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The Ru(ll) complexes TpRu(PMeOR (R= H or Ph) react with excess phenylacetylene at elevated
temperatures to produce the phenylacetylide complex TpRuR(@e=CPh). Kinetic studies indicate
that the reaction of TpRu(PMROH and phenylacetylene likely proceeds through a pathway that involves
TpRu(PMeg),OTf as a catalyst. The reaction of TpRu(PMO®H with 1,4-cyclohexadiene at elevated
temperature forms benzene and TpRu(BMé& while TpRu(PMeg),OPh does not react with 1,4-
cyclohexadiene even after 20 days at’85 The paramagnetic Ru(lll) complex [TpRu(PYOH][OTH]
is formed upon single-electron oxidation of TpRu(PMeH with AgOTf. Reactivity studies suggest
that [TpRu(PMg),OH][OTT] initiates reactions, including hydrogen atom abstraction, withtHCbonds
that have bond dissociation energy80 kcal/mol. Experimentally, the ©H bond strength of the Ru(ll)
cation [TpRu(PMg),(OH,)][OTf] is estimated to be between 82 and 85 kcal/mol, while computational
studies yield a BDE of 84 kcal/mol, which are in reasonable agreement with the observed reactivity of

[TpRu(PMe),OH]*.

Introduction

Late transition metal complexes containing alkoxide, hydrox-

nucleophilic nondative heteroatomic ligands, and a series of
detailed studies has increased the understanding of the nature

of M—O/M—N bonding and its impact on reactivity1738

ide, and am!do Ilgands play important roles in biological systems ,4nsformations of octahedral Fe(ll) and Ru(ll) amido com-

and catalytic reactions:® In the past several years, efforts

directed toward the synthesis of late transition metal systems (17) Fulton, J. R.; Sklenak, S.; Bouwkamp, M. W.; Bergman, RJG.
i i i i ially i Am. Chem. So@002 124, 4722-4737.

with nondative heteroatomic ligands have substantlally increased (18) Jayaprakash, K. N.; Conner, D.; Gunnoe, T.(Bganometallics

the number of such complexes that have been isolated and fully,og1 20, 5254-5256.

characterized2:6.16-16 |n |ow oxidation states, complexes with (19) Conner, D.; Jayaprakash, K. N.; Gunnoe, T. B.; Boyle, Anbrg.

imido, oxo, amido, alkoxide, hydroxide, and related ligands Chem.2002 41, 3042-3049.

. . i ; . . . (20) Conner, D.; Jayaprakash, K. N.; Wells, M. B.; Manzer, S.; Gunnoe,
typically display reactivity consistent with highly basic and/or g ""giie b’ binorg. Chem2003 42, 4759-4775.

(21) Conner, D.; Jayaprakash, K. N.; Cundari, T. R.; Gunnoe, T. B.
Organometallic2004 23, 2724-2733.
(22) Holland, P. L.; Andersen, R. A.; Bergman, R.@mments Inorg.
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Octahedral [TpRu(PMg,0OR]"" Complexes

plexes, including deprotonation of-@4 bonds and nucleophilic
Namids—C bond forming reactions, highlight the potential
enhancement in reactivity due to relatively low oxidation state
metals. The highly basic/nucleophilic ligand character is likely
a result of the combination of polar 0O or M—N bonds and
the disruption of ligand-to-metat-donation due to filled d
atomic orbitalsi8-21.39-51 Qur group has been studying the
reactivity of amido, alkoxide, aryloxide, and hydroxide moieties
coordinated to ruthenium or copper with the goal of understand-
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Scheme 1. Two Pathways for Ligand-Centered €H Bond
Cleavage by Late Transition Metal Complexes with
Nondative Heteroatomic Ligand$
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ing and exploiting chemistry accessible when these ligands arehydroxide, etc.

bound to high d-electron count metal centetg.21.47-50.52,53
Late transition metal systems with alkoxide or amido ligands

have been shown to cleave-El bonds. These transformations

typically fall into three broad categories: (a) net homolytic

hydrogen atom abstraction (i.e., proton-coupled electron transfer,

radical/odd-electron reaction), (b) heterolytic deprotonation
(even-electron transformation), and (c) net 1,2-addition-eHC
bonds across MX bond>17-19.49.505457.58 The first two
processes (i.e., a and b) digand-centeredand thus do not
involve direct interaction of the metal with the-&1 bond being
broken (Scheme 1).

Late transition metal complexes in relatively high oxidation

depends on the oxidizing ability of the complex and the basicity
of the nondative ligand, which reflects the formal transfer of a
proton to the nondative ligand and an electron to the metal
center. For example, the non-heme iron enzymes lipoxygenases
catalyze the oxidative conversion of 1,4-diene-containing fatty
acids to alkyl hydroperoxideé8,and these transformations likely
proceed through net hydrogen atom abstraction by an Fe(lll)
hydroxide fragment from an allylic €H bond (BDE~ 77 kcal/

mol) to generate allyl radicals that are subsequently trapped by
dioxygent061 Stack et al. have prepared [F@Ys)(OMe)]-
[OTf]2 {PYs = 2,6-bis(2-pyridyl)methoxymethane)pyridinas

states with nondative heteroatomic ligands have been demon-a model for lipoxygenase enzymes and have shown that it

strated to initiate net hydrogen atom abstraction including
reactions with substrates that possess relatively weaki C
bonds>54-56 The homolytic G-H cleavage (i.e., hydrogen atom

readily oxidizes cyclohexadiene to benzene and the correspond-
ing F&'—MeOH complexe®62 Studies of metal-mediated oxida-
tion of C—H bonds by Mayer et al. using a wide range of

abstraction) formally reduces the metal center by one electrontransition metal complexes have demonstrated the prevalence

(Scheme 1). Thus, the predilection toward this reaction likely
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of hydrogen atom transfer proces8&& Furthermore, for net
hydrogen atom abstraction from-&1 bonds, Mayer et al. have
applied the Marcus cross relation to estimate rates of hydrogen
atom transfef?

In contrast, heterolytic €H bond cleavage (i.e., €H
deprotonation) depends primarily on ligand basicity since the
oxidation state of the metal is not altered as a result of the
transformation (Scheme 1). For example, Bergman et al. have
reported a series of studies of the reactivityrahs-(dmpe}Ru-
(X)(H) (X = OH or NHy; dmpe= 1,2-dimethylphosphinoet-
hane) that have revealed the ability of the heteroatomic ligands
to break weakly acidic €H bonds via deprotonatioff:17:4142.65
In addition, our group has reported related reactivity for a series
of octahedral ruthenium complexes of the type TpRu(DXL
(NHR) (Tp= hydridotris(pyrazolyl)borate; = L' = P(OMe}
or PMg or L = CO and L' = PPh; R = H, Ph, or'Bu).18-20
We have also reported that the five-coordinate Ru(ll) amido
complex (PCP)Ru(CO)(Nfl {PCP = 2,6-(CH'Bu,),CsH3}
activates dihydrogen as well as initiating intramolecularHC
activation of alBu moiety of the PCP ligand and that the six-
coordinate anilido complex (PCP)Ru(CO)(PM&IHPh) reacts
with polar bonds including substrates that possesNGnd
C—0 multiple bonds (e.g., nitriles, carbodiimides, or isocyan-
ates) as well as €F bonds?14748As an extension of our studies
focused on the reactivity of nondative heteroatomic ligands
coordinated to Ru, we now report on the reactivity of [TpRu-
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Catal. A: Chem200§ 251, 24—33.

