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Ruthenium complexes catalyze a variety of addition or iso- 
merization reactions that are highly atom economical. Termi- 
nal alkynes react with allyl alcohols to form P,y-unsaturated 
ketones that can be readily isomerized to n,P-unsaturated ke- 
tones via transient vinylidene complexes. A cyclization via a 
transient allenylidene complex Concomitant with this addi- 
tion represents a novel way to build heterocycles. Ancillary 
studies with these catalysts revealed an internal oxidation re- 
duction whereby allyl alcohols are isomerized to saturated 

ketones and propargyl alcohols are isomerized to a,p-unsatu- 
rated carbonyl compounds. Consideration of the reaction 
mechanism led to a general Alder ene type reaction wherein 
alkynes serve as the enophile and alkenes serve as the ene 
component. These discoveries have led to a number of effi- 
cient total syntheses of biologically interesting targets. Mech- 
anistic investigations into the activation of a ruthenium com- 
plex led to the discovery of a novel bis-homo-Diels-Alder re- 
action of 1,4-~yclooctadiene. 

A major goal for synthetic chemistry is efficiency. In con- 
sidering the nature of this issue, two main themes emerge: 
selectivity[’] and atom economy[2]. Almost all attention has 

focused on issues of selectivity without too much concern 
about the question, “How much of what you put into the 
pot ends up in the product”? For reasons of both maximal 
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use of raw materials and minimization of production of 
waste, the ideal reaction is a simple addition, if intermolecu- 
lar, or an isomerization, if intramolecular, with anythng 
else being required only catalytically. While most of the 
time, we will not achieve the ideal, we should try to ap- 
proach it as much as possible. As a result, major oppor- 
tunities exist to invent new addition reactions, to expand 
the scope of existing ones, and to develop other reactions 
that minimize the mass of any stoichiometric by-product. 

In considering the utilization of transition metal cata- 
lyzed reactions, we became intrigued by the opportunities 
offered by the general process outlined in eq. 1. In one 
sense, a low valent metal may be viewed as a base that can 
remove the relatively acidic terminal alkyne hydrogen to 
produce 1. The resultant complex represents the reactive 
intermediate for numerous carbon-carbon bond forming re- 
actions illustrated by palladium catalyzed cross-coupling['] 
and addition reactiond4I. A further equilibration generates 
a vinylidene complex 2 whose chemistry in catalytic cycles 
has been extremely sparseL5]. Since it forms so readily di- 
rectly from the alkyne, we became intrigued with its syn- 
thetic potential. Our initial efforts considered palladium be- 
cause we have been quite successful in a number of useful 

H 
I 

R - H + M - R R M  
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1 

H**=M 
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2 

reactions involving 1. Our lack of success encourated us to 
turn our attention to ruthenium because (1) formation of 
vinylidene complexes is well known and (2) there is a dearth 
of catalytic carbon-carbon bond forming reactions involv- 
ing ruthenium in spite of its rich organometallic litera- 
tureL6q71. 

Reconstitutive Condensation of Alkynes and Ally1 Alcohols 

Initial attention focused on the known vinylidene com- 
plex 4L81 whose formation derives from reaction of the ru- 
thenium complex 3 and phenylethyne and whose low reac- 
tivity towards addition of nucleophiles suggested that pre- 
coordination as in 5 may overcome a kinetic barrier that 
may exist as depicted in Scheme 1. In contrast to its lack 
of reactivity with saturated alcohols higher than meth- 
anolrSbl, 4 reacts readily with allyl alcohol to form 8 and 
its isomer wherein the double bond migrated to form the 
conjugated product 9[9]. Transforming this stoichiometric 
reaction into a catalytic one involved simply heating the 
terminal alkyne in excess allyl alcohol as solvent with 6% 3 
and 10% ammonium hexafluorophosphate. Completing the 
isomerization of the P,y-isomer 8 into the a,p-isomer 7 by 
heating the mixture with catalytic rhodium trichloride in 
aqueous THF gave the pure enone 9 in 79% isolated overall 
yield. Mechanistic insight was revealed with two labelling 
studies as shown in eqs. 2 and 3[101. The former indicates 
the carbon bearing the hydroxy group preferentially forms 
the new C-C bond to the terminal alkyne carbon. The lat- 
ter indicates alkene geometry is largely retained. These 
studies support the intervention of a n-ally1 species like 7 
wherein rotation around the ruthenium-ally1 axis is slow 
relative to the rate of reductive elimination and the absence 
of o-ally1 intermediates. 

