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Abstract: The complete catalytic cycle of the reaction of alkenes and alkynes to dienes by Grubbs ruthenium
carbene complexes has been modeled at the B3LYP/LACV3P**+//B3LYP/LACVP* level of theory. The
core structures of the substrates and the catalyst were used as models, namely, ethene, ethyne, hept-1-
en-6-yne, (MezP).Cl,Ru=CH,, and [C,H4(NMe),C](Me3sP)Cl,Ru=CHs,. Insight into the electronically most
preferred mechanistic pathways was gained for both intermolecular as well as for intramolecular enyne
metathesis. Alkene metathesis is predicted to proceed fast and reversible, while the insertion of the alkyne
substrate is slower, irreversible, and kinetically regioselectivity determining. Ruthenacyclobut-2-ene structures
do not exist as local minima in the catalytic cycle. Instead, vinylcarbene complexes are formed directly.
The alkyne insertion step and the cycloreversion of 2-vinyl ruthenacyclobutanes feature comparable predicted
overall barriers in intermolecular enyne metathesis. For intramolecular enyne metathesis, a noncyclic alkene
fragment of the enyne substrate is first incorporated into the Grubbs catalyst by an alkene metathesis
reaction. The subsequent insertion of the alkyne fragment then proceeds intramolecularly. Alkene
association, cycloaddition, and cycloreversion to the diene product complex close the catalytic cycle. Rate
enhancement by an ethene atmosphere (Mori's conditions) originates from a constantly higher overall alkene
concentration that is necessary for the rate-limiting [2 + 2] cycloreversion step to the diene product complex.

Introduction metathesis reactions have been reported, both with*fiastd

second-generation Grubbs cataly$tEormally, the two meth-

Ruthenium carbene complexes have been investigated ag ylene fragments of the alkene add across the alkyne triple bond,

catalysts for numerous alkene transformation reactidhimss
metathesis (CM3 ring-closing metathesis (RCM), acyclic diene
metathesis (ADMET), and ring-opening metathesis polymeri-
zation (ROMP) reflect the diversity of alkene metathesis
reactions. Their mechanisms are based on the facile P
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Chem.2002 67, 4441. For further examples, see review 6a.

(8) (a) Stragies, R.; Schuster, M.; BlechertAfgew. Cheml997, 109, 2628;
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converting it into an sp-sg? single bond of the conjugated diene  optimizationst” For ruthenium, a Hay-Wadt small effective core

product. potential replaces the 28 innermost core electtéi$e basis set on
ruthenium has doublé&-quality for geometry optimization (contraction
_/_R- [Ru]=CHPh /) scheme{331/311/3}) and triple¢ quality for single-point energy
R—=——H + = —_— '}_(HW\R' calculations (contraction schen§8211/2111/211}). Full geometry
optimizations and analytical vibrational frequency calculations have
been performed for all model compounds on the B3LYP/LACVP* level
PCys Mes~NsAN-pes of theory. Exactly zero imaginary vibrations characterize stationary
[Ru]=CHPh = Ru“écc:lHPh Ru‘;CCI:HPh points; transition structures are characterized by exactly one imaginary
Cl/T C|/T vibration. Visual inspection of imaginary vibrations was performed with
PCys PCy; the Molden program packatfeand geometry optimizations from

slightly distorted transition-state structures ensured the assignment of
the two corresponding local minima. Single-point energies were
computed analytically with the LACV3P* basis set, which is
characterized by the 6-311G**basis set for main group elemetit¥®

While B. M. Trost and co-workers have successfully studied
the mechanism of the palladium-catalyzed enyne metathesis
reaction;* the mechanism _Of the ruthenium C_arbene analogue and by a diffuse d function for ruthenium (coefficient 0.042). A self-
has yet ‘9 be unrgveléé.V|nyIcarbelne ruthenium complexes consistent field energy convergence threshold of 105 a.u. was
are likely intermediates of the reaction. The closest structurally gppjied for single-point energy calculations. The Gibbs free energies
isolated complexes arg-vinylcarbene ruthenium complex#s. G refer to 298.15 K and 1 atm and are based on unscaled molecular
However, the latter have been characterized only with sterically vibrations and ideal gas-phase conditions. Overall free activation
demanding alkyne substrates. Thedeinylcarbene ruthenium energies of investigated catalytic cycles are based on Gibbs free-energy
complexes display a high thermal stability, but their catalytic differences between the rate-limiting transition-state structure and the
inactivity does not support an important role as catalytic catalystresting state. Free activation energies of single steps are based
intermediaté3 Ruthenacyclobut-2-ene derivatives are commonly ©" Gibbs free energy differences between the respective transition state
assumed as intermediates but have neither been isolated noptructure and the originating local minimum. In this study, the word
even been detected spectroscopically. The mechanistic Origin“barrier” is used sometimes as a synonym for Gibbs free activation

" .27 energy.
of the beneficial effect of an ethene atmosphere (Mori's

diti ¢ di . lectivit d rat h t The coordination and dissociation of alkene, alkyne, and phosphane
conditions) toward increasing selectivity and rate enhancemen ligands at ruthenium fragments proceed without intrinsic barriers. Scans

in the enyne metathesis reaction has also to be addr&ssbd. of the energy hypersurface were performed to ensure the nonexistence
questions of the identity of the catalyst resting state, the rate- of transition states for these processes. Dotted lines in energy diagrams
limiting step, and the selectivity-determining step also have yet indicate the lack of enthalpic barriers for association or dissociation
to be unraveled. In this DFT study, we report on the complete reactions and an entropic contribution to the Gibbs free activation barrier
mechanistic cycle for the intermolecular enyne metathesis of presumably 2630 kJ mot™.

catalyzed by Grubbs complexes. Furthermore, intramolecular The computation of the pathways for the intramolecular enyne
enyne metathesis is modeled for second-generation rutheniummetathesis reaction do not include rotation steps around cadashon

carbene catalysts. single bonds, as indicated by undulatory lines in energy diagrams.
The accuracy of the comparison of computed relative energies of
Computational Details ruthenium model complexes with relative energies of experimental

“real” ruthenium complexes is influenced by the gas-phase restriction
of the model complexes, the steric simplification of the NHC ligand
and the substrate, and the intrinsic inaccuracy of the functionals and
basis sets. As a result, the predicted overall barriers appear to be slightly
overestimated compared to the experimental reaction conditions. The
(10) (a) Weskamp, T.. Schattenmann, W. C.: Spiegler, M.: Herrmann, W. A. computed rel_atlve free energ_les_of 14 valence electron ruthenium
Angew. Chem1998 110, 2631; Angew. Chem., Int. EA.998 37, 2490. complexes with a lower coordination number feature presumably the
(b) Huang, J.; Stevens, E. D.; Nolan, S. P.; Petersen, J.1Am. Chem. largest deviations, since entropic effects of the solvation of free ligands
50¢.1999 121, 2674. (c) Weskamp, T.; Kohl, F. J., Hieringer, W.; Gleich, 54 g pstrates are proposed to have a considerable infléiefibe.

D.; Herrmann, W. A.Angew. Cheml999 111, 2573;Angew. Chem., Int. : .
Ed. 1999 38, 2416. (d) Scholl, M.; Trnka, T. M.; Morgan, J. P.; Grubbs,  used quantum-chemical methodology was validated both structurally
R. H. Tetrahedron Lett1999 40, 2247. (e) Scholl, M.; Ding, S.; Lee, C. and energetically (see Supporting material).
W.; Grubbs, R. HOrg. Lett.1999 1, 953. g y( PP g )

(11) (a) Trost, B. M.; Tanoury, G. J. Am. Chem. S0d.988 110, 1636. (b)

The B3LYP/LACV3P**+//B3LYP/LACVP* level of theory® as
implemented in the Jaguar 4.1 quantum chemistry program paékage
has been utilized throughout this study. For N, C, P, Cl, and H, the
6-31G* basis set of Pople and co-workers was used for geometry

Trost, B. M.; Trost, M. K Tetrahedron Lett1991, 32, 3647. (c) Trost, B. Discussion

M.; Trost, M. K. J. Am. Chem. Sod991 113 1850. (d) Trost, B. M,; . . . .

