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Abstract: At elevated temperatures (90—130 °C), complexes of the type TpRu(PMe3).X (X = OH, OPh,
Me, Ph, or NHPh; Tp = hydridotris(pyrazolyl)borate) undergo regioselective hydrogen-deuterium (H/D)
exchange with deuterated arenes. For X = OH or NHPh, H/D exchange occurs at hydroxide and anilido
ligands, respectively. For X = OH, OPh, Me, Ph, or NHPh, isotopic exchange occurs at the Tp 4-positions
with only minimal deuterium incorporation at the Tp 3- or 5-positions or PMes ligands. For TpRu(PMes)-
(NCMe)Ph, the H/D exchange occurs at 60 °C at all three Tp positions and the phenyl ring. TpRu(PMe3),-
Cl, TpRu(PMej3),OTf (OTf = trifluoromethanesulfonate), and TpRu(PMe3).SH do not initiate H/D exchange
in C¢Dg¢ after extended periods of time at elevated temperatures. Mechanistic studies indicate that the
likely pathway for the H/D exchange involves ligand dissociation (PMez; or NCMe), Ru-mediated activation
of an aromatic C—D bond, and deuteration of basic nondative ligand (hydroxide or anilido) or Tp positions
via net D transfer.

Introduction bonds including catalytic hydroarylation of olefifs” In a

Due to the potential synthetic utility of processes for selective SEParaté approach, we have initiated a study of the feasibility
functionalization of hydrocarbons, transition metal-mediated ©f cOMPlexes with high d-electron counts that possess nondative
activation of carborrhydrogen bonds has been of long-standing Néteroatomic ligands tgéfz'g'ateﬂ'i bond cleavage via even-
interesti© Efforts in this area have resulted in the identification €/€ctron transformation’.

of a variety of mechanisms by which transition metals can break _The chem_istry of non_dative hete_roatomic Iigan_ds (€.9., amido,
C—H bonds and an increasing number of examples of metal- imido, alkoxide, aryloxide, hydroxide, and oxo ligands) bound

mediated catalytic €H activation’ 1 Our group has been to late transition metal centers is of increasing interest due to
studying the use of TpRu(ll) alkyl and aryl (Fp hydridotris- e likely 'UVO'Vem?”r:%ZO?j?’ZS“Ch systems in catalytic and
(pyrazolyl)borate) complexes for the activation of aromatieHC stoichiometric reactions: Our group and others have
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Scheme 1. Possible Routes for Catalytic 1,2-Addition Across Scheme 2. Proposed Pathway for H/D Exchange between 1 and
Metal—Heteroatom Bonds (X = O or NR) CsDs (80—100 °C)
Route A Route B PMe PMe PMe
A3 3 Py 3 S 3
M —X M—R _ X" /'ﬁy)ll?u”me3 (e %)éu/ 0 coe, @ \lLu/\ﬂDB
e Ry ¢ VN Thme, NN R T N Nom
< > A Y L
n__s
'Y' X M2 R-H- M"—X
Ho \
R R-X-H R PMe. D5
i Complex 1 and benzene P €371\ t
are the only species < PMe; =N | =/
detailed the synthesis and reactivity of Ru(ll) complexes that —©observed by NMR /7 oRu T | AR P
. . 20.92 33.38 spectroscopy ’\ﬁ\l | ~O-D g o
possess amido ligand%;20.22 Recently, we reported NN, N
evidence that the Ru(ll) hydroxide complex TpRu(RMeH HE e H° H

(1) can activate €H(D) bonds of benzene or toluene through

a pathway that likely involves phosphine dissociation, arene examples of net 1,2-addition of-€4 bonds (even-electron

coordination, and net 1,2-addition of a-@ bond across the  transformations) across X bonds (X= heteroatom) are rare

Ru—OH bond?! In a closely related reaction, Periana et al. have for late transition metal systems in relatively low oxidation

reported that an Ir(lll) methoxide system, which is isoelectronic states?13947 Herein, we report extension of our studies of

to 1, reacts with benzene to produce an Ir(lll) phenyl complex hydrogen/deuterium (H/D) exchange firto systems of the

and methanol? These transformations are potentially related type TpRu(PMe)2X (X = OH, NH,, NHPh, OPh, SH, CI, OTf,

to C—H activation of hydrocarbons by early transition metal Me, or Ph) and TpRu(PMENCMe)Ph, including the observa-

imido complexes in that they involve the net 1,2-addition of tjon, for some of these systems, of H/D exchange at the

C—H bonds across a metaheteroatom bontf43 nondative ligand X as well as regioselective H/D exchange
The incorporation of 1,2-addition of €H bonds across  between the Tp ligand and deuterated arenes.

transition metal heteroatom bonds into catalytic cycles would ) )

provide routes for the production of hetero-functionalized Results and Discussion

products from hydrocarbons (Scheme 1). Such catalytic cycles Hydrogen/Deuterium Exchange at the Nondative Ligand

could be accessible through oxidation of a metal center by group X for TpRu(PMe 5),X {X = OH (1), NHPh (2), or SH (3)}.

transfer of “X” (e.g., X= O or NR), 1,2-addition of a €H Synthesis and characterization of TpRu(RM% {X = OH (1)

bond, and subsequent reductive elimination ofXR-H via or NHPh @)} have been previously reporté#2! The isoelec-