(64) Roth, J. P.; Yoder, J. C.; Won, T.-J.; Mayer, J. 8tience2001,
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Figure 1. Plot of kos (determined under pseudo-first-order
conditions) versus concentration of TpRu(PMeTf (from 0 to
15 mol % of complexl) for the conversion of TpRu(PMpOH
(1) (0.04 M) and phenylacetylene (0.4 M) to TpRu(PMEC=
CPh) @). The plot of ksps at 0 mol % of TpRu(PMg,OTf

corresponds to the rate constant in the absence of added TpRu-

(PMey),OTH.

(PMe3).ORI"™ complexes at both the Ru(lih(= 0) and Ru-
(Il (n = 1) oxidation states with substrates that possessiC
bonds.

Results and Discussion

Reactivity of TpRu(PMe3),OR (R = H or Ph) with Acidic
Substrates.We have previously reported the preparation of
TpRu(PMg),OR (R = H or Ph)#®50 At room temperature,
TpRu(PMe),0OH (1) and 10 equiv of phenylacetylene i
do not react after 3 days; however, heating this solution to 80
°C results in the formation of previously reported complex
TpRu(PMe),(C=CPh) @) (eq 1). At 80°C, the reaction requires
about 100 h to achieve quantitative production {by NMR
spectroscopy) oP.

Fl’h
R i
AP ;6/ /\:P [
P oPMes phe=cH_ DN ~PMes L pop
— ~ —RU
'\{f [l\l PMe3 CsDe N]’ | PM63
AB/ % —" ‘
P © S 8 N\Q)
R=H 80°C
R =Ph 85°C

Monitoring the reaction byH NMR spectroscopy does not
reveal intermediates during the conversionloand pheny-
lacetylene td2. Individual kinetic plots are consistent with the
transformation being first-order in complek Similar to
reactions of TpRu(PMgNHPh and phenylacetyler?é,the
addition of catalytic quantities of TpRu(PNeOTf to the
reaction ofl and phenylacetylene results in an increase in the
rate of formation of TpRu(PMg(C=CPh) @), and a plot of
kobs versus concentration of TpRu(PNgOTf reveals a linear
relationship (Figure 1). In addition, the rate of reactionlof

Feng et al.

Scheme 2. Proposed Mechanism for the Conversion of
TpRu(PMes3),0OH (1) and Phenylacetylene to
TpRu(PMej3),(C=CPh) (2) Catalyzed by TpRu(PMe),OTf
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nylacetylene to the vinylidene complex is commensurate with
its involvement in the conversion dfand phenylacetylene to
complex2.20 Ligand exchange between® and phenylacety-
lene completes the catalytic conversion (Scheme 2). It is possible
that a trace amount of TpRu(PN)gOTf exists in bulk samples

of TpRu(PMe),OH (1). The kops for the conversion ofl and
phenylacetylene to compleXin the absence of added TpRu-
(PMe;),OTTf fits well on the linear plot okyps versus the mol

% (R? = 0.98) of TpRu(PMg),OTf (Figure 1). In contrast to
the proposed mechanism for conversion of the Ru(ll) hydroxide
1 and phenylacetylene to TpRu(PM&EC=CPh) @), we have
previously reported that TpRu(PN)eNH; reacts with pheny-
lacetylene at room temperature to generate the ion pair [TpRu-
(PMe3)2(NH3)][PhC,].2° Thus, it is also possible that complex

1 may react with phenylacetylene to forain the absence of
TpRu(PMe),OTf, which is implicated by the nonzerg-
intercept in Figure 1.

The combination of TpRu(PMpOPh and 10 equiv of
phenylacetylene in §Dg does not result in a reaction at room
temperature after 3 days; however, similar to complexat
elevated temperature (8%) the formation of TpRu(PMg,-
(C=CPh) @) and PhOH is quantitativéii NMR spectroscopy)
after 6 days (eq 1). The conversion of TpRu(RM@Ph and
phenylacetylene t@ and PhOH is slower than for compléx
which is consistent with the complexes TpRu(RMeR (R=
H or Ph) reacting as Brgnsted bases, and their anticipated relative
basicities (i.e., RteOH more basic than RuOPh), for the
formation of 2. Although detailed studies have not been
performed, we presume that this reaction is also catalyzed by
TpRu(PMe),OTHf.

The reaction of complek with 5 equiv of 1,4-cyclohexadiene

and phenylacetylene increases with increasing concentration of(1,4-CHD) at 85°C results in the disappearance of the hydroxide
the alkyne. These results are identical to observations made forcomplex tH NMR spectroscopy) and formation of the previ-

the reaction of TpRu(PMgNHPh and phenylacetyle@Thus,

we propose that the conversion of compleand phenylacety-
lene to complex in the presence of TpRu(PMeOTTf follows

a pathway similar to that for the transformation of TpRu(B)#e
NHPh and phenylacetylene. As previously reported for the
conversion of the anilido complex TpRu(PY&NHPhZC it is
likely that TpRu(PMe),OTf coordinates phenylacetylene and
forms the vinylidene complex [TpRu(PMg(=C=CHPh)]",
which is not directly observed during the reaction Iofind

ously reported hydride complex TpRu(P§ and benzene
(eq 2)2° In contrast to the reaction df with phenylacetylene,
the addition of TpRu(PMg&,OTf does not increase the rate of
this transformation. The ruthenium hydride complex TpRu-
(PMe;),H was identified on the basis of a triplet-atl5.7 ppm
(3Jpn = 31 Hz) as well as resonances due to the Tp andPMe
ligands. TpRu(PMgH is formed in approximately 33% yield
(based on compleX) after 9 days, as determined by integration
of the hydride triplet versus an internal standard, and ap-

phenylacetylene, and subsequent deprotonation of the vinylideneproximately 1 equiv of benzene is formed per equivalent of Ru

complex by complexl yields complex2. The previously
determined rate of conversion of TpRu(PWOTf and phe-

hydride. Consistent with mechanistic studies of related reactions
with Ru(ll) parent amido systeni$?%a possible pathway for
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Scheme 3. Proposed Pathway for the Reaction of
TpRu(PMe3),0OH (1) and 1,4-Cyclohexadiene
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hydrogen atom abstraction pathway from considerdtion;
however, the following points suggest an aclihse pathway:

(a) hydrogen atom abstraction would form the 19-electron Ru-
(I) complex TpRu(PMg)2(OHy), which is likely to be highly
unfavorable; (b) other Ru(ll) systems with nondative ligands
have been demonstrated to initiate aclihse chemistry with
weakly acidic G-H bonds!7:18:20.42.66(c) the conversion oil

and 1,4-CHD to 1,3-CHD, TpRu(PMeH, and benzene is
slower than the analogous reaction with TpRu(BMé¢H,, a
trend that is anticipated for an aeitbase pathway but not
necessarily for hydrogen atom abstraction; (d) the calculated
O—H BDE of TpRu(PMeg)2(OHy) is 37 kcal/moj and (e) to

our knowledge, there are no definitive examplestdctahedral
complexes that initiate ligand-centered hydrogen atom abstrac-
tion reactions. The use of radical traps to probe for a radical
pathway is not likely to be informative since the net hydride
abstraction to form benzene and TpRu(RMé likely involves

a radical pathway. Thus, trapping of free radicals would not
preclude the proposed acid/base pathway. In addition, at elevated

temperatures TEMPO (2,2,6,6-tetramethylpiperidinyloxy) reacts

this reaction is initial deprotonation of the allylic-<¢1 bond with 1.4-CHD.

of 1,4-CHD to generate a transient cationic ruthenium water

complex and cyclohexadienide ion pair (Scheme 3). Subsequent Ph

dissociation of water and net hydride abstraction froghiC = 5

would afford the observed products regardless of specific g /\F'zu/\PMe3 +5 @ CeDs_ No reaction @)
mechanistic details. Alternatively, a Rayclohexadienyl com- o PMes gsoc  after20 days
plex, which undergoes-hydride elimination to generate TpRu- H-B’N\Q7

(PMe3),H and benzene, could be involved. For the reaction of

1 with 1,4-CHD, isomerization of 1,4-CHD to 1,3-CHD is also To assess the basicity of TpRu(PHOH (1), weak acids
observed, which is in analogy with the reactions of previously (MeOH, CHCH,OH, (CHs)sCOH, CHC(O)CHs, and PhGH)
reported TpRU(PMg;NH, andtrans(DMPE)RU(NH,)(H).*"20 were each combined with the hydroxide complein CgDe.
However, the isomerization of 1,4-CHD is slow r.elatllve to the The addition of MeOH{pK«(H»0) = 15.3 results in the
rate observed for ToRu(PMeNH, and the isomerization does  gisannearance of resonances dud tand the appearance of

not reach equilibrium prior to the consumption bf These new resonances that are not attributable to the previously
observations are also consistent with the reaction pathway ShOWWeported complex TpRu(PMpOMe & Efforts to isolate and

in Scheme 3. grow crystals of the products were unsuccessful. These results
. H T s are copsistent with the formation of [TpRu(PMHzo)][OMe]Z
< 07 e — for which a resonance at 3.47 ppm in #&€NMR spectrum is
' >$U<PM: Ny _PMe; consistent with the methoxide anion and a broad resonance
N N : =T PN, (integration 2H) at 2.57 ppm is assigned as coordinated water.
HE Q7 (1) CoDs NL’N@ Bergman et al. have reported the addition of methanol to the
+ T H @ ruthenium complextrans-(dmpe}Ru(H)(NH,) results in im-

85°C

1 e

mediate formation of the ion paitrfns-(dmpe}Ru(H)(NHz)]-

[OMe].Y” Similarly, the addition of CHCH,OH { pK(H,0) =

15.9 or MesCOH {pK4(H.0) = 18} to complexl in C¢Dg
Similar to observations with hydroxide complek the results in the formation of new ruthenium complexes, suggesting

reaction of the ruthenium parent amido TpRu(RMeH- with the formation of the ion pairs [TpRu(PMeg(H>0)][OCH,CHs]

1,4-CHD at 75°C yields TpRu(PMg.H and benzene in  and [TpRu(PMe),(H.0)][OC(CHy)3], respectively (eq 47 The

approximately 48% yield after 3 day3The addition of PMe addition of aceton¢pKa(H20) = 20} or PhGH {pKa(H-0) =

to the reaction of TpRu(PMNH; and 1,4-CHD does not 25} to complex1 does not result in any reaction at room

impact the rate of the reaction, suggesting that the transformationtemperature. Theky, values for the acids ROH (R Me, CHy-

does not involve the formation of coordinatively unsaturated CHs, or'Bu), acetone, and phenylacetylene are in water, while

complexes. The slower reaction of compteand 1,4-CHD (9 reactions ofl. were performed in §Dg, and ion pairing is likely

days, 85°C, 33%) compared with TpRu(PMeNH: (3 days, to be more prevalent in the latter solvent. Thus, thg fange

75 °C, 48%) is possibly due to the reduced basicity of the of [TpRu(PMe)2(OH.)]* provides only a very qualitative

hydroxide ligand versus the parent amido ligand. In contrast, estimate of the basicity of complek However, weroughly

neither the ruthenium phenoxide complex TpRu(BM&Ph nor estimate the acidity of [TpRu(PMR(OH,)]" to possess aky

the anilido complex TpRu(PM&NHPhHh react with 1,4-CHD. value of between 18 and 20.

For example, heating TpRu(PMegOPh @) with 1,4-CHD in Single-Electron Oxidation of TpRu(PMes),OH and Re-

benzeneds at 85°C for 20 daysdid not result in observable  activity with C —H Bonds. The cyclic voltammogram of

reaction (eq 3). These results are also consistent with the acid/.

base pathway shown in Scheme 3 with the decreased basicity (65) Kaplan, A. W.; Bergman, R. G®rganometallics1998 17, 5072~

on the nor_]dative Iigand_s upon going frqm OH to OPh c.)rZNH 50?656) Burn, M. J.; Fickes, M. G.; Hollander, F. J.; Bergman, R. G.

to NHPh likely decreasing the propensity toward an acid/base organometallics1995 14, 137-150.

reaction with 1,4-CHD. We cannot definitively eliminate a (67) Ballinger, P.; Long, F. AJ. Am. Chem. Sod.96Q 82, 795-798.
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OR
/,P\ :'Ov /\H, H _]
Yy~ | _PMe; CaD, <. _PMe3
RIS ppe + R-OH ——m /IU\PM @)
’\{I/ N 3 - e3
B—\O) HB/NO\7

[R'=Me, CH,CHs, C(CH3)s]

complex1 displays a reversible oxidative wave at 0.01 V (vs
NHE) assigned as the Ru(lll/Il) couple. The addition of 1 equiv
of AgOTf to a GDeg solution of complexl results in the
formation of a precipitat¢ presumably Ag(§) and disappear-
ance of resonances due 1o(*H NMR spectroscopy). These
results are consistent with the formation of the paramagnetic
Ru(lll) complex [TpRu(PMg),OH][OTf] (3) and Ag(s). The
Evans NMR method was used to confirm the formation of
paramagnetic Ru complex and determine that= 1.78 ug

for 3 at room temperatur®.This value is consistent with a single
unpaired electron and close to the spin-only value of Lg,3
which is anticipated for an octahedral Ru(lllP dpecies.
Attempts to grow X-ray-quality crystals o8 resulted in
decomposition. In addition, after 12 h at room temperature, a
CsDg solution of [TpRu(PMg),OH][OTf] reveals the production

of a small amount{5% by'H NMR spectroscopy) of TpRu-
(PMe3),OTf, probably due to thelowdecomposition of the Ru-
(1) hydroxide complex3.