ghgn% V. Eﬁynthgsggga %4. (5ez)9T4rosft, $. Mt.; \éa_nﬁl, l\;l1 HoAfJggteEn, We were mainly interested in the electronic preferences of
Angew. Chem1903 105 f13O§Angew'_ (c)he;ﬁf int Ed Engloo3 32 the catalyst and the substrates on the mechanism of the title
1085. reaction. Therefore, we neglected steric effects and influences

(12) The precatalyst mixture [Rugjb-cymene)J2N-heterocyclic carbene precursor/
4CsCQO; also possesses enyne metathesis activity. (a) Semeril, D.; Bruneau,

C.; Dixneuf, P. HAdv. Synth. Catal2002 344, 585. (b) Ackermann, L.; (17) (a) Hehre, W. J.; Ditchfield, R. J.; Pople, A. Chem. Phys1972 56,
Bruneau, C.; Dixneuf, P. HSynlett2001, 397. (c) Semeril, D.; Bruneau, 2257. (b) Hariharan, P. C.; Pople, J. Pheor. Chim. Actd 973 28, 213.
C.; Dixneuf, P. H.Helv. Chim. Acta2001, 84, 3335. The mechanism of (c) Frisch, M. J.; Pople, J. A.; Binkley, J. S. Chem. Phys1984 80,
catalysts without active carbene ligand is not investigated in this study. 3265. (d) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, I.AChem.
(13) Trnka, T. M.; Day, M. W.; Grubbs, R. HDrganometallic001, 20, 3845. Phys.198Q 72, 650.
(14) Mori, M.; Sakakibara, N.; Kinoshita, Al. Org. Chem1998 63, 6082. In (18) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
its footnote 7, the authors state that a faster-[2] cycloaddition of the (19) Schaftenaar, G.; Noordik J. B.. Comput.-Aided Mol. De200Q 14, 123.
alkene compared to the alkyne substrate would also be in accordance with (20) (a) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. ¥. R.
the experimental observations. Comput. Cheml983 4, 294. (b) McLean, A. D.; Chandler, G. $.Chem.
(15) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Volko, S. H.; Wilk, Phys.198Q 72, 5639.
L.; Nusair, M.Can. J. Phys198Q 58, 1200. (c) Lee, C.; Yang, W.; Parr, (21) (a) Cooper, J.; Ziegler, Tnorg. Chem2002 41, 6614. (b) Tobisch, SI.
R. G.Phys. Re. B 1988 37, 785. Am. Chem. So@004 126, 259. (c) Straub, B. F.; Gollub, @hem. Eur.
(16) Jaguar 4.1, release 59; Sdttirger, Inc.: Portland, OR, 2001. J. 2004 10, 3081.
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N 24 S \
AN +CH, Ri=( +CoHy < 7
o ot M A +CHy + PMe
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Figure 1. Energy diagram for ethyne insertion into a=R@ bond in intermolecular enyne metathesis.

Grel + —Ny_N—
(298.15K oY
1 atm) —NNAN~ Ry C! +PMe;,
[kJ mol""] Ts\-C' +CoHy NN oz
Ru" + PMe; T )/‘/
fol/ . Ru\‘..m +PMe; V%
| =);;|=/\ 12
8 1 -627 505
70.9 Il(’_/w
-86.1
o T N FoN
Fam . T ~Ny—N—
_Ny—N— _NyN— ) AN _H)‘.:Ru“‘CI Cl
N — Ru"
T . +ct T o w1368 o7} o
~—Ru"  +PMe; Ru™" " — PMe,
a’ —/o =
\ 10 +CaHe 13 +PMe;
7 9 +CyHy + PMe;
Figure 2. Energy diagram for vinyl group rotation and {2 2] cycloaddition of ethene and a vinylcarbefrathenium complex in intermolecular enyne
metathesis.
of substrate substituents by appropriate choice of our model :
system. Our electronic core system is based on the model (29§r:|5|< ~NAN~
substrates ethene, ethyne, or hept-1-en-6-yne on one hand and p a'tm) /,Ru\\-'C' + PMeg
on PMe, CH, and the N-heterocyclic carbene (“NHC”) [kJ mol'] A
spectator ligand derived fromN,N'-dimethylimidazolidine as
ligands at the ruthenium center on the other hand. Steric 322
repulsion between the NHC mesityl substituents and substrate -41.5
substituents of course influences significantly stabilities of [\
intermediates and barriers within the catalytic cycle. It is our 699 /N\T’ o 818
goal, however, to provide theoretical information about intrinsic — Ru“ﬂ;' N/‘\N
electronic barriers without steric effects. Only by understanding /N7N\ c/L - j/’ oy
of the basic mechanism can large steric effects in experimental ! =/ /Ru“
enyne metathesis reactions be identified as what they are. o7 +PMes 15 + P c 4 :
Content of the Study. The first part of this study (Figures 1 fPMeyt A

1-4) reports on the mechanism of the intermolecular enyne
metathesis. Alkene metathesis (Figure 5), alkyne polymerization
side reaction (Figure 6), relative orientation of alkene, alkyne,
and carbene ligands (Figure 7), a nonproductive (“dead-end”) model is shown. The relationship of thé 2eeaction and enyne
equilibrium (Figure 8), the regioselectivity issue (Schemes 3 metathesis is discussed in Scheme 7.

and 4), as well as an alternative, highly disfavored pathway The second part of this study reports on the mechanism of
(Figure 9) are considered for a complete picture of the the intramolecular enyne metathesis with second-generation
intermolecular title reaction. The influence of steric congestion Grubbs catalysts. Two pathways have been investigated: Alkene
on the stabilities of vinylcarbene coordination modes is presentedmetathesis followed by alkyne insertion features a lower overall
in Scheme 5. The computed pathways of a first-generation barrier (Figures 1612). The influence of alkene substituents
Grubbs model system will be discussed only shortly in Table on the barrier for liberation of the diene product from ruthenium
1. In Scheme 6, an additional intermediate and transition statevinylcarbene complexes is presented in Table 2. Alkyne insertion
in the alkyne insertion sequence by a first-generation catalyst followed by alkene metathesis is disfavored (Figures 13 and

Figure 3. Energy diagram for [2+ 2] cycloreversion in intermolecular
enyne metathesis.

7446 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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Figure 4. Ball-and-stick models of intermediate$, 5, 7, 9, 11, 13, and15) and transition state$(8, 12, and14) of the computed catalytic cycle.

14). The latter pathway, however, can still be operative in some remains constant, and the thermodynamic entropy gain is
ring-opening metathesienyne metathesis reactions. General realized only after complete phosphane dissociation. The
mechanistic proposals are finally summarized in Figure 15 for overestimation of entropic effects in the gas phase and the used
intermolecular enyne metathesis and in Figure 16 for intramo- level of theory might further contribute to the underestimation
lecular enyne metathesis. of the ruthenium bond strength. These effects will only have a

Intermolecular Enyne Metathesis. First, we discuss the  secondary effect on a computed overall barrier, since the
mechanistic pathway for the intermolecular enyne metathesis ruthenium coordination number is the same in the catalyst resting
with a model complex for a second-generation Grubbs caf#lyst. state and in the rate-limiting transition state: The coordination
The energies of the catalyst mode&nd the free substrates are  strength of ethyne is presumably equally underestimated. The
taken as a reference for other energies and thus normalized ttinding energy of ethyne in complékhas a similar order of
zero. The rotation of the methylene unit around the=Ruaxis magnitude as the entropic contributions for this associative step.
in the almost degenerate structutemd3 has a very low barrier  The insertion of the ethyne ligand into the ruthenium carbene
via transition stat@ (Figure ). Indeed, steric effects determine )it features an overall Gibbs free activation energhGf =
the ozr;entation of the carbene fragment in experimental sys- 105 1 kJ mot™. The corresponding transition statstructurally
tems: _ o resembles that of a [2 2] cycloaddition step. However, the

Grubbs catalysts are known to undergo dissociative ligand ring strain associated with an %ps? double bond in a

d i iati . .

exchangé After phosphane dissociation to the 14 valence hynothetical ruthenacyclobut-2-ene structure leads to the im-
electron complex, ethyne coordinates to the ruthenium center | adiate rearrangement to thisoid-vinylcarbene complex.
trans to the NHC (\-heterocyclic carbene) spectator ligand.  oyera|l, the ethyne insertion features a high barrier in the
Experimentally, Grubbs et al. determined an overall activation intermolecular enyne metathesis pathway. Nonetheless, the