R—X bond formation (Route A in Scheme 1). Alternatively, tronic hydrosulfido complex TpRu(PNMeSH (3) can be isolated

oxygen/nitrene insertion into a metedlkyl (or aryl) bond in 579 yield after reflux of the triflate complex TpRu(PiJe

followed by 1,2-addition of a €H bond and elimination ofan  OTf (4) (OTf = trifluoromethanesulfonate) with NaSkH,0

alcohol or amine provides a pathway for-€ functionalization  in toluene for 24 h (eq 1)8 is characterized by resonances for
(Route B in Scheme 1). A key step in such putative catalytic the Tp ligand that are consistent with the presence of a mirror
CyCles IS net 1,2'add|t|0n of a-€H bond across a met‘a.bxygen p|ane of SymmetrylH and 13C NMR Spectroscopy) and an

or metat-nitrogen nondative bond. Although odd-electron ypfield triplet Jpy = 4 Hz, *H NMR) at —3.30 ppm due to

hydrogen-atom abstraction by nondative ligands coordinated tothe sulfido hydrogen. For a closely related Re(l) complex, the
oxidizing metal centers are knowifr;*6 to our knowledge,

= _OoTf /’@ SH
(28) Sharp, P. RComments Inorg. Cheni999 21, 85-114. o~ g oPMes  NaSH.xH0 IO 1 PMes
(29) Sharp, P. RJ. Chem. Soc., Dalton Tran200Q 2647-2657. N1 SPMes T . /Qj/| SpMe; (1)
(30) Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163-1188. N NN -NaOTf N NN
(31) Mayer, J. M.Comments Inorg. Chemi988 8, 125-135. HB/ Q HB/ \97
(32) Caulton, K. GNew J. Chem1994 18, 25-41.
(33) Fulton, J. R.; Sklenak, S.; Bouwkamp, M. W.; Bergman, RI.G&m. Chem. (4) (3)

S0c.2002 124, 4722-4737.
(34) Conner, D.; Jayaprakash, K. N.; Gunnoe, T. B.; Boyle, POByjanome-

tallics 2002 21, 5265-5271. resonance due to the hydrosulfido ligatti NMR) has been
(35) Zhang, J. B.; Gunnoe, T. B.; Peterson, Jniorg. Chem2005 44, 2895 8
2907 reported at-2.43 ppmt*

(36) gggapg J.; Gunnoe, T. B.; Boyle, P. Drganometallic2004 23, 3094~ We have previ0u5|y reported that heating TpRU(E)&(QH
(37) Boncella, J. M.; Eve, T. M.; Rickman, B.; Abboud, K. Rolyhedron199§ (1) in deuterated arene solvents results in H/D exchange at the

17, 125736 hydroxide ligand including evidence for the pathway shown in
(38) Joslin, F. L.; Johnson, M. P.; Mague, J. T.; Roundhill, D.®#ganome- A :

39 tallics 1991, 10, 2781-2794. - | ddrd Scheme 21 The proposed H/D exchange at the hydroxide ligand
39) Tenn, W. J.; Young, K. J. H.; Bhalla, G.; Oxgaard, J.; Goddard, W. A.; :

Periana, R. AJ. Am. Chem. S0@005 127 14172-14173. is supported by the disappearance of the resonance due to the
(40) Y\{gsgﬁzg %.7;3|41|o||ander, F. J.; Bergman, R.JGAm. Chem. S0d.988 hydroxide ligand {H NMR) and appearance of a broad upfield
(41) Hoyt, H. M. Michael, F. E.; Bergman, R. G. Am. Chem. So@004 resonance in théH NMR (see Figure 1 below). E.arly in the
” }326 1(1%951819\}\1 | Wi P T, Am. Chem. Sod997 119 10696 reaction, the rate of disappearance of the hydroxide resonance
(42) Bennett, J. L.; Wolczanski, P. 3. Am. Chem. Sod997, 119 equals the rate of appearance of the protio benzene resonance.
(43) ﬁgﬂggi 573?3; Baxter, S. M.; Wolczanski, PJTAm. Chem. S04988 In the presence of ¥, the H/D exchange between the
(44) Mayer, J. MAcé. Chem. Red.998 31, 441-450.

(45) Roth, J. P.; Yoder, J. C.; Won, T. J.; Mayer, J. Stience2001, 294, (47) Davies, D. L.; Donald, S. M. A.; Macgregor, S. 8. Am. Chem. Soc.

2524-2526. 2005 127, 13754-13755.

(46) Goldsmith, C. R.; Jonas, R. T.; Stack, T. D.JPAm. Chem. So2002 (48) Gerbino, D. C.; Hevia, E.; Morales, D.; Clemente, M. E. N.reRe J.;

124, 83—96. Riera, L.; Riera, V.; Miguel, DChem. Commur2003 328.
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Benzene According to the proposed mechanism for H/D exchange
shown in Scheme 2, must access a five-coordinate species on
a time scale that is consistent with the observed H/D exchange
at the hydroxide ligand. Monitoring the rate of exchange of
PMe; upon combination ofl. with PMe;-dg at 80 °C reveals
Kobs = 1.7(1) x 1074 s™L. The rate of degenerate PpMieMes-

Tp 4 dyg exchange is independent of P concentration, indicating
that the exchange is likely dissociative in character. The rate of
PMe; exchange is greater than the rate of H/D exchange and
indicates that external substrates (e.gD4F should have access

\ /OD to the Ru coordination sphere on time scales that are more rapid
Y ot Nt than the observed H/D exchange.
) ) ) : - e The reaction ofl with toluenees at 80 °C also results in