The addition of 1 equiv of AgOTf to a ¢Ds solution of
TpRu(PMe),OH (1) and 3 equiv (based on compléxof 1,4-
CHD (C—H BDE = 734 2 kcal/molf® results in the formation
of benzene+{35% based oi), [TpRu(PMe)(OH,)][OTf] (4)
(~60% yield), and TpRu(PMgOTf (~10% yield) within 20
min at room temperature (yields were determinedtyNMR
spectroscopy). Performing the identical reaction in tolugne-
results in the production of benzeng,and TpRu(PMg,OTf
in nearly identical yields to the reaction irg@s. Complex4
has been independently prepared upon combination of TpRu-
(PMe&;),OTf and water (see below). After 12 h, the resonances
due to benzene~50%), complexd (~50%), and TpRu(PMg,-

OTf (~50%) increase with no additional change after 3 days at

room temperature (Scheme 5). In the absence of the ruthenium

complex1, the reaction of 1,4-CHD and AgOTf ingDgs does
not form benzene after 3 days. The addition of AQOTf ta;RL
solution of complext and 1,4-cyclohexadiene in the presence
of TEMPO results in the formation of a precipitate and broad
resonances 'l NMR). After 12 h at room temperature,
resonances due to benzene (110%), [TpRu(@Mx,][OTf]
(50%), and TpRu(PMgOTf (50%) (all based
upon complex1) are observed byH NMR spectroscopy
(Scheme 5).

The addition of 2 equiv of kD to a GDg solution of TpRu-
(PMe3),OTf forms [TpRu(PMe),OH,][OTf] (4) in equilibrium
with TpRu(PMe),OTf/H,O. The formation of4 is indicated
by 'H NMR and3!P NMR spectroscopy. The resonance due to
the coordinated water is observed at 4.28 pptd MR
spectroscopy). Consistent with this assignment, the addition of
2 equiv of DO to the GDs solution of4 results in a decrease
in the resonance due to coordinated water (4.28 ppm), a
transformation that is reversible upon introduction of exce£3 H
(Scheme 6). Comple® has not been isolated and has been
characterized in equilibrium with TpRu(PMgOTf using H
and3!P NMR spectroscopy.

(68) Girolami, G. S.; Rauchfuss, T. B.; Angelici, R. Synthesis and
Technigue in Inorganic ChemistA Laboratory Manual University
Science Books: Sausalito, CA, 1998.

(69) Burkey, T. J.; Majewski, M.; Griller, DJ. Am. Chem. S0d.986
108 2218-2221.
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Scheme 4. Single-Electron Oxidation of TpRu(PMg,0OH
(1) by AgOTf to Form [TpRu(PMe 3),OH][OTf] (3) 2
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Scheme 5. Single-Electron Oxidation of TpRu(PMg,OH
(1) in the Presence of 1,4-Cyclohexadiefe
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Scheme 6. Formation [TpRu(PMg),OH,][OTf] (4) and
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The addition of AgOTTf to the solution of compleixand 9,-
10-dihydroanthracene (9,10-DHA;-H BDE = 78 + 2 kcal/
mol) in CsDe results in the formation of anthracene20%),
anthraquinone~6%), [TpRu(PMeg),OH,][OTf] (~55%), and
TpRu(PMe),OTf (~40%) (all based on complel determined
by 'H NMR spectroscopy) after 12 h at room temperature
(Scheme 7¥° The low yields reflect low conversions of starting
materials. Mayer et al. have reported that the oxidation of 9,-
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Scheme 7. Single-Electron Oxidation of TpRu(PMg,0OH Scheme 8. Possible Pathway for Net Dehydrogenation of
(1) in the Presence of 9,10-Dihydroanthracene 1,4-CHD by [TpRu(PMe3),OH][OT] (3)
CsD
TPRUPMe3)20H (1) _ 22 (rpRu(PMe;),0HI[OT] (3) + Ag(s) T e,
+ AgOTf H0 + KT~ PMe,
- Q0N g
"
[TpRu(PMeg)z(OHz)][OTt] + TpRU(PMe3),0Tf + Hy0 1}
40% H ~|oTf
&0 | H
e \II? _PMes R ﬁ PM63
o H H o
0% 6% B N@ (3 B NO
H|OTf
10-DHA by [(bpyk(py)RUYO]?" produces a mixture of an- @\? PMe3
throne, anthraquinone, and anthracene with the distribution of iRy ~PMes N
products dependent on the molar ratio of Ru-oxo and 9,10- NIB/“@T)
DHA.”* Anthrone was not detected by NMR spectroscopy or H
mass spectrometry. ot
iy , s s H M
The addition of AgOTf to a solution of complex and =N T pve = ¢
) . D ~5. 3 \ ~ U /PM63
fluorene (BDE= 80 + 2 kcal/mol) in GDe results in the HO + AR SNpve, = B <pye. ©
formation of fluorenone (eq 5). The formation of fluorenone é/l\@) e 3 7
was confirmed by botAH NMR and IR spectroscopwéo = H He 7

1719 cnr1).70.7273There is no evidencéll NMR spectroscopy

and mass spectrometry) for the formation of bifluorene.  Upon single-electron oxidation of compléxwe suggest that
However, due to overlapping with Tp resonances of ruthenium the Ru(lll) complex [TpRu(PMg.OH][OTf] reacts with sub-
complex, determination of the quantitative yield of fluorenone strates that possess relatively weak K bonds to produce
could not be determined. Based on intensities the yields are[TpRu(PMe),(OH)][OTf]. The latter complex then equilibrates
estimated as 6% for fluorenone, 29% compkexand 30% with TpRu(PMe),OTf and free HO. For example, €H bond
TpRu(PMeg),OTf. As with 9,10-DHA, the low yields are aresult ~ cleavage of 1,4-CHD (BDE= 73 + 2 kcal/mol) via hydroxide-

of low conversion of starting material. centered hydrogen atom abstraction would initially yield [TpRu-
(PMe;3)2(OHR)][OTf] and cyclohexadienyl radical. Hydrogen
[TPRU(PMe3),OHJ[OT] (3) [TPRU(PMe3)2(OH)][OTf (4) + H,0 atom abstraction from cyclohexadienyl radical by a second
+ CeDs o % equivalent of [TpRu(PMg,OH][OTf] would produce benzene
. ®) and asecond equialentof [TpRu(PMe&),(OH,)][OTf] (Scheme
O O + O‘O *+ TpRu(PMe3),OTf 8). This pathway would produce a molar ratio of [TpRu(R)Me
6% 30% (OHL)][OTH)/TPRU(PMe3),OTf and GHs of 2:1, which is