) . 1 . o
barne:jofAG N 96 II;J mo; fc_)r phosphalne glssomatlonlg( a ethyne insertion is a highly exergonic process and represents
second-generation Peyuthenium phenylcarbene compleXx. the only irreversible step in the catalytic cycle. Remarkably,

The thermodynamic binding energy of the phosphane ligand in this slow insertion step vi with its high barrier is responsible

the model compled is pre;umably underestlmatgd. _However, for the release of the Gibbs free energy of the complete catalytic
the number of molecules in the phosphane elimination process

cycle.
(22) Lippstreu, J. J., Diploma Thesis, Ludwig-Maximilians-Univétditéinchen, Ruthenacyclobut-2-enes in enyne metathesis were generally
2004. .. ; ; :
(23) Firstner, A.; Ackermann, L.: Gabor, B.; Goddard, R.: Lehmann, C. W.: assumed as catalytic m_termedlates in analc_)gy to the ruthena
Mynott, R.; Stelzer, F.; Thiel, O. RChem. Eur. 2001, 7, 3236. cyclobutane fragment in alkene metathésisowever, the

J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005 7447
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increased ring strain due to two?sgarbon centers (ideal angle Gral — *
of 12¢°) instead of two spcarbon centers (ideal angle of about (298.15K —NN~
109) destabilizes ruthenacyclobut-2-enes. Additionally, a pro- 1 atm), 1/\\«‘3' TG
ductive, highly exothermic ring-opening rearrangement to [ mor] C|//u\, ' H
vinylcarbene complexes enables unsaturated four-membered S
cyclic metal fragments to overcome their ring strain. As a result, 711 761 7
trans-dichloro ruthenacyclobut-2-enes are only transient struc- ’ 411
tures with a lifetime of a molecular vibration (Scheme 1). 495 KoY
Scheme 1. Mechanistic Difference of Alkyne Insertion into a /N/\_/\N\ T.e‘c' H M\
Ruthenium Carbene Bond vs Alkene Cycloaddition with a T;C' H :g;:; /T”=<H NN~
Ruthenium Carbene /R“ T PMe; =16 von l/u‘\"ol
[Ru!%“: — [RL;]“\~; } i - <:[Ru} ) ¢ ' Plzwez; C|/<> +CoH,
Y &/ \ 18 +PMes
Figure 5. Energy diagram for alkene metathesis.
= — [ P b e, ok
L H N (298.15 K 240 —NN—
_ 1 atm) T ol
. . . - S [kd mol] =R
The facile rotation of the vinyl group in intermediafevia V/
transition state3 results in the central intermedia®e(Figure -95.0 7
2). Because of its low ruthenium coordination number, phos- ) 20 +cpH,
phane as well as ethyne and ethene can coordinate to the metal /N?N\ . +PMe;
center. PMgaddition yields complex0, an alternative catalyst — Ny N—
resting state besides starting comple¥thyne coordination is =/a" T LGl 1S
the first step for alkyne oligomerization or polymerization (vide 9 +CH, CI/R“—/ :
infra). Ethene addition to theansoidvinylcarbene comple® +Caty 19 +Pie; 21
yields intermediatel 1, which easily undergoes a reversible [2 + Pies I
+ 2] cycloaddition via transition statd2 to the 2-vinyl
ruthenacyclobutane complé?3. Figure 6. Energy diagram for ethyne insertion/alkyne polymerization as a

In a [2+ 2] cycloreversion reaction, the four-membered cycle possible side reaction in intermolecular enyne metathesis. An exkia C

of intermediatel3yields either its precursdrl or the butadiene ~ Nas been added, and the Gibbs free energies have been normalized to be
. . . . consistent with the energy data of FiguresSland 79.

complex15 (Figure 3). Intermediaté5 is unstable, both with
respect to its isomeric ethene complekand ruthenacyclé3 comparison of the structures, relative energies, and barriers with
as well as with respect to the dissociation of the diene ligand. those of enyne metathesis at the same level of theory (Figure
The cycloreversion process from ruthenacytdto butadiene 5). The coordination strength of the ethene ligand in complex
complex15is characterized by a higher free activation energy 16is lower than that of ethyne in compl&xThe cycloaddition
than the cycloreversion from ruthenacyt®to ethene complex  step of ethene and ruthenium carbene, however, proceeds very
11 The electronic interaction of the vinyl substituent with a easily.
carbene ligand in moddll is energetically more valuable than So far, we have investigated the coordination of phosphane
the mesomeric stabilization of the same vinyl group in the diene and ethene to the 14 valence electron fragn®eftoordination
ligand in 15 by AG = 21.2 kJ mot®. Overall, the activation of ethyne to complef9 opens the path for one step in an alkyne
energy from phosphane complé&g to the butadiene complex  polymerization side reaction (Figure 6). The insertion of ethyne
15 amounts toAG* = 104.6 kJ mot®. This barrier is almost into the vinylcarbene ruthenium bond in transition state
identical to the overall barrier associated with the ethyne results in an elongated unsaturated chain in the carbene ligand
insertion stefd. For intermolecular enyne metathesis, we thus of complex21.
can neither assign unequivocally the rate-limiting step (ethyne The overall barriers of ethyne insertion steps appear to be
insertion6 or cycloreversiornl4) nor the catalyst resting state  generally 26-30 kJ mot? higher than ethene cycloaddition
(phosphane complexdsor 10). Dissociation of buta-1,3-diene  barriers. For example, this assumption holds true for the
releases the reaction product and completes the catalytic cyclecompeting reactions at the vinylcarbene comp@&xEthene

by formation of the active carbene compldx The model cycloaddition in structuré1 has an overall free Gibbs activation
reaction releases an overall free energyA® = —123.3 kJ energy ofAG* = 86.3 kJ mot?, which is the energy difference
mol~L. between structurd0 plus ethene and transition stat@ plus

Ball-and-stick models of all intermediates and transition states phosphane. Ethyne insertion in complEXxrequires an overall
of the catalytic cycle are shown in Figure 4. The active carbene free Gibbs activation energy ?fG* = 112.8 kJ mot?, which
fragment switches from the “right” side of the ruthenium model is the energy difference between struct@@eplus ethyne and
complexes to the “left” side between structu@snd 7 and transition state20 plus phosphane.
back to the “right” side between structur&® and 14. The significantly higher barriers for alkyne insertions than
Alkene metathesis has already been investigated by severafor alkene metathesis reactions are not surprising. Hansen,
guantum-mechanical studié®onetheless, we wish to shortly ~Chang, and Lee et al. found that 1,3-enynes indeed display
present our results concerning this reaction for a better intermolecular alkene metathesis activity, thereby maintaining
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Scheme 2. Intermolecular Alkene Metathesis with Conjugated I\ I\ I\ 3
Enynes Discovered by Chang et al.?4 —Ny N —Ny N —Ny N
R—— R T\\\.o!\H T‘\,CIH \l/‘\‘.m H
Y+ = RUE) Ru=( Ru==(
" 7, H 7, H 7] H
/_/R.. R a’yy N a’Zl
R—= A [Ru]=CHPh -
o s UG e % sl
R=a§g!ﬁsubsltitﬁ(entwfirthout " RVW\>_</:R Groi = 8 Gre = s G = 8
adaitional alkene fragment; p— rel rel rel
S:fgf'ldE'?"=CHzSnga or R 53.7 kJ mol! 61.8 kJ mol”! 84.4 kJ mol”!
) M\ M\ /\
the C-C triple bond (Scheme 2}. Intramolecular enyne /NTN\ /N?N\ /N\T/N\
metathesis, however, is observed in 1,n-diene-3-ynes 10 1.on oK 1w
or 15)24¢ I1H NMR investigations just recently provided evidence a”l :H C'/} H C/} H
. . fr— VY
for fast alkene metathesis and comparatively slow enyne o 7 o
. + C,oH +
metathesig® 16 Iphe, 180 1ph2 16c 5,
Why is the overall ethyne insertion barrier so high? Ethyne Gra= Gro = Gu=
. . " " i
binds strongly to the ruthenium center, stronger than does ethene. 7iAKImort 767 kimorT 751 kJmol
Figure 7. Relative Gibbs free energies of methylene, ethyne, and ethene