Figure 1. *H NMR spectrum of (Tpd;)Ru(PMe)-OD (L-di) acquired at H/D exchange of the hydroxide ligand. The kinetic selectivity
75°C (note: the observation of a single Tp 4-position in #eNMR is 3 fter statistical correction) for H/D exchange bin toluene-
due to broad lines and overlap; resonance for benzene is due to residual’” .
CeDs). ds is para/meta/ortho/methy 4.4:3.9:2.5:1.0 (eq 2). The
selectivity for para and meta positions over ortho and methyl
hydroxide ligand and §Ds becomes catalytic. For example, the positions is consistent with a metal-mediated process and

combination ofl (~1.6 mol %), HO, and GDs results in suggests that the H/D exchange does not likely involve a

catalytic H/D exchange to produces@Hy (x + y = 6), as hydrogen atom abstraction pathway, which would preferentially

indicated by an increase in the resonance due to benzene in th@ccur at the benzylic position.

IH NMR spectrum. After 172 h at 10T, a total of 10 catalytic Selectivity for Hydrogen Incorporation

turnovers for H/D exchange are observed with only slight @ oM CDs WD 1.0

catalyst decomposition. Catalysis likely occurs through the ,_/\' <PM‘°‘3 , 7 Exchange 25 Dy H, 2

generation of RetOD and subsequent reaction withy® to N N PMes X 80C @DMH’“

produce DOH and RduOH. Control reactions in the absence HB/"\‘Q} o % 38— T/

of 1 or using TpRu(PMg,OTf (the synthetic precursor tb) 44 TG

do not yield H/D exchange between®and GDs. Observation

of catalytic H/D exchange at -€H bonds using water is Another possible pathway for the isotopic exchange is the

relatively rare?® creation of a source of H For example, coordination of 4@
Kinetic studies reveal that H/D exchange at the hydroxide Or the presence of an acidic impurity could provide a source of

ligand of 1 in excess @Ds is first-order withkoss = 8.0(2) x H* and a pathway for electrophilic aromatic substitution;

1075 571 (80 °C, ty ~ 2.4 h). The addition of 10 mol % of = however, the regioselectivity for toluene H/D exchange is

TpRu(PMe),OTf (4) (precursor tol) to a solution ofl and inconsistent with addition of Hto free tolueneds. For example,

CsDs does not increase the rate of H/D exchange at the the para/meta/ortho selectivity for deuteration of toluene with

hydroxide ligand oflL. Thus, small amounts of Ru impurites ~DBr (25 °C) has been reported as approximately 1000:1:167,
from starting materials are not likely to be acting as catalysts Whereas selectivity of toluene deuteration witiCiperfluoro-

for the H/D exchange. The presence of coordinating ligands acetic acid (25°C) has been reported as approximately 98:1:
suppresses the rate of H/D exchange at the hydroxide ligand as/4>° Furthermore, the rate of H/D exchange at the hydroxide
well as the rate of catalytic H/D exchange betwee®Hand ligand upon heating a toluert-(kops = 2.0(1) x 105 st at
CsDs, Which is consistent with a metal-mediated process. For 80 °C) solution of1 is approximately 4 times slower than that
example, heating a solution afin CsDg in the presence of 0.1  observed in @Dg and is inconsistent with a pathway involving
equiv (based orl) of PMe; results in no observable H/D production of H with subsequent electrophilic aromatic
exchange at the hydroxide ligand after 168 h at°80 The substitution.

addition of the “non-coordinating” base 2,6-lutidine does not ~ The anilido complex TpRu(PMNHPh @) also initiates
increase the rate of H/D exchange at the hydroxide ligand and,H/D exchange in €Dg; however, higher temperatures are
in fact, slightly decreases the rate. For example, &t@0H/D required relative to the hydroxide compléxThe 15N-labeled
exchange at the hydroxide ligand occurs wighs = 8.0(2) x complex TpRu(PMg(**NHPh) @-1°N) can be prepared starting
1075 571, whereas the H/D exchange at the hydroxide ligand from isotopically enriched*N-aniline. The resonance due to
(80 °C) in the presence of 1 equiv of 2,6-lutidine occurs the amido hydrogen @-'°N appears as sharp doublet with,
approximately 3.5 times slower witkyps = 2.3 x 1075 sL. = 69 Hz. Heating2->N in CsDe at 130 °C results in the
Thus, the reaction is not likely catalyzed by basic impurities. disappearance of the resonance due to the amido hydrogen with
The addition of TEMPO (TEMPO= 2,2,6,6-tetramethyl-  Kobs = 1.4(2) x 107° s7* (eq 3). Similar tol, the rate of
piperidin-1-oxyl) to a solution ofl. in CsDg does not alter the ~ Phosphine exchange f@ris more rapid than H/D exchange at
rate of H/D exchange, which indicates that the reaction does the anilido ligand (see below). Simultaneous to the decrease in
not likely involve the generation of free radicals. Reactions in the resonance due to the hydrogen of the anilido ligand, the

tolueneds are also inconsistent with a free radical process (see resonance due to protio benzene increases. In contrast, heating
below). TpRu(PMe),SH (@) in CgDg to 130°C results in no observed

changes in théH NMR spectrum after 6 days (eq 4).