consistent with experimental observations. For example, the
The addition of AgOTf to a gDe solution of 1 and reaction ofl, AgOTf, and 1,4-CHD produces an approximate
cyclohexene (BDE= 81 £ 1 kcal/mol), cumene (BDE= 83 + 2:1 ratio of Ru and benzene or an approximate 1:1:1 molar ratio
1 kcal/mol), toluene (BDE= 88 kcal/mol), or phenylacetylene  of [TpRu(PMe)2(OH)][OTf], ToRu(PMey),OTf, and GHe. The
(BDE = 125 kcal/mol) results in the formation of a precipitate addition of TEMPO to the reaction @fand 1,4-CHD increases
and disappearance of resonances due to conipliexthe H the formation of benzene (relative to Ru) frerb0% (without
NMR spectrun?’*~77 For each reaction a small amountg%) TEMPO) to~110% (with TEMPO). This result is consistent
of TpRu(PMe),OTf is observed after 12 h at room temperature, With initial reaction of [TpRu(PMg>OH][OTf] with 1,4-CHD
which is nearly identical to the control experiments for the to form [TpRu(PMe)2(OH)][OTf] and cyclohexadienyl radical
reaction of complexl and AgOTf in the absence of added followed by net hydrogen atom abstraction from cyclohexadi-
organic substrates. After 48 h at room temperature, no evidenceenyl radical by TEMPO. Thus, with the addition of TEMPO
for the formation of new organic products, TpRu(PjAEl, or each equivalent of s produced from 1,4-CHD consumes 1
complex 4 is obtained. Thus, we conclude that the Ru(lll) equiv of Ru(lll) hydroxide rather than the 2 equiv that are
complex [TpRu(PMg2(OH)][OTf] (3) does not react with ~ consumed in the absence of TEMPO.
cyclohexene, cumene, toluene, or phenylacetylene. The reaction of 9,10-DHA with [TpRu(PMEOH][OT] (3)
forms a mixture of anthracene and anthraquinone, while
(70) Bordwell, F. G.; Cheng, J.-P.; Ji, G.-Z.; Satish, A. V.; Zhang)x. fluorenone is the exclusive organic product formed upon reaction

Am. Chem. Sod 991, 113 9790-9795. of fluorene with complex3. While we do not know the
10%11). Bryant, J. R.; Mayer, J. MI. Am. Chem. So@003 125 1035} mechanism for incorporation of oxygen, a Ru(IV)-oxo complex
(72) Stein, S. E.; Brown, R. L1. Am. Chem. Sod.991 113 787-793. has been reported to initiate similar reactiéh$he relationship
(73) Devaux, A.; Minkowski, C.; Calzaferri, Ghem. Eur. J2004 10, between reaction with €H bonds by comple8 and homolytic
2391-2408. L C—H BDEs is most important within the present context. For

Prgg? DI\I%’C:IS?(‘(’)}E'ZTO'B(QG”OSOV&" T. @landbook of AntoixidanfsCRC example, complex3 reacts with 1,4-CHD, 9,10-DHA, and
(75) Arends, 1. W. C. E.; Mulder, P.; Clark, K. B.; Wayner, D. D. M. fluorene, all with reported €H BDEs < 80 kcal/mol. In
Phys. Chem1995 99, 8182-8189. contrast, no evidence has been obtained for the reacti@ of

195(3262195"{%"2_”'152-7?-; McCallum, R. J.; Olmstead, W. N.Org. Chem. a4 sybstrates with €4 BDEs > 80 kcal/mol, including
(77) Chabinyc, M. L.; Brauman, J. 0. Am. Chem. S0Q00Q 122, cyclohexene (BDE= 81 + 1 kcal/mol), cumene (BDE= 83+

8739-8745. 1 kcal/mol), and toluene (BDE= 88 kcal/mol). Moreover,



5462 Organometallics, Vol. 25, No. 22, 2006 Feng et al.

Scheme 9. Calculation of the G-H Bond Strength in [TpRu(PMe3),(OH,)][OTH]
Energy (kcal/mol)

[TpRu'(PMe3)2(OH,)] TpRuU'(PMe3),OH + H* (ag) (PKa = 18-20) 24.6-27.3

ToRU'(PMe3),0H —— [TpRU"(PMe3),OH]" + &
(E12=0.01V) 0.2
H" (@q) + ¢ — ' Hz (@)
o Halg) —— He (aq) 57

ToRU'(PMes)y(OHp)]* —— [TpRu"(PMes),OH]" + He (aq)  BDE(O-H)  81.8-84.9
aSee ref 79.

Chart 1. Computational Studies at the B3LYP/CSDZ*
Level of Theory Indicate that the O—H BDE of
[TpRu(PMes3),(OHy)] ™ Is 84 kcal/mol in the Gas Phase

phenylacetylene has an acidicK(p= 25) yet homolytically
strong Gy—H bond (125 kcal/moly&77but complex3 does not
react with phenylacetylene. The latter experiment provides
evidence that the mode of reaction &does not involve acid [ calculated BDE = 84 keal/mol |
base chemistry as is proposed for reactivity withkC bonds

for the related Ru(ll) complexes (see above).

H
Ideally, the O-H bond dissociation energy of [TpRu(Phje I
(OHR)]* can be estimated using the equations shown in Scheme _’}lelllRu<PH3
9.62.70.78The redox potential of complekhas been determined NTH o
by cyclic voltammetry ;. = 0.01 V versus NHEAG® = 0.23 H\B_,\f’

kcal/mol). We have roughly estimated th€ of [TpRu(PMe).-
(OH)]* to be between 18 and 20. Using these data, an estimated sp ot 2. Computational Studies{B3LYP/CSDZ*} Indicate

bond dissociation energy of the-@® bond of [TpRu(PMe).- that the Ru—OH BDE of (Tab)Ru(PHs),0H (1) Is 74
(OHp)]* is calculated to be between 82 and 84 kcal/mol. kcal/mol and Is 50 kcal/mol for [(Tab)Ru(PHs),OH]*
Consistent with this estimate, reactivity studies described above Calculated BDE of Ru-O:  Calculated BDE of Ru-O:
suggest that [TpRu(PMROH][OTf] (3) can react with sub- 74 keal/mol 50 kcal/mol

strates that possess-€l bonds with BDE< 80 kcal/mol. There H oH Houw I

are several limitations to applying this approach to determination N=N_|l _PH; N=N_l _PH;

of the O-H BDE of [TpRu(PMe),(OH,)]*. The [Ka value NN Spp, NNy

between 18 and 20 uses aqueous phase values, while reactions \l HNH \l H,NH

of 1 were performed in benzene. As previously discussed, the HB—N HB_N

enthalpy of solution of the hydrogen atom is assumed to be
equivalent to that of dihydrogen (1 kcal/mé¥)To convert free Ru—R BDE upon oxidation from Ru(ll) to Ru(lll). For example,
energies from K, and the redox potential df, it is assumed  B3LYP calculations reveal that conversion of the Ru(ll) complex
that the entropies of [TpRu(PMe(OHy)] " and [TpRu(PMe),- TpRu(CO)(NCMe)Me to the Ru(lll) cation [TpRu(CO)(NCMe)-
(OH)]* are the samé Despite these limitations, the estimated Me]* decreases the RtCye BDE from 49 kcal/mol to 23 kcal/
O—H BDE of [TpRu(PMe)2(OH,)]" is consistent with observed  mol (a 53% decrease in BDE), a result consistent with the
reactivity and DFT computations (see below). experimentally observed reactivity of these compleReérevi-