However, the high intrinsic insertion barrier in the ethyne
. . . rotamers.
complex overcompensates this strong ethyne coordination. The

high rotation barrier of the ethyne ligand around the ethyne -

ruthenium axis mainly contributes to the high insertion barrier

(Figure 7). Stable rotameric minima in ethyne complexes feature +PMe;

an alkyne orientation orthogonal to the ruthenium carbene

moiety. A parallel orientation is destabilized by more than 30

kJ mol-1. However, such a parallel orientation is mandatory

for the ethyne insertion to proceed. The analogous rotation of

the ethene ligand is almost degenerate. Its most stable minimum /N/\_/\N\ NN )

structure features a parallel orientation of ethene ligand and RuC + PMes B .\c| - \T/N\

ruthenium carbene fragment. =c./<> c '\Z‘Tj <—>CI/}:(u‘u-CI + PMe;
The alkyne coordination to the vinylcarbene com@eselds - \ ” H

the aforementioned structul®. The ethyne insertion step can
be regarded as the second step of an alkyne ponmerization.FigU’e 8. Energy diagram for an unproductive equilibrium in intermolecular
Lo . . . . enyne metathesis.
The barrier is slightly higher than the cycloreversion and diene
ligand formation via transition state4. The latter step neces- metathesis reactions. So far, we have only presented computa-
sitates prior ethene or alkene substrate coordination. Thus, ational data for the enyne metathesis of ethene and ethyne
low ethene or alkene concentration increases the actual barrieisubstrate. Obviously, their reaction is unable to display regio-
for diene formation. This may lead to a lower product selectivity selectivities. To identify the selectivity-determining step for
and to a higher content of alkyne polymerization side product. substituted substrates, we used propene and propyne as model
This selectivity problem may contribute to the successful compounds. On the basis of these substrates, we investigated
implementation of the ethene atmosphere in “Mori’s conditions”. the barriers for two possible propyne insertion steps into a
However, to the best of our knowledge, the conditions of methylidene ruthenium bond and the analogous overall barriers
formation, quantity, and identity of undesired eventual oligo- for two possible propyne insertion steps into alkylidene ruthe-
meric and polymeric side products in enyne metathesis havenium bonds (Scheme 3). The methylcarbene complexes can be
not been thoroughly investigated experimentally. Naturally, formed from the ruthenium methylidene model catalyst by
experimental efforts were directed toward optimizing reaction propene cross metathesis.
conditions to minimize such side reactions and to prevent The computed overall Gibbs free energies of the transition
polymer formation. states of propyne insertion into the ruthenium carbene bond
A further possible side reaction revealed itself as an unpro- differ considerably (Scheme 3). These differences can account
ductive equilibrium. The vinyl ruthenacyclobutane derivative for the observed 1,3-regioselectivity, since the masetically
13 can rearrange to the similarly stabjé-allyl type complex preferred model pathway leads to the 1,3-disubstituted product
23 (Figure 8)2° However, the barrier toward formation of (row 1 in Scheme 3). However, an alternative methylidene
complex23 is higher than the barrier in the catalytic cycle for pathway (row 3 in Scheme 3) is predicted to possess an overall
a productive diene formation from its precursi®. Thus, we Gibbs free activation energy only slightly higher by 2.9 kJ
do not expect structures suchsgsallyl complex23to play an mol~. However, the respective total electronic energy barrier
important role in enyne metathesis. is more pronounced and amounts to 8.9 kJThadDn the basis
Regioselectivity. Monosubstituted alkenes and alkynes always of small barrier differences in our simplified model system, we
react to 1,3-substituted 1,3-dienes in intermolecular enyne can of course not generally rule out the participation of
methylidene pathways. They might well be present in intermo-

(24) (a) Kang, B.; Lee, J. M.; Kwak, J.; Lee, Y. S.; ChangJSOrg. Chem. ; i _

2004 69, 7681, (b) Hansen. E. C.: Lee. Drg, Lett. 2004 6, 2035, (o) Iecglgr enyne metatheses reactions unhermpdynaml(se

Kang, B.; Kim, D.-h.; Do, Y.; Chang, SOrg. Lett 2003 5, 3041. lectivity control. Subsequent cross metathesis of a monosub-
(25) Hansen, E. C.; Lee, 0. Am. Chem. So@004 126, 15074. ; ; B ; ; ;
(26) We also found a further, more stable conformer with a relative free energy St'tUted_dlene_mterme_d'ate with alkene substrate would also y'eld

of Gret = —72.1 kJ mot™., a 1,3-disubstituted diene product (Scheme 4).
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Scheme 3. Comparison of Alkylidene (Rows 1 and 2) and
Methylidene Pathways (Rows 3 and 4) for the
Selectivity-Determining Alkyne Insertion Step?

t

/N\./N\
T Cl HaC
H | — =[Ru] ——>
/YCH;,
H c/‘\\ \ [Ru] =CHMe
3
HaC +CsHg
+CH +CoHy
6-Me,, 2,4-isomer , ¢ H“ +PMe; 1.3 dlmethyl butadlene
GF=105.8kimol"  + Pies +CaHy + PMegy
\ t
1) propene NN
metathesis -~
2) propyne = —Rul _
coordination Rus_.H > H,C » HyC S
C'/"\ /(M - [Ru]=CHMe
H/\\CH Hy HC
[\ 3 +C3Hg 1,2-dimethyl butadiene
NN~ 6-Me,, 2,3-isomer | 82:4 +CoHy +CyHy +PMeg
+
T\\‘-C_I H G¥=1206kImol"  1pie, M
Ruﬂ‘H
o’}
PMe; [\ ¥
—Ny\N—
+C3H
+2 Caal":e I‘CCI HiC, ? HG - FHs
Pt | = e =
0.0 kJ mol” H3g| e \ - [Ru]=CH,
H +2CyHe 1,2-dimethyl butadiene
propyne 6-Me, 4-isomer +2 C;Hg * PMes +CyHg + PMey
coordination G¥=108.7 kJ mol”" +PMe;

+

/N\./N\ CH,
Cl —
R
// R AL oo
= uj=
A +2C3Hg 2
CHj3 + PMe. 1,3-dimethyl butadiene

6-Mey, 3-isomer +2 CsHg +CsHg + PMe;

G¥=118.6 kJ mol"! *+PMes
aThe most favored computed pathway (row 1) results in the experi-
mentally observed 1,3-regioselectivity for intermolecular enyne metathesis.

Scheme 4. Thermodynamic Control of 1,3-Regioselectivity via a
Ruthenium Methylidene Pathway

et

_/_>

+[Ru]=CH, +[Ru]=CHR
R\ R
— R -
- A +=/ == \\ + [Ru]=CH,
[Ru]

R

This mechanistic challenge can be illustrated by a literature
example: In the enyne metathesis of internal silylated alkynes
with terminal alkenes to trisubstituted dierf@sthe steric
repulsion in the alkyne-insertion transition state might perhaps
be too strong for an alkylidene mechanism. This leads to the

open question whether the isolated 2,3-disubstituted diene side

product is an intermediate of a methylidene pathway under
thermodynamic control, whether it is the cross metathesis
product from the trisubstituted diene main product of a
kinetically controlled reaction, or whether it is the product of

in the alkyne insertion step is the origin of kinetically controlled
regioselectivity. The alkyne substituent suffers from steric
crowding in the 2,3-isomer of the transition st&de, (row

2) as well as in the 3-isomer of the transition statile; (row

4). In contrast, the propyne methyl group in the 2,4-isomer of
6-Me; (row 1) and the 4-isomer d§-Me; (row 3) experience

no comparable steric contact and thus lead to energetically
preferred transition states. The—-C bond formation in the
alkyne-insertion transition state already begins when the rehy-
bridization processes of the carbene carbon and the alkyne
carbon atoms are far from completion. Thus, the steric interac-
tion between substituents is much stronger than anticipated for
a four-membered cycle. In summary, the alkyne insertion is both
the only irreversible step in the catalytic mechanism as well as
the kinetically regioselectivity-determining step.

The insertion of a substituted alkyne into an alkylidene
ruthenium bond will be elaborated again in the discussion on
intramolecular enyne metathesis in the second part of this
manuscript.

Intermolecular Alkyne Cycloaddition. As an alternative
pathway for enyne metathesis, we investigated the intermolecu-
lar attack of ethyne at the 14 valence electron carbene complex
4 (Figure 9). The cyclopropenation-like high-energy transition
state24 is characterized by a predominant interaction of the
carbene ligand with the ethyne substrate. Strudreollapses
to the ruthenacyclobuter®s. The barrier of this intermolecular
C—C-bond formation pathway is disfavored by almaskG*
= 100 kJ mot?, thus not competitive and not relevant for enyne
metathesis. However, the rearrangement of the local minimum
25 via transition stat@6 results in a more stabig®-vinylcarbene
complex27. This structure can rearrange to or be formed via
transition stat@8 from cisoid-vinylcarbene complexes such as
29. In our model system, vinylcarbene complexés9, or 29)
are more stable than the isomegievinylcarbene complef7.