(49) Klei, S. R.; Golden, J. T.; Tilley, T. D.; Bergman, R. & Am. Chem. Soc.
2002 124, 2092-2093. (50) Stock, L. M.; Brown, H. CJ. Am. Chem. Sod.959 81, 3323-3329.
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/\H\ __Ph
*N
E \il'\’u/PMes C6D6 /y PMe3
pf\l/ ~ /R 3)
NI N PMes 4300
—N¢ /N
D Y
@-°N) @0r-15N) + CaDsHy
Iy \é;
§> : u\PMe3 CeDs No evidence @
, I PMe; 130 °C of H/D exchange
B/NLJ 6 days

Hydrogen/Deuterium Exchange at the Tp 4-Positions of
TpRu(PMe3),OH (1). In addition to the H/D exchange at the
hydroxide ligand of TpRu(PMg:0H (1), prolonged heating of
1 in C¢Dg results in the observation akgioselectie H/D
exchange at the Tp 4-positions (eq ). NMR reveals only a
minor amount of H/D exchange at the Tp 3/5-positions and the Figure 2. ORTEP (30% probablllty) of TpRu(PMpOPh €) (note:

hydrogen atoms are omitted for clarity). Selected bond lengths (A):—Rul
trimethylphosphine ligands. For example, monitoring ¢D§ N1 2.069(2). RULO1 2.102(2), RUEN3 2.145(2), RULP1 2.2991(6),

solution of 1 at 90 °C by *H NMR spectroscopy for 150 h 517 1.300(3). Selected bond angles (deg): RLI1-O1 171.60(8).
reveals the disappearance of resonances due to the Tp 4-position81—-Rul—N3 85.09(6), O+ Rul—P1 95.62(4), P*Rul—P1 103.89(3),

without substantial change in the resonances due to the Tp 3-C7-01-Rul 133.2(2), 0+C7-C8 125.9(3), 0+C7-C12 118.9(3).

or 5-positions or the PMedigands. Table 1. Selected Crystallographic Data and Collection
Parameters for TpRu(PMes),OPh (5), TpRu(PMes).Ph (9), and

HH Y TpRu(PMe3)(NCMe)Ph (10)
= = lex 5 lex 9 lex 10
\ \ilau/PMe3 CeDs NN lu/PMe3 complex complex complex
Nﬁi/ | SPMe; ~ go°C Ng\l/l ~pMme; ©) empirical formula  GiH38BNsOPRU  GiH3BNeP,RU  GogHa7BN-PRU
\iIB/ NO IB/ NC formula wt 559.35 543.35 508.34
H (1-dy) H (1-dy) crystal system orthorhombic monoclinic orthorhombic
H D space group Pnma R4/n Pna2;
+ CgDg.nHn a A 16.088(1) 10.4395(5) 18.778(2)
b, A 12.981(1) 16.5658(9) 9.446(1)
c A 12.263(1) 14.5617(8) 13.149(1)
The two resonances due to the Tp 4-positions decrease aig, ° 91.616(1)
approximately the same rate. The incorporation of deuterium Vv (A9 2561.1(4) 2517.3(2) 2332.3(4)
at the Tp 4-positions and the hydroxide ligand (see above) has? 4 4 4

: - Dealcs g €T3 1.451 1.434 1.448
been confirmed byH NMR spectroscopy (Figure 1). Only small  crystarsize (mm) 018 0.40x 0.40 0.10x 0.18x 0.20 0.16x 0.20x 0.27
resonances are observed due to deuterium incorporation at TpR1, wR2{I>20(1)} 0.0246,0.0622  0.0321,0.0707  0.0386, 0.0883

3/5 positions and the PMdigands, which is consistent with ~ GOF 1.064 1.025 1.040
analysis by!H NMR spectroscopy fofl.. In excess gD, the
H/D exchange at the Tp 4- positions follows first-order kinetics than the Ru-O distancg 2.083 A of 1.21 The bond angle P
with kops= 5.2(2) x 1076 s71 at 90°C. Thus, H/D exchange at  Ru—P1 is 103.89(3) which is larger than the same bond angle
the hydroxide ligand at 80C (ti2 ~ 2.4 h) is approximately ~ {93.08} of 1, probably due to the steric profile of the phenoxide
15 times more rapid than the observed H/D exchange at the Tpligand compared to the small hydroxide ligand.

4-positions at 90C (t1» ~ 37 h).

.. Ph
Consistent with the relative rates of H/D exchange at the ﬂ ™ PMes NaOPhe3H,0 ,?/9_\\9 PMes
hydroxide ligand ofl, heatingl in tolueneds results in R \pMe3 W e’n/i“\pMeﬁ (6)
regioselective H/D exchange at the Tp 4-positions With the rate NB/N \J NlB/N\'\QN)
.

