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One Step**
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One of the most important challenges in ruthenium-catalyzed
olefin metathesis is to increase the stability of the catalysts
under the reaction conditions without loss of activity.!
Although most ruthenium-based olefin metathesis catalysts,
in the solid state, are stable to oxygen and moisture, they
usually readily undergo decomposition in solution.”) Under-
standing the decomposition routes of catalysts is extremely
important as any insight gained in this area can guide catalyst
design efforts.

The well-defined and easily accessed [RuCl,(PPhs),(3-
phenylindenylidene)] (My,; Figure 1) complex is not effi-
cient in olefin metathesis itself, but is an important synthon
used in the preparation of a number of classes of ruthenium-
based olefin metathesis catalysts.””! Although slightly stable in
solution under anaerobic and anhydrous conditions, M,
exhibits rapid decomposition in the presence of alcohols.
The instability of ruthenium olefin metathesis complexes to
alcohols is often encountered. Indeed, in methanol, these
complexes are prone to methanolysis and lead to the
formation of hydrido carbonyl complexes.”) Examples of
such decomposition products (1’ from 1 and 2’ from 2) are
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Figure 1. X-ray structure of M;o (H atoms are omitted for clarity).
Selected bond lengths [A] and angles [°]: Ru1-C1 1.867(4), Ru1-CI1
2.3518(12), Ru1-Cl2 2.3741(12), Ru1-P1 2.3851(12), Ru1-P2
2.4021(12); P1-Ru1-P2 170.99(4), CI1-Ru1-Cl2 156.51(4), C1-Rul-P1
91.15(12), C1-Rul P2 97.86(12)

presented in Scheme 1. As HCl is generated, these reactions
are accelerated by base.”
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Scheme 1. Methanolysis decomposition products of the first- and
second-generation olefin metathesis precatalysts 1 and 2, respectively.

As previous reports had examined the benzylidene
precursors (1 and 2), we became interested in the influence
of an indenylidene moiety, found in M,,, in such decompo-
sition processes.

As anticipated, M, proves unstable in alcohol solution.
Analysis of the progress of this decomposition by
SP{'H} NMR spectroscopy reveals the appearance of two
doublets at 0 =42.3 and 48.7 ppm with a coupling of Jpp=
46.1 Hz, all of which support the formation of a new complex
bearing two spectroscopically non-equivalent phosphorus
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centers. The '"H NMR spectrum does not, however, indicate
the formation of a hydride species.

To completely exclude the possible formation of a
hydridocarbonyl complex, a series of tests were conducted
to confirm that M;, does promote alcohol oxidation. A
reaction of My, in isopropyl alcohol with a stoichiometric
amount of triethylamine (to sequester any possible HCI
formed) reveals an improved decomposition process. The
formation of triethylammonium chloride and acetone were
confirmed by spectroscopy, thus supporting the effective
alcohol oxidation.

The novel microcrystalline ruthenium complex was char-
acterized by NMR spectroscopy, and surprisingly the data
suggest that the indenyl moiety is still coordinated to the
ruthenium center, but in a different coordination mode.
Indeed, in the *C NMR spectrum, there was no resonance
between 0 = 240 and 330 ppm,” a resonance that is character-
istic of the alkylidene carbon atom. Therefore to unambig-
uously confirm the identity of the new ruthenium product
formed, single crystals suitable for X-ray diffraction studies
were grown by slow diffusion of a CH,Cl/MeOH (1:10)
solution at room temperature (Figure 2).

Figure 2. X-ray structure of 3 (H atoms are omitted for clarity).
Selected bond lengths [A] and angles [°]: Ru1-C1 2.182(5), Ru1-C2
2.194(4), Ru1-C3 2.271(4), Ru1-C4 2.348(4), Ru1-C9 2.345(4), Rul-
P1.2.3430(11), Ru1-P2 2.2960(11), Ru1-Cl1 2.4407(12); P2-Ru1-P1
96.49(4), P1-RuT-Cl1 92.34(4), P2-Ru1-Cl1 96.82(4).