In a more sterically engaged system, however, there is prece-
dence for the;3-vinylcarbene coordination type at a ruthenium
center.

Grubbs and co-workers isolated and structurally characterized
a n3-vinylcarbene compled0 (Scheme 5}2 This complex is
reported to be thermally stable and unreactive in enyne
metathesis reactions. At the first glance, there appears to be a
contradiction between the high thermal stability of the experi-
mental triphenyl derivativ80 and our theoretical prediction of
a low thermodynamic stability of its sterically simplified model
27. However, geometry optimization at same level of theory of
structure30 and itstransoidvinylcarbene isomeB1 resulted
in a lower total electronic energy for thg-complex30. Thus,
the experimental relative stability &0 is reproduced by our
methodology. Apparently, comple30 is stable only because
of its steric congestion, which may also account for its catalytic
inactivity.

an independent side reaction of the alkyne substrate with ethene First-Generation Catalyst Cycle. We also computed the

that is generated by disproportionation of the terminal alkene
substrate.

Despite the difficulty to evaluate the importance of thermo-
dynamic control in 1,3-substitution selectivity, one general
conclusion is evident from the theoretical data. In both the
alkylidene pathways (rows 1 and 2 in Scheme 3) as well as in
the methylidene pathways (rows 3 and 4), local steric repulsion

7450 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005

mechanism of the enyne metathesis catalyzed by first-generation
Grubbs catalysts. A second PMigand was used as a simplified
model ligand for the experimental P€yrhe PMg model binds
considerably stronger to ruthenium catalyst fragments than
PCy;5 The catalytic intermediates of the first-generation catalyst
strongly resemble those of the second generation. Thus, we
discuss the differences between the pathways of the two catalyst
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Figure 9. Energy diagram of a disfavored, high-barrier pathway for ethyne insertion in intermolecular enyne metathesis.

Scheme 5. Steric Stabilization of the cis-Dichloro #3-Vinylcarbene isomer 32 (1st) features d@rans-dichloro andtrans-carbene-
Ruthenium Complex 30 phosphane coordination mode.

/N/:\N\ AEioqai(LACVP*) = _NyN— Mechanistic Analogies to the Dtz Reaction.
a -69.4 kJ mol! vl In the Ddz reaction, an alkyne ligand in a chromium carbene
%Ifg/ :/_5“ complex undergoes an intramolecular-C-bond formation
il c step?” As in ruthenium-carbene complex-catalyzed enyne
207' ° metathesis, metallacyclobutenes were initially proposed as
important intermediates. In the Boreaction, they were ruled
M\ \ out on the basis of theoretical considerations by the P. Hofmann
Mes—NxzN-Mes Aﬁ?ﬁ'ﬁfﬂ:iﬂ = Mes’N? o group (Scheme 78 There, a detailed discussion of the relative
Clugu H —— Ph._Ru" stabilities of metallacyclobut-2-enes versy&vinylcarbene
Ph DS HW/IC'I complexes has already been presefted.
P CI Ph L Ph For an 18 valence electron alkyne chromium carbene
30 Y complex, ligand coupling results in an 18 valence electron,

v shortl | ins the Gi closed-shelk®-vinylcarbene complex. The hypothetic chroma-

systems only shortly. Table 1 contains the Gibbs free energy .y qiohyt-2-ene is considered as an unstable, 16 valence electron

data of .the phosphfane analogues of the structl _‘2"9' __open-shell #ML s complex. Indeed, the experimentally observed
The first-generation model catalyst features higher barriers .o qinselectivity of the Dtz reaction can be rationalized by the

for cycl_oaddltlon and insertion reactions than its seco_nd- existence ofp-vinylcarbene intermediates but not by the

generation analogue. This behavior originates from the first- .00 of chromacyclobutenes

generation catalysts general preference for higher coordination The alkyne insertion steps of the enyne metathesis and the

numbers and ruthenium(ll) oxidation states. The ruthenacyclo- .. . .
o . Dotz reaction resemble each other: Metallacyclobut-2-enes are
butane phosphane complé&8 (1st) with its formal ruthenium - . S
not intermediates in either case. The unsaturated four-membered,

oxidation state IV is relatively less stable than the second- ,
. d*-ML s-type 14 valence electron ruthenacycles, however, would

generation NHC compled8 The smallertrans effect of a ; T . .

hosphane licand compared to a heterocvelic carbene li andbe closed-shell species. Because of their high ring strain and
phosphane 1ig P . . yclie 9andy o existence of a ring-opening pathway without bartiems
results in higher phosphane dissociation energies. The experi
mentally observed lower barriers for PEjissociation in first-
generation catalysts compared to second-generation catéfysts
are a known artifact of the PMenodel® The main difference
in the number of intermediates in the reaction path lies in the
existence of a labiley3-vinylcarbene intermediat&2 (1st)
(Scheme 6). It rapidly rearranges to thisoid-vinylcarbene
complex7 (1st) with a computed barrier of less than 6 kJ mol
A similar NHC complex32 was neither found as a local
minimum nor as a transition state due to the unfavorailes

“dichloro ruthenacyclobut-2-ene structures are not stable local
minima but rearrange immediately to labitg-vinylcarbene
intermediates or directly toisoid-vinylcarbene complexes.
Intramolecular Enyne Metathesis.In the second part of our
DFT study, we focus on the mechanism of intramolecular enyne
metathesis (Scheme 8). Experimentally, this reaction typically
proceeds under milder conditions than intermolecular enyne
metathesis. From a mechanistic perspective, a linker between

(27) (a) Ddz, K. H. Angew. Chenl975 87, 672;Angew. Chem., Int. Ed. Engl.

coordination geometry of two strongdonor carbon atoms at 1975 14, 644. (b) Dz, K. H. Angew. Chenl984 96, 573;Angew. Chem.,
i i Int. Ed. Engl.1984 23, 587.
the ruthenium cgnter. Wg \{vant to emphasize the structural (28) (a) Hofmann, P.- Framerle, M.: Unfried, GNew J. Chem1991, 15, 769.
difference of the isomerig3-vinylcarbene complexe27 (1st) (b) Hofmann, P.; Hmmerle, M. Angew. Chem1989 101, 940; Angew.
: ; ; B Chem., Int. Ed. Engl.1989 28, 908. (c) Fischer, H.; Hofmann, P.
and 32 (1st). The first isomeR7 (1st) features &is-dichloro Organometallics1999 18, 2590. (d) Gleichmann, M. M. D, K. H.:

and cis-carbene-phosphane coordination pattern. The second  Hess, B. AJ. Am. Chem. Sod996 118 10551.
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Table 1. Relative Gibbs Free Energies of Intermediates and Transition States of First-Generation Model Complexes

model Gl model Grel model Gl model Grel

complex no. (kJ mol-1) complex no. (kJ mol™) complex no. (kI mol™4) complex no. (kJ mol™)
1(1%Y 0.0 33(1%Y)2 29.4 15(159 —46.2 22(1%Y 18.3
2(1%Y 2.6 7(1%) —84.9 16(1%9 66.8 23(1%Y —68.7
3(159) —8.6 8(1Y —68.6 16h(1%Y 69.3 24(13Y 231.6
4(1%Y 43.3 9(1%Y —91.4 16q1%) 90.4 25(15Y 48.9
5(1%Y 69.3 10(159 —136.6 17(1%9 99.1 26(1%Y 91.2
5b(1%Y) 55.9 11(1%Y —55.9 18(1%Y 78.4 27(1Y 19.1
5¢(1%Y 79.3 12(15Y —23.5 19(1%9 —69.0 28(1%Y 24.5
6(1%Y 135.7 13(15Y —31.9 20(1%Y 54 29159 —48.7
32(192 23.7 14(15Y —9.5 21(1%Y —214.4

aThe additional structure32(15) and33(1%) can be found chronologically correct betweg(@s) and 7(159.