of H/D exchange in toluends (kops = 1.1(3) x 106 s~ 1 at 90
°C) being apprOX|mater45times slower than the same reaction Heating a GDs solution of 5 to 130 °C affords the
in CeDs (kobs = 5.2(2) x 107° s at 90°C). regioselective H/D exchange at the Tp 4-positions Witk =
Attempted H/D Exchange at the Tp 4-Positions of TpRu- 1.5(2) x 107 s71. Having observed H/D exchange at the Tp
(PMej3)2X (X = OPh, NHz, NHPh, CI, OTf, Me, Ph, SH).To 4-positions with1 and 5, we extended our studies to the
test whether the H/D exchange could be initiated by other Ru- complexes TpRu(PMgX (X = Cl, OTf, Me, Ph, NHPh, SH,
(I)—OR systems, we prepared TpRu(PMOPh &) by re- or NH,).1821.22Table 2 summarizes the results. Upon thermolysis
fluxing a toluene solution of4 and NaOPKH,O (eq 6). (90 °C) in CgDg, the parent amido complex TpRu(PMNH,
TpRu(PMe),OPh 6) has been characterized by a single-crystal (6) undergoes rapid decomposition prior to observation of
X-ray diffraction study (Figure 2). Data collection parameters evidence for H/D exchange at either the amido ligand or the
are listed in Table 1, and the ORTEP ®fs shown in Figure Tp 4-positions. Heating TpRu(PM)eCl (7), TpRu(PMe),OTf
2.5 is composed of a pseudo-octahedral coordination sphere(4), or TpRu(PMeg),SH (3) in benzeneds at temperatures
without significant deviation from the octahedral geometry. The between 90 and 1360C for 22 days does not result in H/D
Ru—O bond distance is 2.102(2) A, which is slightly longer exchange at the Tp 4-positions. These solutions remain un-
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Table 2. Observed Rates of H/D Exchange Reaction at the — 05
4-positions of Tp Ligands of TpRu(PMe3),X Complexes? g 0
X solvent T(°C) Kobs (57) % .05

OH (1) CsDs 90 5.2(2)x 1076 g 4

OH (1) CesDsCD3 90 1.1(3)x 1076 o

NHPh @) CeDs 130 5.6(3)x 1076 g 1S

Me (8) CeDs 130 1.1(1)x 10°5 £ 21 , . A ‘

Me (8) CesDsCD3 130 4.5(5)x 10°° 0 10000 20000 30000 40000

Ph @) CeDs 130 2.1(5)x 10°5 .

OPh &) CeDs 130 1.5(2)x 10°6 time {seconds)

SH Q) CsDs 130 no rxn Figure 3. Representative kinetic plot for the PMexchange reaction of

OTf (4) CeDs 130 no rxn TpRu(PMe);NHPh 2) and P(CR); (R? = 0.997).

Cl(7) CeDs 130 no rxn

NH, (6) CeDs 90 decomp OH/CI metathesis betweeh and 7 because such a pathway

aConcentration of ruthenium complex 0.14 mM; decomp= decom-
position

Table 3. The Rates? of PMe; Exchange Reactions? for
TpRu(PMes),X and Excess P(CD3)3

complex Kobs (57%)
TpRu(PMe),OPh 6) 2.6(2)x 1074
TpRu(PMe),0OH (1) 1.7(1)x 104
TpRu(PMe),NHPh @) 6.1(4)x 1075
TpRu(PMe).Ph ©) 4.9(3)x 10°°
TpRu(PMe),Me (8) 2.3(1)x 107
TpRu(PMe).Cl (7) 9.4(4)x 1076
TpRu(PMe)2SH (3) 7.3(1)x 1076

aRates determined By1 NMR spectroscopy? Reaction conditions: 0.14
mM in CgDs, 15 equiv of P(C[)s, 80 °C.

changed by'H NMR spectroscopy. In contrast, for TpRu-
(PMe;)2X (X = OH, NHPh, Me, Ph, or OPh), H/D exchange

at the Tp 4-positions is observed, albeit at different rates. At

90 °C, TpRu(PMeg),NHPh @) does not initiate the Tp 4 H/D
exchange after 4 days. However, heatings®4solution of2

to 130°C results in H/D exchange at the Tp 4-positions with
Kobs= 5.6(3) x 107% 571, Consistent with the hydroxide complex
1, H/D exchange at the Tp ligand f@ris slower than the rate
of H/D exchange at the anilido ligandgs = 1.4(2) x 1075

would result in apparent H/D exchange for both complexes.
Heating a mixture of TpRu(PMOH (1) and TpR{P(CDs)3} »-

Cl (7-d1g) in CgDg to 90 °C results in the appearance of TpRu-
(PMe&3).Cl (eq 7). Thus, these experiments do not allow a
differentiation between H/D exchange at the chloride complex
7 initiated by 1 and H/D exchange at followed by OH/CI
metathesis. However, reaction @fand 1-methylpyrazole in
CsDe clearly indicates that intermolecular H/D exchange is
possible (see below).

5y OH SN OH
WA pPMes [z N CLRe
N7 T PMe E
N N 3 N ll\l P(CD3)s
B8—NO B/"\‘Q
H (] H (1-dig)
CeDg
+ - + @
< cl 90c Gy
N ~ L ~P(CDa)s N=L \‘Fi' _PMe;
AN u
NlcN . | P(CDa)s NBN/ ) “PMes
B—\O N~
B @

Rates of PMg Exchange Kinetic studies of PMgexchange
in the presence of excess P(g#for TpRu(PMe),X complexes
were performed, and the results are shown in Table 3. The
addition of 15 equiv of trimethylphosphirda-to TpRu(PMeg),X

s1, see above). Heating the previously reported aniline complex (X = OPh, OH, SH, NHPh, Ph, Me, or Cl) in benzedgat 80

[TpRu(PMeg),NH,Ph][OTf] in Ce¢Dg results in an equilibrium
with TpRu(PMe),OTf (4) and aniline Keq = 0.11, 130°C)
with no evidence of H/D exchange at the aniline ligand or Tp
4-positions of4.