Scheme 1. A proposed catalytic cycle involving a vinylidene intermediate 
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With a branched allyl alcohol like methallyl alcohol this 
regioselectivity was maintained (eq. 4). Because the rate of 
double bond migration is slowed considerably by the pres- 
ence of the methyl substituent at the a-position, the f~,y- 
unsaturated ketone was readily isolated without impurities. 
However, labelling the double bond as in eq. 5 revealed a 
dramatic difference relative to allyl alcohol since alkene ge- 
ometry was almost totally scrambled. Apparently, placing 

10% 3 
20% NH4PFe 

100 "C 

* 
OH neat 

(4) 

0 
65% 

an alkyl group on the K-ally1 carbon that participates in 
the new C-C bond formation sufficiently slows reductive 
elimination in the analogous complex to 7 that q1 to q1 
isomerization now competes[' l]. 

Although substituents on the double bond are not toler- 
ated, substituents on the carbinol carbon may be quite 
large. For example I-cyclohexyl-2-propenol participated in 
this reconstitutive addition as shown in eq. 6[L2]. While this 
reaction does proceed with ruthenium complex 3 alone as 
the pre-catalyst, addition of silver triflate permits reaction 
to occur in toluene with as little as a 1:5 ratio of terminal 
alkyne to allyl alcohol. 

0 0 

Synthetically, this reaction exhibits extraordinary chemo- 
selectivity in which acetals, esters, saturated and conjugated 
ketones, internal alkynes, alcohols etc. are tolerated. On the 
other hand, it is highly sensitive to steric interactions, toler- 
ating no substituents on the double bond. 

Easy access to a,P-unsaturated ketones, when employing 
ally1 alcohol itself as the reaction partner, permitted cre- 
ation of an entry to the steroid side chain of the gonaderic 
acids, novel ACE  inhibitor^"^], as shown in Scheme 2[l41. 
In this case, the ruthenium catalyst was employed as cata- 
lyst for both the reconstitutive addition and the double 
bond isomerization. Access to P,y-unsaturated ketones with 

Scheme 2. Access to a steroid side chain 

(a) 10% 3, 20% NH4PF6, 1OO"C, 68%. (b) LiCN, DMF, THF, r.t., 
58%. (c) conc. HCI, I O O T ,  69%. 

[". + {pD (5) 
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the a-substituted allyl alcohols led to development of a fac- 
ile furan synthesis exemplified by a practical synthesis of 
the fragrance rosefuran[l51 shown in Scheme 3[161. The for- 
mation of furans follows from the ease of cyclodehydration 
of the diol resulting from dihydroxylation["1 of the p,y- 
double bond, 

Scheme 3. A practical synthesis of rosefuran 

OAc 

-@-is- b 

Rosefuran 

(a) 10% 3, 20% NI&PF6, 100°C, 69%. (b) cat. Os04, NMO, THF, 
t-C4H90H, H20, r.t., then TsOH, r.t., 83%. (c) LiOH, H20, 
CH30H, r.t., 88%. (d) DMSO, 160aC, 54% rosefuran, 13% iso- 
rosefuran. 

