. Until the present, virtually all attention
focused on solving problems of selectivity regardless of
the price that might be paid in terms of atom economys

olefination protocols being a prime example. There is no
reason to believe that selectivity and atom economy are
mutually exclusive goals. The fact that we have barely
begun to probe the possibilities offered by catalysis
broadly speaking and transition metal catalysis in par-
ticular emphasizes that extraordinary opportunities exist
to improve our toolbox of methodologies that are more
atom economical. Our work to date in the organic
chemistry of ruthenium highlights this point. Using just
one type of ruthenium complex, over 20 new reactions
have evolved. Considering how many ruthenium catalysts
can be imagined, the number of reactions yet to be
discovered must be staggering. As illustrated herein,
a semirational process provides valuable guidances

semirational since the proposed hypothesis leading to the
discovery does not always turn out to be the actual
mechanism. This issue must be the first step in
helping to make chemical synthesis more environ-
mentally friendly.

My greatest appreciation goes to an exceptionally talented group
of co-workers who have participated in our ruthenium adventure.
They are individually identified in the references. We gratefully
appreciate the excellent support of our programs by the National
Science Foundation and the General Medical Sciences Institute of
the National Institutes of Health.
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