With the observation that TpRu(PNeOH (1) undergoes
H/D exchange whereas TpRu(PYKE! (7) does not initiate the
H/D exchange, we heated (9C) a 1:1 molar ratio ofl. and7
in benzeneds. Under these conditions, thel NMR resonances
of the Tp 4-positions of both and7 decrease. Unfortunately,
due to overlap of the resonances of the Tp 4-positionslfor
and 7, we are unable to discern whether the rate of H/D

°C results in the disappearance of the resonance due to thg PMe
ligands tH NMR) and an increase in the resonance due to the
free PMe. For 1, the rate of exchange is independent of BMe

dy concentration. A representative kinetic plot for the BMe
exchange reaction of TpRu(PMg\NHPh @) is shown in Figure

3. The rate of PMgexchange for TpRu(PMpOTTf (4) could

not be determined due to the previously reported formation of
[TpRU(PMe)3][OTf]. 2 For all systems in which H/D exchange

is observed, the rate of PMexchange is more rapid at 8C

than the rate of H/D exchange at higher temperatures (90 or
130 °C). Thus, a mechanism for H/D exchange that involves

exchange is identical or if the exchange occurs at slightly dissociation of PMgis feasible for all systems.

different rates. The rate of exchange must at leassibelar

Impact of Simple Salts and Non-Coordinating Base on

for 1 and 7 because both sets of Tp 4-position resonances H/D Exchange at the Tp 4-Positionsin separate experiments,

disappear orapproximatelythe same time scale. This result

different salts (LiCl, MgC4, NaOTf, and CsCl) were added to

seemingly indicates that the metal-mediated transfer of deute-C¢Dg solutions of TpRu(PMg,ClI (7). Heating these mixtures

rium from GDg is an intermolecular process. That is(or a
derivative thereof) activatesgDs, and intermolecular transfer
of deuterium to the Tp ligand of another Ru system (in this
experiment, a Tp ligand adither1 or 7) occurs. Thus, observed

to 100°C for 7 days results in no change for either resonance
due to the Tp 4-positions or the benzene resonance according
to IH NMR spectroscopy. Furthermore, the addition of salts to
TpRu(PMe),OH (1)/CsDs solutions does not alter the rate of

Tp H/D exchange would be dependent on the ability of the Ru H/D exchange at the Tp 4-positions. The addition of MgiGI
complex to activate the arene rather than activation of the a TpRu(PMg),OH (1)/C¢Ds solution results in the formation

pyrazolyl fragment to receive the deuterium transfer. However,

we cannot rule out H/D exchange exclusivelyldbllowed by
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of TpRu(PMe).Cl (7) at 90°C, and heating for a prolonged
period of time does not result in the H/D exchange.
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0 1 2 3 4
equiv 2,6-lutidine
Figure 4. Plot of kops Versus equivalents (based @nof 2,6-lutidine for

H/D exchange at the Tp 4-positions of TpRu(PMeH (1) in C¢Ds at
100°C (R2 = 0.96).

The addition of the sterically hindered base 2,6-lutidine to a
solution of1 in C¢Dg decreases the rate of H/D exchange at the
hydroxide ligand (see above). The addition of 2,6-lutidiné to
in CéDs also inhibits the rate of H/D exchange at the Tp rigye 5. ORTEP (30% probability) of TpRU(PMENCMe)Ph (L0)
4-positions withkopsfor the H/D exchange at the Tp 4-positions  (note: hydrogen atoms omitted for clarity). Selected bond lengths (A):
decreasing linearly with increasing concentrations of 2,6-lutidine Ru1-N72.005(3), Rux-P1 2.279(1), RutC13 2.060(4), N#C19 1.127-
(Figure 4). The rate of H/D exchange at the Tp 4-positions in (Rsa’l_cﬁg__%lﬁa11";%_11(8’)Ycﬁig}g_lc"lz%l(f;é%?ée)?tgi;sﬂg_aﬁgI‘gsgﬁj_eg)'
the absence of 2,6-lutidine is approximately 1.5 times more rapid (1), c13-Rul-P1 92.3(1), N*-Rul—P1 92.6(1), N#Rul-N1 174.7-
than in the presence of 1 equiv of 2,6-lutidine. High concentra- ().
tions of 2,6-lutidine (beyond 3 equiv basedDrfurther suppress
the rate of H/D exchange; however, at higher concentrations o

fdecomposition. However, prior to complete decomposition, H/D
base, the competitive decomposition Iofo multiple unchar- exchange occurs as indicated by an increase in the resonances
; 1 ) . .

acterized products complicates detailed kinetic analysis. ( H NMR) of THF-ds. Th.e. rate qf mcorpor.atlon Of. hydrog.en
Reaction of TpRU(PMe;),OH (1) and 1-Methylpyrazole into THF favors thex-position. Prior to heating, the integration

in CeDs. Heating 1 in CsDs with 1 equiv (based ori) of of the residual protons indicates an approximate 1:1 ratio of

1-methylpyrazole results in H/D exchange at the hydroxide a—f, and after 6 days of hea_tlng, the relat_lve ratio is 1.6:1.0.

ligand, the Tp 4-positions and all three—€ bonds of the Aiter 6 days, ?‘0“"" of apprc_mmately 2 equiv (bas‘?d on Ru) of

1-methylpyrazole ring as determined By NMR spectroscopy hydrogen are incorporated into the THig-Heatingl in THF-