Progargyl alcohols bearing a terminal alkyne represent a 
special class of substrates since the initial ruthenium acetyl- 
ide intermediate may effect ionization of the hydroxyl 
g r o ~ p [ ~ ~ ~ ~ ]  rather than protonation of the alkyne as depicted 
in Scheme 4. Indeed, this behavior dominated in the reac- 
tion of the diol 10 with allyl alcohol as shown in eq. 7[191. 
If the capture of the allenylidene complex 11 (Scheme 4) by 
the nucleophile is slow, then isomerization to a vinylvinyl- 
idene complex may compete. A substrate lacking substitu- 

10% 4 
20% NHdPFs 

100°C 
then 

RhCI,. THF. 100 "C 

* PhLo,,.&- + -OH 

OH 
10 

ents that favor cyclization as in the case of diol 12 (eq. S), 
illustrates this competition. The product of tandem allenyl- 
idene cyclization-reconstitutive addition 13 and allenylidene 
isomerization-reconstitutive addition 14 are obtained in a 
nearly equimolar mixture in 69% yield. 

This atom-economical process, wherein the only stoichio- 
metric by-product is water, served as a key to a strategy 
for the synthesis of the spiroketal core of the phosphatase 
inhibitor ( -)-calyculinL2*I (see Scheme 5)[211. Formation of 
the substrate 15 occurred with no control of stereochemis- 
try at the propargylic center. However, ruthenium catalyzed 
cyclization-reconstitutive addition formed a single diastere- 
omer with respect to the tetrahydrofuran ring. Thus, the 
stereochemistry of the propargylic stereocenter of 15 was 
irrelevant to the stereochemical course of the reaction - an 
observation quite consistent with the proposed mechanism. 
Indeed, the examples of eq. 7 and Scheme 5 reveal the excel- 
lent diastereoselectivity of this reaction. 

A Control Experiment 

In the above reactions, an excess of allyl alcohol is re- 
quired for completion of the reaction. Simply treating an 

Scheme 4. A tandem process involving allenylidene-vinylidene ruthenium intermediates 
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allyl alcohol with the ruthenium complex 3 in dioxane un- 
der similar conditions led to smooth and highly chemose- 
lective isomerization of an allyl alcohol without affecting 

13 

other alkenes as illustrated in eq. 9[221 - a type of chemose- 
lectivity not normally observed with other catalysts capable 
of effecting a similar reaction[23]. Extending this reaction 
to allyl alcohols bearing substituents on the double bond 
requires use of the indenyl complex 17[24]. The tautomeri- 
zation depicted opens a valence thereby allowing the ru- 
thenium to accept a sterically more congested substrate as 
illustrated in eq. 10. 

<OH 
12 

HO* 

14 

Scheme 5.  Synthesis of (-)-calyculin spiroketal 

A >  0 0  

15 16 
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(a) DIBAL-H, CH2C12, -78°C; CH2=CHMgBr, THF, 0°C; 
CH3COCH3, TsOH, r.t., 72%. (b) PDC, DMF, r.t.; CF3C02H, r.t., 
68%. (c) 03, CH2C12, CH30H, -78°C add NaBH4 then 
CH3COCH3, TsOH, 90%. (d) DIBAL-H,CH2Cl2, -78 "C then 

K$e(CN)6, K2CO3, t-C,H,OH, H20, 0 "C then N-pivaloylthiazoli- 
din-2-thione, PhCH3, reflux, 84%. (g) HgO, 12, CC14, 70 "C, 67%. 

LiC=CH, THF, -78"C, 92%. (e) 10% 4, 20% NH4PF6, 
CH2=CHCH(OH)CH3, 100 "C, 66Yo. (0 DHQD-PHN, 

CH39 9 H  OA0 
U * 

5mol% 3 
10 mol % (C2H&NHPF6 

93% 

a (10) 

5% 17 

o z o  AcO 

10% (C,H&NHPF, 

86% 100 OC 

The selectivity stems from the mechanism as outlined in 
Scheme 6. Deuterium labeling studies support the intramol- 
ecular delivery of the proton adjacent to oxygen of the allyl 
alcohol to the allyl terminus as depicted. The ability of the 
allyl alcohol to function as the bidentate ligand depicted 
accounts for the requirement of a free allylic alcohol as a 
substrate. 