X-ray analysis of 3 confirms an unusual and unexpected
transformation in which My, is involved in alcohol oxidation
and subsequent formation of a new ruthenium complex,
wherein the indenylidene moiety rearranges into a #’-
coordinated indenyl in [RuCl(PPh;)(n/’-3-phenylindenyl)]
(3). Comparing 3 to its ruthenium indenyl congener [RuCl-
(PPh;),(n’-CoH,)],"¥! highlights that 3 has a smaller P-Ru-P
bond angle (96.49(4)° for 3 versus 99.205(18)° for indenyl),
presumably a result of the steric hindrance of the phenyl
substituent on the indenyl.

In an optimized protocol, 3 can be obtained quantitatively
(92 % yield of isolated compound) by refluxing My, in ethanol
for 2 hours in the presence of a stoichiometric amount of
triethylamine [Eq. (1)].
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Reaction kinetics monitored by *'P{'H} NMR spectrosco-
py permit a determination of the overall rate of the reaction
as v=k[Mj,] [EtOH]. Triethylamine is absent from the rate
expression. This unusual rearrangement occurs through
phosphine dissociation as excess phosphine decreases the
rate of the reaction. However the phosphine dissociation does
not take place in the rate-determining step as it is zero order
in the reaction rate. An Eyring plot permits the determination
of following thermodynamic parameters: AH™ =25.1(2) kcal
mol~'; AS* =113(5) calmol 'K, and E, =25.7(2) kcalmol .

To the best of our knowledge, this represents the first
example of an indenylidene to indenyl rearrangement. More-
over, this particular rearrangement does not occur for the
tricyclohexylphosphine congener, [RuCl,(PCys;),(3-phenylin-
denylidene)] (M;), which decomposes to form the known
hydrido carbonyl complex 1.

As M, is easily synthesized from the ruthenium synthon,
[RuCl,(PPh;);],'**! and as 3 is easily synthesized from M,
we reasoned that a one-pot approach leading to 3 from
[RuCl,(PPh;);] might be possible. Gratifyingly, this is the case
and 3 can be isolated in 77 % yield over two steps [Eq. (2)].

AcCl Ph
THE @

OH reflux, 2h Ru @)
[RUCIy(PPhg)s] + :—gph -~ o 1 >pph,
Ph NEt, PPhg
THF/EtOH
reflux, 2h 3

77% yield

Complex 3, as expected, is not metathesis active, but the
ruthenium complexes are catalytically active in numerous
catalytic transformations: alcohol racemization,” rearrange-
ment of propargylic alcohols,™” cyclization,!'!l and polymer-
ization, to name a few.®'?) We identified here an opportunity
to make use of a decomposition product as an active catalyst
in a worthwhile transformation.

Among the transformations mediated by Ru/indenyl
complexes, racemization protocols are especially interesting
as they are often involved in industrial syntheses to obtain
enantiomerically pure compounds.'® This is possible by
introducing a racemization catalyst into a kinetic resolution
reaction, thus allowing complete conversion of a racemic
alcohol into an enantiomerically pure compound [dynamic
kinetic resolution process (DKR)]." As we have recently
investigated the racemization of chiral alcohols mediated by
related ruthenium complexes,[ls] 3 was tested in this trans-
formation.

(S)-Phenylethanol was selected as a substrate to evaluate
the catalytic activity of 3 in the racemization of a chiral
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alcohol. The reaction was performed in toluene at room
temperature with added sodium zert-butoxide to generate the
active catalyst [Eq. (3)].

OH OH
S 3 (1 mol%)
©) toluene ®)
NaOtBu
4 RT, 20 min 5
99% ee 0% ee

Within 20 minutes, complete racemization was achieved
using 1 mol % of the catalyst (10000 ppm). A catalyst loading
as low as 10 ppm affords near complete racemization (95 %)
in 14 hours at room temperature. Further decrease in the
catalyst loading to 1 ppm affords the racemized alcohol in
70% after 14 hours at room temperature (see the Supporting
Information)

DFT calculations permitted assembling all the experi-
mental information into the energy profile shown in Figure 3.
To facilitate the computational effort, MeOH was used as the
model alcohol.® The discussed energies have been calculated
with the M06 L functional. The same chemical picture, with
similar energies, is obtained with the BP86 functional
(Figure 3).