(eq 8). No evidence of H/D exchange at the methyl position of ds after decomposmon IS complete (6 days) results in no
1-methylpyrazole is observed. observed changes in the intensity of the resonances (relative to

internal standard) due to the THF solvent after 4 days. These

DD results suggest that initiates H/D exchange at the %p
= <f op hybridized carbons of THF but that decomposition Jofis
ﬂ\' _-PMeg <L _PMej S . . L.
q\l/Fliu\PMe3 'ﬁ\l/llau(PMe kinetically competitive with the activation of THF (eq 10).
N NN
B0 —NO P >
W () ceDs  H° Q) (1.4 Ny pwe, P2 Nl ¢ pwe,
* Tonoe . D ®) /o Rul d0°Cc A7 RuC ©)
CH;  90°C TR > PMe, AT “PMe,
N-N N-N’CHa N N orCDCl; | Y
T oA Ao BN @ aRT B8N0 @)
H D
é Complex 1 Hj, Oﬁ
The rates of H/D exchange at the 4-position and 5-position = Ds 3500 Hijs-n-m )
of 1-methylpyrazole are similar witkyps= 1.4 x 10%and 1.7 atio of

x 1076 s71, respectively. Due to the overlap of the resonance
of the 3-position of 1-methylpyrazole with Tp resonanceg,of
the rate of H/D exchange at the 3-position of 1-methylpyrazole Preparation and Reactivity of TpRu(PMes)(NCMe)Ph

cannot be determined in detail (qualitatively, the rate is similar (10). Photolysis of TpRu(PM@:Ph @) in NCMe cleanly

to those observed for the 4- _a_nd 5-pos_itions). The rate of H/D produces TpRu(PMENCMe)Ph (0) (eq 11). Complext0 s
exchange at the Tp 4-positions df in the presence of

incorporation o.:f = 1.6:1.0

1-methylpyrazole (2.6< 1076 s71) is slower compared to the =R P = Ph

rate in the absence of the 1-methylpyrazole (5.4(2)0%s™). é\?/\ll?u/\PM% CH3CN ‘@l > 'u/\PNIe3 +PMe; (11)
Heating 1-methylpyrazole in neagQs or in CsDg with catalytic N’ N,'\, PMes  hy I N"l\l NCMe

guantities of AIC}, BFs, or CuCl does not result in evidence HB/ @ C) HB/ \97 (10)

for H/D exchange betweengDg and 1-methylpyrazole. These

results suggest thdt can activate benzene for intermolecular isolated in 75% yield, anéH and*3C NMR spectra ofl0 are

H/D exchange with external basic (including aromatic) sub- consistent with an asymmetric complex. A solid-state X-ray

strates. diffraction study ofl0 has confirmed its identity (Figure 5, Table
Reactions in Nonaromatic SolventsAfter 12 h, solutions 1). The structure reveals a pseudo-octahedral coordination sphere

of the hydroxide compleg in CD,ClI, (40 °C) or CDC} (room with a Ru—C(13) (ipso carbon of phenyl ligand) bond distance

temperature) yield clean formation of TpRu(PWEI (7) (eq of 2.060(4) A. We have also performed a single-crystal X-ray

9). Heating1l to 130 °C in THF-dg ultimately results in diffraction study of the previously reported complex TpRu-
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Scheme 3. Likely Pathway for H/D Exchange at the Phenyl
Ligand of TpRu(PMes)(NCMe)Ph (10)

=~ pn -NCMe  _~_ o
,@\l _PMe;  CgDs '}9\' _PMe;

)

— u\ — ~.
N4 e G Q
B ao) (B NG

NCM H
= e

U~
- | Ph-d5 N =
@\I _PMes
L ~Rul
Nowe (N P
-

Nes 0

Figure 6. ORTEP (30% probability) of TpRu(PMpPh @©) (note:

+ .
hydrogen atoms omitted for clarity). Selected bond lengths (A): -RefL Table 4. AG" Values (kcal/mol) of the H/D Exchange Reactions
2.2806(7), Ru-P2 2.2962(7), RutC16 2.068(2), C16C17 1.399(4),  [of TPRu(PMes).X and TpRu(PMes)(NCMe)Ph (10)*

C16-C21 1.403(4). Selected bond angles (deg): €R61-P1 92.12(7), X exchange solvent 7(°C) AGH
P1—Rul—P2 100.49(3). on® oRD) cDe 50 7740
OH (1) OH(D) CeDsCD;3 80 28.4(1)
(PMe;)2Ph @) (Figure 6, Table 1). The structure ®fis similar 8: 8; % &BECD3 38 gggg;
to that of10 with little change in the Rt Cphenyibond distance. NHPh @) NH(D)Ph GDs 130 32.8(1)
The cyclic voltammogram of0 reveals a quasi-reversible Ru- NHPh @) Tp CsDs 130 33.5(1)
(IV/1l1) oxidation wave at 1.38 V and a reversible (if the scan 3:*2835) P’ g:gﬁ gg g‘g‘g&g
is returned prior to the IV/Ill oxidation) Ru(lll/ll) oxidation Me (8) TE CeDgCDs 130 33:7(1)
wave at 0.30 V (versus NHE). In contrast, TpRu(CO)(NCMe)-  Ph @) Tp CeDs 130 32.5(2)
Ph exhibits an irreversible Ru(lll/Il) oxidation at 0.96 V. Thus, ER 88; $P-2 trans g;gs 28 g?ggg
. . -4 CIS .
10 is more electron-rich than TpRu(CO)(NCMe)Ph. Ph 10) pﬁenyl QaDz 60 26.0(1)