Appilication of this reaction to a propargyl alcohol in or- 
der to form enals or enones proceeded poorly with indenyl 
complex 17 as did attempts to employ tris(tripheny1phos- 
phine) ruthenium di~hlor ide[~~] .  On the other hand, ad- 
dition of catalytic quantities of indium trichloride served to 
greatly facilitate reaction. An effective catalyst system con- 
sists of 5 mol% of indenyl complex 17, 20 mol% of indium 
chloride, 5 mol% of triethylammonium hexafluorophos- 
phate and 5 mol% of ammonium hexafluorophosphate[26]. 
As shown in eq. 11, a highly chemoselective redox isomeri- 
zation resulted. Once again, isolated double and triple 
bonds are not affected by this catalyst. 

Chem. Bez 1996, 129, 1313-1322 1317 
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Scheme 6. A rationale for redox isomerization of allyl alcohols - 
UI + _.. 

L 

Deuterium labelling studies provided insight into this 
mechanism and revealed that a quite differentpathway was 
involved (see Scheme 7). In particular, the propargylic pro- 
ton ends up on the adjacent alkynyl carbon via a 1,2- 
shift[*’] to form a vinylruthenium complex which undergoes 
protonation at the distal alkyne carbon to liberate the enal. 
The synthetic utility of this sequence is illustrated by the 
sequential palladium catalyzed cross~oupl ing~~~ - ru- 
thenium catalyzed redox isomerization illustrated in eq. 12, 
the latter proceeding in 67% isolated yield. The ability to 
form such sensitive products in this ruthenium catalyzed 
reaction attests to the mildness of the reaction conditions. 

Scheme 7.  A rationale for redox isomerization of progargyl alco- 
hols 

A Proposed Ene Type Reaction 

The intervention of an enone ruthenium hydride complex 
in the redox isomerization of allyl alcohols (Scheme 6 )  sug- 
gested a catalytic cycle as illustrated in Scheme 8. Capture 
of the ruthenium hydride by an external alkyne may provide 
a vinylruthenium complex that sets the stage for its conju- 
gate addition. The net result becomes a synthesis of y,6- 
unsaturated ketones by the addition of allyl alcohols to al- 
kynes. Since capture by the alkyne may require an open 
coordination site on the ruthenium (i.e., loss of the second 
L), the ruthenium complex 18[’*1, which allows opening up 
to three coordination sites, was employed[29]. Heating a neat 
mixture of the allyl alcohol shown in eq. 13 and I-dodecyne 
at 100°C with the ruthenium complex 18 gave a 73% yield 
of a nearly 1 : 1 mixture of a linear and branched product 
corresponding to the two regioisomeric hydrometallations 
of the alkyne[’O]. Performing the reaction in DMF-water en- 
hances the regioselectivity to favor the linear product. The 
regioselectivity of the reaction of methyl 2-nonynoate wher- 
ein the major product involves formation of the new C-C 
bond at the carbon a to the ester (eq. 14) seemed to support 
the proposed mechanism as did the absence of any homo- 
coupling products. Steric hindrance also effects the regiose- 
lectivity of the addition to the alkyne. The steroid substrate 
of eq. 15 formed the linear product as the major one. 

A General Ene Reaction 

The mechanism of Scheme 8 invokes a special role for 
allyl alcohols as the ene component. If this proposal is cor- 
rect, a simple alkene should not serve as the enc compo- 
nent. In contradistinction to this prediction, a simple alkene 
suffices as revealed by the example in eq. 16 in which a 
preference for formation of the branched product exists 
(5.6: 1 branched to linear)[31]. Excellent chemoselectivity for 
reaction of terminal alkynes is observed in that even an an 
activated alkene failed to react (eq. 17). On the other hand, 
disubstituted alkynes are readily tolerated as illustrated in 
eq. 18. 