Scheme 6. Local Minima [5(1st), 32(1st), and 7(1st)] and Transition States [6(1st) and 33(1st)] for Ethyne Insertion in First-Generation

Ruthenium Carbene Complexes and Isomer 27(1st)
+

PM PMe
?& ) :(gl
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C|//l }H CI// P4
PM PM $M63
€3 t PMe; st €3 o
b S n 8(1%) } cl 3317 | C:R“
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PANN) / ]
C|//,//7 H c’l \ cl
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5(1%) 32(15%) 7(15Y

Scheme 7. Mechanism of the Dotz Reaction Proposed by the P.
Hofmann Group?8

OMe
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n3-vinylcarbene complex RS = small substituent; R = large substituent

Scheme 8. Intramolecular Enyne Metathesis

=\_ [Ru]=CHPh _/
ZzZ _  —
z

Z = CHj,, CH,CH,, O, NTs, etc.

intermolecular reaction of the enyne substrate with the catalyst
will have a strong effect on the rate of the second reaction,
because this second step then must proceed intramolecularly.
Therefore, we investigated both pathways for the enyne me-
tathesis reaction of hept-1-en-6-yne to 1-vinylcyclopentene.
From literature data and our computational investigation on the
intermolecular enyne metathesis reaction (vide supra), a fast
alkene metathesis sequence and a subsequent intramolecular
alkyne insertion would be expected as the favored pathway. The
computed mechanism of this pathway is discussed first.

Phosphane dissociation and alkene coordination at the second-
generation model catalystlead to the isomeric complex&4
and35 (Figure 10). The alkyl substituent at the alkene substrate
decreases the alkene’s binding strength to the ruthenium center
in the complexe84 and35 compared to the analogous ethene

the alkene and the alkyne fragment leads only to a subclass ofcomplex16. Nevertheless, the cycloaddition transition ste
the general reaction. We only consider second-generationremains energetically accessible, yielding ruthenacyclobutane

catalysts due to their high intrinsic reactivity. We are aware
that, with sterically demanding substrates, first-generation
catalysts are often superi#hWe used hept-1-en-6-yne as model

37.[2 + 2] Cycloreversion of structur@? via structure38 forms
ethene comples89.

We did not investigate all possible diastereomeric pathways

substrate, where the alkene and alkyne moieties are part of thg,4,,ced by the chiral information in the NHC ligand, because

same molecule. Vinyl cycloalkenes are the product of the
computed enyne metathesis pathway.

the staggering orientation of the NHC (@klfragment results
in insignificant energetic changes. For example, the diastereomer

Entropic effects typically increase the rate (and decrease thegf sirycture37 is disfavored by only 1.4 kJ mot.

barrier) of intramolecular reaction steps compared to their

The alkylcarbene compleR9 eliminates its ethene ligand,

intermolecular analogues. In enyne metathesis, an unsaturatec‘i;‘nd may coordinate phosphane to struct@én an unproduc-

carbon-carbon substrate fragment should react more easily with
the ruthenium carbene fragment in an intramolecular step. Two

alternative pathways are possible: Primary alkene metathesis

followed by intramolecular alkyne insertion is the first pos-
sibility. Alternatively, primary alkyne insertion can be followed
by intramolecular alkene metathesis. In either case, the first

(29) Randl, S.; Lucas, N.; Connon, S. J.; BlechertA&:. Synth. Catal2002
344, 631.

(30) Louie, J.; Grubbs, R. HOrganometallic2002 21, 2153.

(31) Fischer, E. O.; Maash®. Angew. Cheml964 76, 645;Angew. Chem.,Int.
Ed. Engl.1964 3, 580.
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tive equilibrium. Phosphane redissociation easily leads back to
the 14 valence electron complég (Figure 11). Intramolecular
coordination of the terminal alkyne triple bond to the ruthenium
carbene compleflresults in the 16 valence electron complex
42. Here, the electronic binding energy compensates for the
unfavorable loss of rotational degrees of freedom of the carbene
side chain. The insertion of the alkyne ligand into the ruthenium
carbene bond in transition sta4@ proceeds with a predicted
Gibbs free activation energy of 52.9 kJ mbl This order of
magnitude of 56-55 kJ moi? is typical for alkyne insertion
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Figure 10. Energy d

iagram for the primary alkene metathesis sequence in intramolecular enyne metathesis.
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Figure 11. Energy diagram for the alkyne insertion sequence in intramolecular enyne metathesis.
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Figure 12. Energy diagram for the final ethene coordination and alkene metathesis in intramolecular enyne metathesis.

steps, since other computed alkyne insertion barriers reveal veryassociated with transition stad@, however, is smaller than in
similar values (see Figures 1 and 6 and vide infra Figure 13). the previous examples (115.1, 105.1, and 112.8 kJ HdFor
The overall barrier of 85.4 kJ mo! for alkyne insertion overall insertion barriers, the Gibbs free-energy difference

J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005 7453



ARTICLES Lippstreu and Straub

between phosphane complex and ethyne insertion transition statgable 2. Relative Gibbs Free Energlies of Selected Ihnte_rmediates
is considered, respectively. The obvious origin for the decrease2"d Transition States in Intramolecular Enyne Metathesis

B

. . . . . Grel N oW 9 N X
of the overall insertion barrier for stef is the entropically (98.15K, To T /T; oo /Tu;
favored intramolecular phosphane ligand replacement by the [kllfn“(‘;lk,]a ot a ot RO~ | (97
alkyne side chain in structurd®—42. In alkyne complexes, 7 vodn 48 +res 19 1o 50 +Pues 51+ P
19, and53 (vide infra), the alkyne ligand replaces intermolecu- | —~=1 1236 S s Sed oy
larly the phosphane ligand. As a consequence, the almost r=oMe -125.6 -46.9 -15.8 -42.0 36.9

constant intrinsic activation energy is added to the low Gibbs  aggjative Gibbs free energies are normalized to that of comiTeand

free energy of alkyne carbene compk2 resulting in a low the appropriate alkene, respectively. Relative Gibbs free energies of the
overall insertion barrier. The subsequent formation ofdieic- rate-limiting steps are in bold numbers.

cyclopentenylcarbene compléx® is highly exergonic and thus . . . .

irreversible. In analogy to the intermolecular pathway, the Gibbs ~ Substituent IanL_Jlence in Diene Liberation.

free reaction enthalpy of the whole catalytic cycle is released Of course, Mori's conditions with their ethene atmosphere

in the alkyne insertion step. Rotation around the partial carbon are mandatory for ethene coordination to compléxWithout .
carbon double bond vid@5 yields the slightly more stable ethene, the hept-1-en-6-yne substrate would have to coordinate
transoid complex6 to complex46, undergo the cycloaddition/cycloreversion se-

. uence, and release the diene product. We thus investigated the
The 14 valence electron complet6é binds a phosphane g P g

. S X . influence of alkene substituents R on the barriers of this
ligand, yielding the catalyst resting stad@ (Flgurg 1.2)' of ))oarticular sequence. Propene was used as the simplest terminal
course, we cannot rule out that phosphane coordination alread aliphatic alkene (R= Me), similar to the hept-1-en-6-yne
oceurs atcisoid structur(_es and rea_rrangement bansoid substrate. Methyl vinyl ether is an example for an extremely
complexes takes place in a ruthenium phosphane Complex‘electron-rich alkene (R= OMe). The relative Gibbs free
However, this detall is irrelevant for the understanding of the energies presented in Table 2 clearly suggest that more and
reaction. The chronological order of partial double-bond rotation

stronger electron-donating substituents R at the alkene lead to

vs phosphane coordination presumably depends on the phos:,jl weaker alkene coordination in complexd8-R and to

phane concentration. After these two steps, ethene aSSOCiatiOQhermodynamically less stable ruthenacyclobuts®&R The
to the unsaturated comples6 opens the path for a [ 2] cycloaddition steps via transition sta#%-R increase dramati-

cycloaddition step from ethene complég via transition state v hoth in overall barriers as well as energetically relative to
49 to the four-membered ruthenacyc3®. Subsequently, the 0" ragpective alkene complexes. In contrast, the overall

[2 + 2] cycloreversion results in a diene methylene complex cycloreversion barrier vid1-R is highest for the formation of