Computational Studies or Relevant Bond Dissociation ous experimental studies have revealed that®R BDEs can
Energies. The approximate I, of [TpRu(PMe),(OH,)]™ and be greater than MC BDEs#%:8%-86 |n contrast to [TpRu(CO)-
Ru(lll/N) potential of 1 pK, have been used to provide an (NCMe)Me]", experimental results herein indicate that the-Ru
experimental estimate of the-@4 BDE of [TpRu(PMe),- OH bond of the Ru(lll) system [TpRu(PMeOH]" is relatively
(OHy)]* of between 82 and 85 kcal/mol. This value is consistent stable (compared with the Ru(lll) alkyl bonds) at room
with observations that [TpRu(PMeg(OH)][OTf] (3) reacts with temperature, and in the absence of reactive substrates the Ru-
C—H bonds that have BDEs 80 kcal/mol. Using the BALYP/  (lll) hydroxide complex3 is persistent (only 5% decomposition
CSDZ* level of theory, the ©H BDE of [(Tab)Ru(PH)- is observed for3 after 12 h in GDe at room temperature).
(OH2)]™ (Tab = tris(azo)borate as a model of the full Tp) is Consistent with these observations, B3LYP/CSDZ* calculations
calculated to be 84 kcal/mol in the gas phase (Chart 1), which indicate that the RtiOnyaroxyi BDE of the Ru(lll) system [(Tab)-
increases confidence in the experimental estimates of thd O Ru(PH),OH]* ligand is 50 kcal/mol (Chart 2), which is greater
BDE. than twice the calculated value of the RGmeny BDE (23 kcal/

We have previously reported that single-electron oxidations mol) of the Ru(lll) complex [TpRu(CO)(NCMe)Mé] The
of TpRu(L)(L')R (R = alkyl ligand) systems to form the Ru-  calculated Rt+Opydroxyi BDE of the Ru(ll) complex (Tab)Ru-
() cations [TpRu(L)(L)R]" result in rapid Re-R bond
homolysis at room temperatu¥¢The fast homolytic cleavage (81) Bryndza, H. E.; Domaille, P. J.; Tam, W.; Fong, L. K.; Paciello, R.

: : : . A.; Bercaw, J. EPolyhedron1988 7, 1441-1452.
of the Ru-C bonds is attributable to a substantial decrease in (82) Bulls, A. R.; Bercaw, J. E.. Manriguez. J. M.. Thompson, M. E.

Polyhedron1988 7, 1409-1428.

(78) Mayer, J. M. Thermodynamic Influences or-8 Bond Oxidation. (83) Labinger, J. A.; Bercaw, J. Brganometallicsl988 7, 926-928.
In Biomimetic Oxidations Catalyzed by Transition Metal Complexes (84) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J.
Meunier, B., Ed.; Imperial College Press: London, 2000; p@3. E.J. Am. Chem. S0d.987 109, 1444-1456.

(79) Gardner, K. A.; Kuehnert, L. L.; Mayer, J. Nhorg. Chem.1997, (85) Wax, M. J.; Stryker, J. M.; Buchanan, J. M.; Kovac, C. A.; Bergman,
36, 2069-2078. R. G.J. Am. Chem. S0d.984 106, 1121-1122.

(80) Arrowood, B. N.; Lail, M.; Gunnoe, T. B.; Boyle, P. @rgano- (86) Holland, P. L.; Andersen, R. A.; Bergman, R. G.; Huang, J.; Nolan,

metallics2003 22, 4692-4698. S. P.J. Am. Chem. S0d.997, 119, 12800-12814.
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Scheme 10. Three Pathways to Cleave-H Bonds by Late
Transition Metal Systems with Nondative Heteroatomic
Ligands

Hydrogen atom abstraction

Mn c Mn-1

Lo+ ] — | + C- > Relatively high oxidation state
X:  H X<y
Deprotonation
M"  C M 1T C

| + | — | j Relatively low oxidation state,
X: H X\H no open coordination site
1,2-addition

n Mi—cC
M—T] | : Relatively low oxidation state,
)l(: H X\H available coordination site

(PHs).0H is 74 kcal/mol at the same level of theory. Thus,
oxidation from Ru(ll) to Ru(lll) is calculated to decrease the
Ru—Xhnydroxyl BDE by only 32%, a value that is proportionately
less than the impact of single-electron oxidation on-alkyl
BDEs. A potential source of the different effect on the Ru-
ligand BDE upon oxidation is the ability of the hydroxide ligand
to stabilize the Ru(lll) state via-interaction and formation of
some Ru-OH multiple bond character, which is not accessible
at the Ru(ll) oxidation state due to a filled set of drbitals.

Support for this conclusion can be deduced from the greater

than expected shortening of the ROH bond upon oxidation
from Ru(ll) to Ru(lll) obtained from DFT geometry optimiza-
tion of [(Tab)Ru(PH)2(OH)]°" models: Ru(ll>OH = 2.12
A, Ru(ll)—OH = 1.97 A. The difference of 0.15 A is roughly

double the bond shortening expected from an increase in the

formal oxidation state of ruthenium by1 unit for a six-
coordinate complex. The calculated RO—H angle is larger
in the Ru(lll) complex than the corresponding Ru(ll) hydroxide
(112 versus 1179), although this difference is marginal.

Summary

At the Ru(ll) oxidation state, TpRu(PMeOR (R= H or
Ph) systems exhibit reactivity with-€H bonds that is consistent
with an acid/base reaction with the “OR” ligand. For example,
TpRu(PMe),OH (1) and 1,4-CHD are converted to benzene
and TpRu(PMg:H in a reaction that we propose involves initial
heterolytic cleavage of an allylic-€H bond of 1,4-CHD. In
contrast, single-electron oxidation @fto a Ru(lll) complex
results in reactivity indicative of a predilection toward odd-
electron chemistry (i.e., net hydrogen atom abstraction of
relatively weak C-H bonds). Late transition metal systems with

nondative heteroatomic ligands have been demonstrated to breal

C—H bonds by three distinct pathways: (1) ligand-centered
hydrogen atom abstraction (i.e., proton-coupled electron
transfer)2.54-56.58(2) ligand-centered heterolytic chemistry (i.e.,
C—H deprotonation}/~1° and (3) net 1,2-addition of €H
bonds across MX bonds (Scheme 13:5%57For systems with

an energetically favorable—1 oxidation state and inaccessible

Organometallics, Vol. 25, No. 22, 208863

and selectivity within and among the different pathways for
scission of C-H bonds is a delicate balance of access to open
coordination sites on the metal, metal oxidation state (e.g., acid/
base chemistry of Ru(ll) versus odd-electron reactivity of Ru-
(Il complexes), and basicity of the nondative ligand (Ru
NH2 more basic than RtOH complexes).