1318 Chem. Bev. 1996, 129, 1313-1322 



MICROREVIEW Molecular Gymnastics of Alkynes 

Scheme 8. A proposed ene type reaction 

R 

C02CH3 as in eq. 13 
4' T H O -  

100 "C 
76% yield 

-+3 4 0 
2.4 1 

4..,> 

doH as in eq. 14 
100°C - 

0 43% yieM 

0 H 
These reactions refuted the importance of an allyl alcohol 

as a substrate. One possible explanation consonant with 
Scheme 8 was the involvement of a simple q3-allylru- 
thenium hydride as in 19 which would function in a fashion 
similar to the corresponding enone complex of Scheme 8. 
If such was the case, use of a 2-alkene should give the same 
product(s) as a 1-alkene to the extent that the same mono- 
substituted q3-allylruthenium species was involved. To 
minimize complexity, 2-butene was employed. A single re- 
gioisomeric product formed which involved clean allyl 

Chem. Ber. 1996,129, 1313-1322 
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S = solvent 
L = ligand 

as in eq. 14 

90% yield 
3 

as in eq. 14 

70% yield 

CZH502C- 
+ ____t 

v C 0 2 C g H ~  \ 

as in eq. 14 

86% yield 

transposition (eq. 19)[321. If an q3-allyl complex were in- 
volved, then the same product that is obtained from a 1- 
alkene, namely 20, would have been observed and was not. 
This observation invalidates Scheme 8 or a simple variation 
thereof, at least for the more general case. A metallacycle 

as outlined in Scheme 9 is in accord with 
all current information. Considering such a mechanism. the 
absence of homocoupling products, especially of the alkyne 
partners, appears peculiar at first glance. Keeping in mind 
the intrinsically higher reactivity of alkynes compared to 
alkanes, the absence of a low energy reaction pathway for 
a ruthenacyclopentadiene to traverse may lead to its forma- 
tion being reversible and account for the lack of alkyne 
homocoupling. On the other hand, the p-hydrogen elimin- 
ation provides a ready path for reaction of a ruthenacyclop- 
entene, thereby leading to the cross-coupling of an alkene 
and an alkyne to dominate. 

1319 
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- - - asineq. 13 
-+ -  

C~HKOH - -  
1 atmH2 

80 ‘C 

10% (Ph3P)aRhCI C 
PhH-C2H@H 

94% yield 

Scheme 9. Ruthenacyck mechanism of ene-yne addition 

-I+ l+ 

A Lactone Synthesis 
Using a hydroxyalkynoate as an enophile sets the stage 

for a lactone synthesis. Ready access to S-hydroxy-a-p-alky- 
noates by epoxide ring opening created a facile pentenolide 
synthesis (eq. 20)[34]. Interestingly, an excellent selectivity 
exists for formation of the new C-C bond at the carbon a 
to the carbonyl group - a type of behavior that is opposite 
that normally seen for alkynoates and especially in an Alder 
ene reaction. 

Employing a y-hydroxyalkynoate provides direct access to 
2-substituted butenolides (eq. 21)[34*3sI. In this example, the 
annulation occurs twice to form the simple acetogenin (+)- 
ancepsenolide. The lack of any racemization at the easily ra- 
cemizable butenolide carbon attest to the mildness of the 
conditions. The chemoselectivity is clearly demonstrated by 
the annulations of eqs 22 and 23 wherein internal alkenes, 

w3 
0 + Li-GO2C2H5 - 

f3!3% yield 

free alcohols, divalent sulfur, and P-alkoxysulfones were all 
compatible[36]. The former served as the end game of a very 
simple synthesis of the important acetogenin (+)-solamin. 

Ally1 alcohols participate equally well in this lactone syn- 
thesis (eq. 24)[341. Since the initial product of the ene process 
is an enol, tautomerization leads to formation of the ketone. 

The regioselectivity may derive from stabilizing interac- 
tions in the ruthenacycle 21 compared to the alternative 22. 
The internal coordination of the hydroxyl group may be 
enhanced by the delocalization represented by resonance 
structure 21 b. Furthermore, complex 22 may be destabilized 
by a non-bonded interaction of the ester with the remaining 
ligand. This contra-electronic addition of an alkene to an 
alkynoate constitutes a chemo-, regio-, and diastereoselec- 
tive addition as well as being highly atom economical. 