52 Again, this last cycloreversion step is rate limiting. As methylene comple&2 (with R = H). As a consequence, the
prese_nted in Figure 31 a vinyl or in this case cyclopentenyl identity of the rate-determining step changes from cycloreversion
substituent has a stabilizing effect on a carbene fragment buty, i ethene-derived mechanism to cycloaddition in the vinyl

destabilizes the binding of an alkene ligand to the ruthenium giher derived sequence. For a terminal alkene such as propene,
fragment. Thus, the diene carbene compbxis less stable ¢y cjnaddition49-R and cycloreversios1-R have very similar

than its ethene cyclopentenylcarbene isomer Since the  papiers, almost identical to that of the cycloreversdrof the
cycloaddition/cycloreversion transition states are locateti® ethene-derived ruthenacy@8 (R = H). The experimental rate-
kJ mof™* above respective alkene carbene model complexes, gnhancing effect of ethene is predicted to have no distinct
the corresponding transition std&i# has consgquentlyahigher electronic origin, but is based on a constantly high ethene
Gibbs free energy than the isomeric transition s#@eThe  concentration. Under ethene-free conditions, the reaction rate
catalyst resting staié7 and transition-state modslLlead toa  \yoy|q decrease proportional to the alkene substrate concentra-
predicted overall Gibbs free activation engrgyAﬁ* =104.9 tion. Driving an enyne metathesis reaction to completion with
kJ mol~L. This value is also the overall barrier for the complete stoichiometrically employed substrates and under ethene-free
catalytic cycle. Dissociation of the diene ligand finally yields gnditions would thus be almost impossibfe.
the active ruthenium complek awaiting new enyne substrate Alternative Intramolecular Catalytic Cycle.
for the next catalytic turnover. The alternative mechanistic pathway of intramolecular enyne
The formation of the 1-vinyl cyclopentene model product metathesis is characterized by a primary enyne insertion
releases an overall free reaction energyA@ = —123.6 kJ followed by alkene metathesis of the substrate. This sequence
mol~L. The almost identical free reaction energies for the hept- features a higher overall barrier for enynes with a noncyclic
1-en-6-yne substrate on one hand and for ethene and ethyne omlkene fragment. The dissociative phosphane versus alkyne
the other hand originate from the compensation of the favored ligand exchange yields compl&8 (Figure 13). The irreversible
entropic contributiorTAS of an intramolecular addition and the  alkyne insertion is the rate-limiting stefh. An overall Gibbs
smaller reaction enthalpxH of the monosubstituted multiple  free activation energy of 115.1 kJ mélis already significantly
bond systems in the intramolecular hept-1-en-6-yne substrate.higher than the predicted overall barrier of 104.9 kJ Thdbr
The same line of argumentation also holds true for the almost the favored pathway in Figures Q2 with a primary alkene
identical computed overall Gibbs free reaction enthalpies of metathesis sequence. Nevertheless, we continued to complete
about 105 kJ mol* for both the intermolecular (Figures 1to 3) the second, high-energy catalytic cycle. Rotation of the vinyl
and for the intramolecular enyne model reaction (Figures 10 substituent frontisoid complex55 via transition stat&6 yields
12). Substituted substrate models would increase the overallthe transoidcomplex57. Phosphane addition results in the 16
barriers in intermolecular enyne metathesis compared to thevalence electron comple®8. Intramolecular binding of the
ethene/ethyne system. terminal vinyl fragment yields compleX9.
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Figure 13. Energy diagram for the disfavored pathway of intramolecular enyne metathesis, comprising initial alkyne insertion.

A

Grel
(298.15 K N
1 atm) N N—
[kJ mol ]
wCl
C|—”,R‘f‘ + PMe;,
27

-64.7 J/

_NyN—

el

i 61
= 59

60
-29.3 -29.5 /M
NN a7
T .Cl +PMesy 7 é> +PMes
== Ru”

E3

Ny—N—
wCl [+ PMe
Ru! 3
c u§ /NC\N\
2o 42,
Ru‘=<
62 o 4 H
15
+ PMe;
= )
~NyN~—
;{uaH —
=g
63 +PMe;

Figure 14. Energy diagram for the disfavored pathway of intramolecular enyne metathesis, comprising final alkene metathesis.

Upon cycloaddition via transition sta®, the 6-ruthenabicyclo-
[3.2.0]heptane derivativél is formed (Figure 14). The latter
yields the diene compleg3 via the cycloreversion transition
state62. An overall barrier ofAG* = 86.7 kJ mot! between
the cycloreversion ste2 and phosphane compl&8 is lower
than the overall barrier oAG* = 115.1 kJ mot? for the alkyne
insertion54 in the same mechanistic pathway (Figure 13). In

linker, the 2,4 isomer of a transition state analoguetdfis
more favored than its 2,3 isomer (see Figure 11 and Scheme
3). Thus, our computational data supports the mechanistic
proposal of E. C. Hansen and D. Lee that the “alkene-initiation
route can explain the outcome of the RCEYM reaction”...“more
effectively than the alkyne-initiation route.” Because of the steric
repulsion in medium-sized ring systems, it is reasonable that a

this second pathway, ethene is neither produced nor consumedeported intermolecular enyne metathesis with ethene is faster
in any of the investigated steps. The experimental rate enhancethan intramolecular enyne metathesis.
ment of enyne metathesis reactions in an ethene atmosphere is Domino Ring-Opening Cross Metathesis: Intramolecular

thus incompatible with the second mechanistic scenario.

In summary, the first, favored intramolecular mechanism

(Figures 16-12) has a rate-limiting cycloreversion step. The

Enyne Metathesis.
The reaction of monosubstituted alkenes with cycloalkenes
containing an alkyne side chain has found considerable interest

second, disfavored, hypothetical pathway (Figures 13 and 14)in recent yeard? Depending on the substrates, evidence for
is characterized by a rate-limiting intermolecular alkyne insertion primary cross metathesis or primary enyne metathesis has been
step. The “strategy” of the intramolecular enyne reaction presented (Scheme 19).

mechanism for achieving a minimal overall barrier is to make

the intrinsically most difficult step, the alkyne insertion, an
intramolecular, entropically favored rearrangement.
Large Ring-Closing Enyne Metathesis.

The difference of these domino-reaction sequences compared
to the enyne metathesis pathways outlined above is the entropic
destabilization of the primary alkene metathesis sequence. In
the domino RCM enyne metathesis, the fast and reversible ring-

In intramolecular (ring-closing) enyne metathesis, an extended opening step combines two molecules (substituted cycloalkene
alkane linker between alkene and alkyne fragment leads to cyclicand ruthenium carbene) into one single molecule. In the first

1,3-disubstituted diene produétWith such a sufficiently large

step of “normal” intramolecular enyne metathesis, the enyne
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Scheme 9. Exo/1,2- vs Endo/1,3-Selectivity Investigated by Lee

et al.?
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Scheme 10. Two Alternative Pathways of Domino Ring-Opening
Cross Metathesis—Intramolecular Enyne Metathesis
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substrate also coordinates at the ruthenium catalyst, but thenc PR’
an alkene (e.g., ethene) is released in an entropically favored
dissociation step. For the domino reaction, the intramolecular
alkyne-insertion step would take place from a higher Gibbs free
energy level. Thus, an alternative primary intermolecular alkyne
insertion with subsequent ring opening becomes competitive.
As a consequence, the substitution pattern of the substrates can
determine the order of alkyne insertion and cycloalkene ring
opening by cross metathesis, and both mechanisms are energeti- /T”_*H
cally competitive. For domino ring-opening cross metathesis
intramolecular enyne metathesis reactions, we thus agree with
Blechert et al. that the existence of alternative mechanisms
“highlights the inherent dangers of making assumptions regard-
ing the general mechanism of this relatively young reactfon”.

Mori’'s Conditions.

The Mori group discovered that an ethene atmosphere has a
strong rate-enhancing effect on intramolecular enyne metathesis

Q\/zﬁ,
[Ru]/ R

R"
+ =/
intramolecular
enyne
metathesis

Z-
= X R"
[Ru]=

R"
y =/

- " cross
- [RUI=CHR™ | 1 otathesis

Z

Z =CH,, O, NTs, etc.
R" = CH,OAc, CH,SiMe;

step of the overall catalytic cycle is structurally different for
Mori’'s condition and for ethene-free reactions. With terminal
alkene substrates, however, their barriers are almost identical
(Table 2). The difference in reaction rates between Mori's
conditions and direct, ethene-free reactions originates from the
significantly higher overall alkene concentration that are present
under Mori’s conditions.