Experimental Section

General Methods.All procedures were performed under an inert
atmosphere in either a nitrogen-filled glovebox or using standard
Schlenk techniques. The glovebox atmosphere was maintained by
periodic nitrogen purges and monitored by an oxygen anafy@er
(g) < 15 ppm for all reactior}s Benzeneds was degassed by three
freeze-pump-thaw cycles and stored ové A molecular sieves.

IH and3C NMR spectra were recorded on a Varian Mercury 400
MHz or a Varian Mercury 300 MHz spectrometer. Resonances due
to the Tp ligand are listed by chemical shift and multiplicity only
(all coupling constants for pyrazolyl rings are approximately 2 Hz).
All IH and3C NMR spectra were referenced against tetrameth-
ylsilane using resonances due to the residual protons in the
deuterated solvents or tA&C resonances of the deuterated solvents.
31P NMR spectra were obtained on a Varian Mercury 400 MHz
spectrometer (operating frequency 161 MHz) and referenced against
external 85% HPQO,. Unless otherwise noted, NMR spectra were
acquired at room temperature. Unless otherwise noted, all reagents
were used as purchased from commercial sources. Mass spectrom-
etry was recorded by a JEOL HX-110 Magnetic Sector mass
spectrometer. Synthetic procedures for TpRu(BMEH (1), TpRu-
(PMey),OTf, TpRu(PMe),OMe, TpRu(PMe).H, and TpRu(PMg),-
(C=CPh) @) have been reported:*°

[TpRu(PMe3),(OHL)][OTf] (4). In a glovebox, an NMR tube
was charged with 0.025 g (0.04 mmol) of TpRu(PMeTf and
0.7 mL of GDe. The NMR tube was capped with a rubber septum
and removed from the glovebox, andu2 of H,O (0.11 mmol)
was added using a microsyringe. The solution was shaken vigor-
ously, and'H NMR spectra were acquired 10 min and 12 h after
mixing. After 12 h, new resonances due to [TpRu(BM©H,)]-

[OTf] (4) appeared in equilibrium with TpRu(PMeOTf (no further
change occurred after 12 h),O (2 uL, 0.11 mmol) was added to
the solution, andH NMR spectra were acquired 20 min and 12 h
after mixing. Resonances due to Ru-coordinate@ Eind free HO
decreased with no change for the remaining resonafideNMR
(CeDg, 0): 7.98, 7.43, 7.37, 6.70 (6H, 2:2:1:1 integration, each a
d, Tp CH 3 and 5 positions), 6.07, 5.71 (3H, 2:1 integration, each
at, Tp (H 4 position), 4.28 (2H, broad, RtOH,), 1.06 (18H, vt,

N = 8 Hz, P(®H3)3). 32P{H} NMR (CsDs, 0): 13.8 (s,PMes).

[TpRu(PMe3),(OH2)][OMe]. In a glovebox, an NMR tube was
charged with 0.020 g (0.040 mmol) of TpRu(P©OH (1) and
g.0 mL of GDe. A IH NMR spectrum was acquired. Methanol
(1.7 uL, 0.040 mmol) was added to the NMR solution, and the
solution was shaken vigorously. Anoth## NMR spectrum was
acquired that indicated disappearance of the resonances due to
complex 1 and the appearance of new resonances assigned as
[TpRU(PM&),(OH,)][OMe]. H NMR (C¢De, 8): 7.93, 7.54, 7.52,
7.00 (6H, 2:2:1:1 integration, each a d, TBI@ and 5 positions),
5.97, 5.85 (3H, 2:1 integration, each a t, Tpl @ position), 3.47

coordination sites, odd-electron and net hydrogen atom abstracmH, s, H30), 2.57 (2H, broad, R4OH,), 1.11 (18H, vtN = 10

tion chemistry is likely to dominate. For complexes with high-
energyn—1 oxidation states and unavailable coordination sites,
heterolytic even-electron-€H cleavage (i.e., €H deprotona-
tion) is likely to be observed. Complexes with high enemeyl
oxidation states andccessiblecoordination sites for binding
of C—H bonds are most likely to exhibit a predilection toward
even-electron 1,2-addition of-€H bonds (i.e., metal-mediated
C—H activation). The studies outlined here on TpRU(X =
OH, NH,) complexes indicate that subtle control of the activity

Hz, P(Hs3)3). 3P{*H} NMR (Cg¢Dg, 0): 18.1 (s,PMey).
[TpRu(PMe3),(OH,)][OCH ,CHy3]. In a glovebox, an NMR tube

was charged with 0.020 g (0.040 mmol) of TpRu(RMeH (1)

and 1.0 mL of GDs. A *H NMR spectrum was acquired. Ethanol

(2.4 uL, 0.040 mmol) was added to the NMR solution, and the

solution was shaken vigorously. Anoth#ét NMR spectrum was

acquired that indicated disappearance of the resonances due to

complex 1 and the appearance of new resonances assigned as

[TpRuU(PMe)2(OH,)][OEt]. 'H NMR (CgDg, 9): 7.94, 7.55, 7.52,
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7.02 (6H, 2:2:1:1 integration, each a d, Tpi@ and 5 positions),
5.97, 5.86 (3H, 2:1 integration, each a t, Tpl @ position), 3.79
(2H, q,3J4n = 7 Hz, CHCH0), 1.32 (3H, t3Jyy = 7 Hz, (Hs-
CH,0), 1.13 (18H, vtN = 8 Hz, P(GH3)3). 3*P{*H} NMR (C¢Ds,
0): 18.4 (s,PMey).

[TpRu(PMe3)2(OH2)][OC(CH 3)3]. In a glovebox, an NMR tube
was charged with 0.020 g (0.040 mmol) of TpRu(RMeH (1)
and 1.0 mL of GDs. A 'H NMR spectrum was acquired.
tert-butanol (3.L, 0.040 mmol) was added to the NMR solution,
and the solution was shaken vigorously. Anoth&€NMR spectrum

Feng et al.

NMR spectroscopy showed the formation of TpRu(BMBTf in
less than 5% yield (based di).