Discovery of a [2 + 2 + 21 Cycloaddition 

In the above reactions utilizing the COD (COD = 1,5- 
cyclooctadiene) complex of ruthenium 18, a very minor 
product invarient with alkenc is always detected. The 
amount corresponds to the amount of catalyst. Concluding 
that a reaction occurs involving the catalyst precursor and 
the alkyne, a mixture of 5-decyne and a twofold excess of 
COD in methanol was heated in the presence of 5 mol% 
18. An 83% distilled yield of the adduct 23a is obtained 
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Molecular Gymnastics of Alkynes MICROREVIEW 

H O E  , ~ 
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5mol% 18 (Ph3P)3RhCI 

CH30H, reflux PhH-CpHjOH 
> 

(22) 
I I ’;o 

Ho 9 

1 atm H2 

Ho 9 Ho 9 

75% yield (+)-SOLAMIN 
HO 

H 
~H~,V*)*CO~C~H~ 

n = 0 65% yield 
n = 2 W !  yield 

CH30H, reflux 

10 mol % 18 * 
DMF-HPO 100 C 

I 86OA yield 

H’d 
22 

(eq. 25) in what proves to be a very general process for 
both internal and terminal alkyne~[*~]. The novel bis-homo- 
Diels-Alder reaction is a highly atom economical approach 
to polycycles. Consider formation of the adduct 23b. The 
starting alkyne stems from the simple addition of acetylene 
to acetone. The COD stems from the nickel catalyzed di- 
merization of 1 ,3-butadiene. Thus, the cycloadduct 23b de- 
rived from just a series of metal catalyzed additions of one 
equivalent of acetylene, two equivalents of acetone, and two 
equivalents of 1,3-butadiene. 

Scheme 10 represents a reasonable rationale for this un- 
usual metal catalyzed Diels-Alder type reaction with a bis- 
homodiene. The importance of a cationic ruthenium species 

5 mol% 18 

‘4 (25) 
23 

83% 
98% 
99% 
97% 

(e) R’ = H, R2 = CH2CH2CH2C02CH3 91 % 

(a) R‘ = R* = C,,H~ 
(b) R‘ = R2 = C(OH)(CH& 
(c) R1 = C2H5. R2 = CH2CH20H 
(d) R’ = CH3, R2 = COZCH3 

Scheme 10. A rationale for a Ru-catalyzed bis-homo-Diels-Alder 
reaction 

-Y 
l+ 

L _i 
S = solvent 
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was supported by the requirement for a polar solvent such 
as methanol or aqueous DMF. In a nonpolar solvent like 
1,2-dichloroethane, no reaction occurred at 70 "C. However, 
addition of silver triflate to this latter system to abstract 
chloride effected smooth cycloaddition. Using a COD rho- 
dium complex, hexafluoro-2-butyne formed a metallacycle 
analogous to 24, providing further support for the mechan- 
ism[37]. The uniqueness of the COD system is revealed by 
the absence of any cycloaddition by either inserting an ad- 
ditional carbon in one chain (i.e., 1,5-cyclononadiene) or 
taking one out (i.e., a 1,4-cycloheptadiene). 

Conclusion 

The special coordination properties of alkynes to metals 
make them excellent substrates for metal catalyzed pro- 
cesses. Insertion into the acetylenic C-H of a terminal al- 
kyne provides a wealth of opportunity for numerous trans- 
formations, some of which involve novel intermediates like 
vinylidene and allenylidene complexes. The rc-system consti- 
tutes an energy rich system to promote addition reactions. 
The result of such behavior is the ability to effect simple 
additions or, at most, loss of small harmless molecules like 
water. The ability to tune ruthenium whereby it can orches- 
trate whatever reaction mode desired represents a true ad- 
venture for the development of atom economical reactions. 
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