The first step corresponds to substitution of one PPh;
ligand of M;, by a MeOH molecule, a process that is
endothermic by 12.2 kcalmol . The next step corresponds
to proton transfer from the coordinated MeOH to a NEt;
molecule. This transfer requires overcoming the transition-
state A—B at 12.9 kcalmol ™" above the starting material, and
collapsing into intermediate B, which is 4.5 kcalmol™' above
the starting material. The formally anionic intermediate B is
characterized by a methoxy ligand that is trans to the N-
heterocyclic carbene (NHC) ligand, with the formally cationic
NEt;H" molecule hydrogen bonded to both the MeO and the

nearby Cl ligand (H--O and H--Cl distances of 2.62 and
2.00 A, respectively). The Ru—Cl bond involved in the
hydrogen bond is 0.1 A longer than the other Ru—Cl bond.
Dissociation of NEt;H"Cl™ from the ruthenium center occurs
through transition-state B—C, which sits 24.0 kcalmol™
above the starting material. During this step the MeO
ligand moves to the coordination position vacated by the
leaving CI ligand, and the ruthenium complex collapses into
intermediate C, which presents a vacant coordination position
trans to the NHC ligand. This vacant coordination position
can be occupied by the previously dissociated PPh; molecule,
thus leading to the intermediate D, which sits at 1.7 kcalmol
above the starting material. The energy gain associated with
PPh; coordination is 19.6 kcalmol . The final steps of the
transformation involve first a hydrogen atom transfer from
the Me group of the MeO ligand to the ylidene carbon atom
of the indenylidene ligand via the transition-state D —E at
27.6 kcalmol ™!, thus leading to intermediate E, which has an
n'-coordinated indenyl ligand, and liberates a H,CO mole-
cule. The last step of the reaction corresponds to the almost
barrierless isomerization of the n'-coordinated indenyl ligand
of E into a n’-coordination mode, with formation of the
classical piano-stool tetracoordinated ruthenium complex 3.
The overall reaction profile of Figure 3 indicates that the
limiting step is transfer of a hydrogen atom of the MeO ligand
to the ylidene carbon atom via the transition-state D —E. This
transition state is calculated to lay 27.6 kcalmol ' above the
starting material, which is in good agreement with the
experimental E, =25.7 kcalmol ', and is in qualitative agree-
ment with the experimental evidence that NEt; does not
participate to the rate-determining step. However, the initial
proton transfer from MeOH to the Cl ligand, assisted by NEt;
via transition-state B—C at 24.0 kcalmol ™, is not much lower
in energy. The direct transfer from A to C, in the absence of a
nearby NEt; molecule, is calculated to cost 39.9 kcalmol ™,
which clearly indicates the role of NEt; in promoting the M,
to 3 transformation.

In conclusion, an unusual

1 E g;_g o ':g:; indenylidene to indenyl rearrange-
307 g PPh I—\ ment has been uncovered, and
o ,Flzu‘h leads to the rather facile formation
PPhs S of a new ruthenium indenyl com-
20 «Cl____pn E-3 plex. This complex, formally a
c” Tu 164 //ﬂs\ decomposition product from an
. H % Ve WEL ’};93 \\ olefin metathesis catalyst, displays
A — E->3 exceptional activity in the racemi-
19 122 AB il zation of chiral alcohols. The gen-
el A //+NE13 \\ erality of this unusual rearrange-
2y \ ment leading to indenyl complexes
0+ /TQA,S,OH | S pn ] is presently being investigated in
0.0 ) CI’TUZ% our laboratories.
| ) PPh,
Eta,\jH "e ,I}?u‘%h Received: September 29, 2011
10 O";:l;/ls Published online: December 12, 2011
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Figure 3. DFT energy profile for the transformation of M, into 3.
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