Evans NMR Method. TpRu(PMeg),OH (1) (0.022 g, 0.046
mmol) was dissolved in 16 mL of dDs, and this solution was
divided into two 8 mL solutions, which were labeled A and B.
AgOTf (0.006 g, 0.023 mmol) was added to tube A, and a
precipitate formed immediately. This solution was filtered using a
syringe filter. Two NMR tubes were separately charged with the
filtrate from solutions A and B, each of which was charged with 2
uL of mesitylene. Two sealed capillary tubes, which were charged

was acquired that indicated disappearance of the resonances duwith 2 uL of mesitylene and 5@L of C¢De, were added into the
to complex1 and the appearance of new resonances assigned asNMR tubes containing solutions A and B1 NMR spectra of each

[TpRu(PMe),(OH,)][OBuU]. *H NMR (C¢Ds, 6): 7.97, 7.57, 7.52,
7.04 (6H, 2:2:1:1 integration, each a d, TBI@ and 5 positions),
5.97, 5.87 (3H, 2:1 integration, each a t, Tpl @ position), 1.38
(9H, s, OC(C3)3), 1.15 (18H, vt,N = 10 Hz, P(QH3)3). 31P{H}
NMR (C¢Dsg, 9): 18.9 (s,PMey).

Reaction of TpRu(PMe;),OH (1) with Phenylacetylene.ln a
glovebox, three screw-cap NMR tubes were each charged with
0.020 g (0.040 mmol) of TpRu(PMeOH (1) and 1.0 mL of GDe.

To the resulting solutions were added 0.044 mL of phenylacetylene

(0.40 mmol) and a small amount of mesitylene as internal standard.

were acquired using a 10 s pulse delay. For solution A, a total of
four resonances for mesitylene were observed with a chemical shift
difference of 0.012 ppm (resonances~a6.7 and 2.1 ppm; 300
MHz). For solution B, only a single set of resonances (two total)
was observed due to mesitylene.

Reaction of [TpRu(PMe;),OH][OTf] (3) with 1,4-Cyclohexa-
diene, 9,10-Dihydroanthracene, Fluorene, Cyclohexene, Cumene,
Toluene, or PhenylacetyleneSix screw-cap NMR tubes were each
charged with 0.020 g (0.040 mmol) of TpRu(P©OH (1) and
1.0 mL of GDe. In a glovebox, a small amount of mesitylene

A H NMR spectrum was acquired with a pulse delay of 10 s in (internal standard) and 3 equiv of 1,4-cyclohexadiene, 9,10-
order to ensure accurate integration. The solutions were heated tdihydroanthracene, fluorene, cyclohexene, cumene, toluene, or

approximately 80C in an oil bath and periodically monitored by
IH NMR spectroscopy. The formation of TpRu(PY)EC=CPh)

(2) was observed in quantitative yield; however, multiple reactions
using different batches df did not produce consistent rates of
reactions.

Reaction of TpRu(PMe;),OPh with Phenylacetylene.The
procedure used was identical to those described abovedocept
the oil bath was set at 8%. The conversion t& was quantitative
by IH NMR spectroscopy after 6 days.

Reaction of TpRu(PMe),OR (R = H or Ph) with 1,4-
CyclohexadieneIn a glovebox, the Ru(ll) complex was weighed
and dissolved in 1 mL of §Ds. This solution was transferred to a
screw-cap NMR tube, and 3 equiv of 1,4-CHD was added along
with mesitylene (as internal standardHd NMR spectra were
immediately acquired with a 10 s pulse delay. The solution was
then heated to 80C (R = H) or 85°C (R = Ph) in temperature-

regulated oil baths. Reaction progress was monitored versus time

using *H NMR spectroscopy. Percent yields of products were
determined by integration versus mesitylene. For the reaction of
TpRu(PMe),OH (1) with 1,4-CHD, the formation of TpRu-
(PMey).H (33% after 9 days), 1,3-CHD, benzene, and water was
observed, while the combination of TpRu(P§#©®Ph and 1,4-CHD
resulted in no reaction after 20 days of heating.

Reaction of TpRu(PMe;),OH (1) and Phenylacetylene with
Catalytic TpRu(PMe3),OTf. Four screw-cap NMR tubes were
each charged with 0.020 g (0.040 mmol) of TpRu(BJ¥eH (1),
0.044 mL (0.40 mmol) of phenylacetylene, and 1.0 mL gbg

To the four separate solutions 0, 0.04, 0.07, and 0.15 equiv of TpRu-

(PMey),OTf (based on compleg) were added as well as a small
amount of mesitylene as internal standdtd.NMR spectra were

acquired using a pulse delay of 10 s in order to ensure accurate

integration. The solutions were heated to approximately@on
a temperature-regulated oil bath and periodically monitoretHoy
NMR spectroscopy. The formation of TpRu(PYEC=CPh) @)
was observed, and the rate of each reaction was determined.
[TpRu(PMe3),OH][OTf] (3). TpRu(PMe),OH (1) (0.020 g,
0.040 mmol) was weighed in a glass vial and dissolved in 1.0 mL
of CsDs. The solution was transferred to a screw-cap NMR tube,
and a'H NMR spectrum was acquired using a 10 s pulse delay. In
a glovebox, 1 equiv of AgOTf was added to the NMR solution.
The solution was mixed, and a precipitate immediately formed. A
IH NMR spectrum revealed that all of the resonances due to
complex1 had disappeared. After 12 h at room temperattire,

phenylacetylene were added to an NMR tubéHANMR spectrum

was acquired using a 10 s pulse delay. One equivalent of AgOTf
(based orl) was added to each NMR tub#d NMR spectra were
acquired using a 10 s pulse delay after 20 min and 12 h at room
temperature. Results are described in the text. Analysis by mass
spectrometry did not reveal evidence of other organic products.

Reaction of [TpRu(PMe;),OH][OTf] (3) with 1,4-Cyclohexa-
diene with the Addition of TEMPO. A screw-cap NMR tube was
charged with 0.020 g (0.040 mmol) of TpRu(P{H (1), 0.007
g (0.040 mmol) of TEMPO, a small amount of mesitylene (internal
standard), and 1.0 mL of¢D¢ (0.010 g, 0.040 mmol). AH NMR
spectrum was acquired using a 10 s pulse delay. AgOTf (0.010 g,
0.040 mmol) was added to the NMR tube, aritHdNMR spectrum
was acquired using a 10 s pulse delay. The formation of 50% TpRu-
(PMe;),OTf, 50% [TpRu(PMeg)2(OH,)][OTf], and 110% GHe was
observed after 12 h at room temperature.

Computational Methods. All geometries were optimized in
Jaguaf” with density functional theory (DFT) using the B3LYP
functional®-°1 The Stevens effective core potential (ECP) and
valence basis sets were usé@with a d-polarization function on
heavy main group elements (termed CSDZ* in Jaguar). Each
structure was confirmed as a minimum using an energy Hessian
calculation; the unscaled vibrational frequencies thus obtained were
used to determine enthalpic and entropic corrections at STP to the
electronic energy using standard statistical thermodynamics for-
mulas. The tris-pyrazolyl borate (Tp) ligand was replaced with tris-
azo borate (Tab), the latter being shown in previous #&fAé4to
behave similarly in electronic and steric impact to the full Tp ligand.
PMe; ligands were modeled with BRH
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