From our proposed mechanistic scenario, we generally expect
a first-order dependence of the reaction rate on the ethene/alkene
concentration and on the catalyst concentration. A first-order
dependence on the alkyne concentration and a zeroth-order
dependence on the ethene concentration would indicate a
mechanism with a rate-limiting alkyne-insertion step and a 16
valence electron phosphane ruthenium methylene (or, e.g.,
phenylcarbene) complex as catalyst resting state. The intermo-
lecular reactions of alkynes with cyclic alkenes developed by
the S. T. Diver group might also be insensitive toward ett§efe,
since the alkene fragment is already present in the vinylcarbene
intermediate.

Conclusions

Eight general conclusions result from our quantum-chemical
model calculations of the enyne metathesis reaction.
(1) Ruthenacyclobut-2-ene derivatives are no intermediates

™\ [ [\
R-NxoN-r R-NxN-g r-NxN-r
T Kol " T\‘.C| H T Cl
RU=Y Ru: -—_— Ru"
H
4 aZl H a”Z

catalyst
resting state

R’NVN‘R
active catalyst \( o'Cl H +CH, & WH irreversible alkyne
R AT Ru=—\,
- CaH, H

PRy >
+ CoH, g
+:$ / rapid alkene metathesis
CoHy
T\

R’NYN‘R alkyne T complex
Cl

insertion, possibly
Cl/ |7 rate-limiting

(I}
o’ H
BN ethyne Y step in intermolecular
+ XX association enyne metathesis

~Ny—N~
R \( C'IR product no R,NVN~R
& WH mcomplex ruthenacyclobutene T cl
local minimum —Ru™"
_CI/= [2+2] cycloreversion, <C|/
= possibly rate-limiting \

\‘ step in intermolecular

enyne metathesis cisoid-transoid ﬂ

isomerization

~NyN-~
r-NxN-R [2+2] ethene R N\\r/ R

\( cycloaddition association H .Cl
Cl —Ru"

Ru™" [\ -CoH,
_%} ~u rNMNR =2 =07

C,H,
H. el Mk Xles
:/’rlTU -PR3
dead-end cl L Hy v CH
equilibrium 212 [\

reactions catalyzed by Grubbs carbene complékes. “c
We would like to point out three reasons for these experi- _ NoN R’NTN‘R
mental observations. M\ " a H,_ Y O
(1) Ethene has a protective effect toward ruthenium ethoxy- R'NYN‘R =R a7}
carbene complexé€:3°However, we have not quantum chemi- CI,Ru“"C' cl '// PR3
. . . . . 4 alternative
cally investigated decomposition pathways for this rather special \\ s ,/ alkyrie catalyst
Fischer-typé! carbene complex. i neam [\ polymerization resting state
(2) Generally, ethene is predicted to inhibit alkyne polym- AR derivative R 7 :
erization side reactions due to competitive alkyne ligand r-NaAN-g s ! computed model complexes:
replacement by ethene (see Figures 6 and 15). L\--Cl c /7 experimental catalyst:
(3) The rate-enhancing effect of an ethene atmosphere can CI@ / R;,“;eggy'?

be explained with the mechanisms predicted in this study. Ethene
or the alkene substrate, respectively, displace phosphane fro

nfigure 15. Catalytic cycle of intermolecular enyne metathesis, including

re-equilibria, a side reaction, and an unproductive equilibrium. Under

_the Viny|Carb§ne catalyst resting state and are SUbse_qq(?ml)fethene-free conditions and with electron-rich alkene substrates, their
incorporated in a ruthenacyclobutane. Thus, the rate-limiting cycloaddition to the vinylcarbene complex may be rate limiting.
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(6) In intramolecular enyne metathesis under Mori's condi-
tions, the cycloreversion of 2-vinyl-1-ruthenacyclobutanes to
the diene product complex is rate limiting (Figure 16). With
terminal alkene substrates under ethene-free conditions, the rate-
limiting steps cycloaddition of the alkene to the vinylcarbene
complex and the subsequent cycloreversion feature similar

HC Ru :Cl 4+ product " Substrate RU—~H overall barriers.
Q\/zf (7) Added ethene is incorporated instead of the alkene
/ 2+2] oyclo- [242] cyclo- \‘ substrate in the diene product formation. This leads to a
ratﬁmﬁ'\gnstep addition oY . st_ructurally dlffc_erent rate-l_|m_|t|ng step, however, with a S|m|l_ar
R—N\/ R R T o Gibbs free barrier as for similar al!<lene su_b_strate concentrations.
Cerup,C. \z@ZR)u The rate enhancement_ under Mori's cpnd|t|ons mainly or_|g|nates
7 from the constantly high concentration of ethene particularly
11 z [2+2] cyclo- L in diluted substrate solutions and after high alkene substrate
[2+2] cyclo- reversion .
— addition ja conversion.
RNN-R = R‘N\T/N R (8) A high ethene concentration facilitates the competitive
Ry Z\—Ru c displacement of alkyne ligands by ethene and may thus suppress
af A Q‘;d,i'. goh'}l‘g'exes C"' alkyne insertion into vinylcarbene ruthenium bonds, which may
+ Gt I _zc2H4 Z=CH, +CoH, l - CoHa lead to alkyne polymerization side products.
— eRxgehrnigwsental catalyst .We have mvesugated complete catalytlc. hypersyrfaces nellther
R-NN-R R = Cy: _ R-NN-R with substrates with strongly electron-withdrawing nor with
Zu‘lu Z= 8HNCT; Ce"t‘g Z\.:Iu\ cl electron-donating substituents (see, however, Table 2). Thus,
Cid ?? e Heorr the influence of such substituents on overall catalytic cycles
'PR's/ / \: PR cannot be reliably derived from this study.
+PRs Y\ o) The complete catalytic cycles for intermolecular and intramo-
R'NYNR R~N/\T_/\N R R,N\/N R NON- ® lecular enyne metathesis are summarized in Figures 15 and 16.
-Cl T Y The proposed intermolecular mechanism has many similarities

catalyst resting state

Figure 16. Catalytic cycle of intramolecular enyne metathesis, including

Ru= Ru= \_
¢’ % c” CI HG, ?u
z

Z PR'3

irreversible alkyne insertion

to previously proposed detailed catalytic cy€3&8but also some

distinct differences. We underline the comment of Diver and
Giesseff® that, although in the mechanisms proposed in the
literature “all steps are written as reversible,”...“reversibility has

phosphane coordination equilibria. Under ethene-free conditions and with not been established, particularly in the sequence” alkyne

electron-rich alkene substrates, their cycloaddition to the vinylcarbene

complex (to ruthenacyclobutene) to vinylcarbene complex.

complex is rate limiting. The mechanism in this figure does not necessarily
apply to ring-opening metathesignyne metathesis reactions. Of course, steric effects between bulky enyne substrates and
the spectator ligands of the Grubbs catalyst can overcome
electronic effects. Second-generation catalysts are inactive
‘toward sterically demanding enyne substrates so that first-
generation catalysts must be employ&dror such reactions,

this study serves as a tool to identify and quantify significant

display significantly higher intrinsic barriers than alkene plus steric effects. This |nyestlgat|on may also be, e.mployed asa
ruthenium carbene [2+ 2] cycloaddition reactions. As a map for _further_stud_les. F(_)r the large maJO”tY Of_ enyne
consequence, the overall barrier for alkyne insertion is about me'tathe5|s reactions in 'the literature, the results in thls.manu-
20—30 kJ mofL higher than the overall barrier for a comparable script shed some more light on_tr_u_a effects of substrate, ligands,
alkene metathesis sequence. and ethene on rate and selectivities.

(4) Alkyne insertion into a ruthenium carbene bond is the
only irreversible step in the catalytic cycle. Furthermore, it is
the kinetically regioselectivity-determining step responsible for
the formation of 1,3-disubstituted 1,3-dienes in intermolecular
enyne metathesis.

(5) In intermolecular enyne metathesis, either the alkyne
insertion or the cycloreversion to the diene product complex
can be rate limiting (Figure 15). On the basis of the experimenta
data in the literaturé we assume that rate-limiting cyclorever-
sion is more common or maybe even generally operative.

in the catalytic cycle, and even thej-vinylcarbene valence

isomers are at most labile and short-lived catalytic intermediates
(2) Alkynes bind stronger to 14 valence electron catalyst

fragments than alkenes with comparable substitution pattern.
(3) Alkyne insertion steps into ruthenium carbon double bonds
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