The nitrile ligand of10 undergoes exchange with NCgD
more rapidly than corresponding exchange of trimethylphos- °Tp-4 t;ans fefelfsl to Dyfa_ZO{yl gr&? trans to P1&p-4 cis refers to the
phine for9. For example, monitoring the disappearance of the average of pyrazolyl rings cis fo iyl

N . o

resonance ti NMR) due_ t‘_) the coordlnate_d nitrile dfo at 60 presume that H/D exchange at the phenyl ligand occurs through
°C in NCCD; reveals nitrile exchange withyps = 1.4(2) x C—D activation of GDs (Scheme 3)

_ + .
107 571 (AG" = 25.4(1) kgal/mol)_. In contrast, 5ex§lhangs of " Mechanism of H/D Exchange For the series of complexes
PMe; for 9 occurs at 80C with Kops = 4'09(3_) x 10757 (AG TpRu(PMe).X, two distinct H/D exchange processes have been
= 27.8(1) kcal/mol). Heanngp to 60 °C in GgDg results in observed. For X= OH, NHPh, Me, Ph, or OPh, extended
H/D exchange at the phenyl ligand, H/D exchangelbthree  yhermolysis results in regioselective H/D exchange at the Tp
positions of the pyrazolyl ringsand the product|or.1.of protio 4-positions. When X= OH or NHPh, H/D exchange occurs
benzene. The rates of exchange at all three 4-positions are Morgyaqyeen the deuterated arene solvent and the nondative ligand

rapid than the H/D exchanges at the Tp 3/5-positions. In the i £qr poth of these systems, the H/D exchange at the namdati
subset of H/D exchange reactions at the Tp 4-positions and 3/5'Iigand occurs more rapidly than the Tp 4-position H/D

positions, the rates of exchange are not identical, and the minorexchangeThe lack of H/D exchange at the amine ligand of
differences are likely due to an electronic effect of the ligands [TpRu(PMe),NH,Ph][OTf] is consistent with the basicity of
trans to each pyrgzolyl ring. The resonance due to the 4-p(.)sitionthe nondative ligand (i.e., presence of a lone pair) playing a
of the pyrazolyl ring trans to the PMdigand can be readily  rgje in the H/D exchange at the hydroxide and anilido moieties.
identified due to long-range coupling between the hydrogen and  Taple 4 showsAG* values for all of the H/D exchange
phosphine ligand (6.10 ppm, dt wittlp = 1 Hz). At 60°C, reactions. These results raise two important questions: (1) what
this position undergoes H/D_exchange less rapidly than thosejg the likely mechanism for the H/D exchange processes and
trans to NCMe and phegyl ligandos = 7.5(5) x 10°° st (2) what is the explanation for the different predilections toward
versuskons= 9.2(5) x 107°s™* for the average of the pyrazolyl  H/p exchange for the closely related series of systems TpRu-
rings cis to PMe). (PMe3)X?

Incorporation of deuterium at the phenyl ligand was followed ~ Scheme 4 depicts a pathway for the reaction of TpRu-
by monitoring the decrease of the resonance at 7.45 ppm dug(PMes),X with Cg¢Ds that accounts for the experimental observa-

to the ortho position of phenyl ligand df0 (kops = 5.9(8) x tions. Dissociation of a phosphine ligand provides an open
10° st at 60°C). Exchange of H/D can also be observed by coordination site to bind and activate benzene. Consistent with
monitoring the meta and para phenyl resonanéig¢NMR of the requirement of an open coordination site to observe H/D
the product reveals resonances consistent with a phigtigand exchange, the addition of excess PMeippressesoth H/D

of TpRu(PMe)(NCMe)Phds. Furthermore, heating TpRu- exchange reactions. Itis proposed that Ru activates the benzene
(PMe&)(NCMe)Phds in CgHg and acquisition oPH NMR of toward net transfer of D. There are no reliable experimental
the product reveals the disappearance of these resonances. Wiata to suggest the nature of the interaction between Ru and

7988 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006
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Scheme 4. Proposed Pathway for H/D Exchange at the Tp 4-positions and Nondative Ligand (When X = NHPh or OH) for TpRu(PMes)2X
(X = OH, NHPh, Me, Ph, or OPh)

d
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w8 \%\( e O 5 ,IE U )PMeg B/"LZ @ D" transfer N@
u
# D N1 SPMe;

NE/NON Activation of C-D
H LZ bond for D" transfer
H

. . . Table 5. Results of Cyclic Voltammetry for TpRu(PMes).X (X =
the C-D bond being broken; however, DFT studies suggest Npph. oH, OPh, SH, Me, Ph, CI, OT) ¥z

that activation of benzene-€H bonds by fragments of the type

TpRu(L)(X) (X = alkyl or hydroxide) may occur by a-bond TPRU(PMe),X camplexes Eve R )
metathesis (or oxidative hydrogen migration, see bel§w}3° %Sﬂgmg%wﬂ‘)@ _g'gi
If the ligand X possesses a lone pair (e.g57>OH or NHPh), TpRu(PMQ)st @ 0.10
theintramoleculartransfer of D™ to the nondative ligand occurs TpRu(PMe),OPh 6) 0.21
rapidly relative to intermolecular transfer oftDAlternatively, TpRu(PMe).Me (8) 0.23

i i i TpRu(PMe).Ph ©) 0.35
the generation of D can result in the intermolecular transfer TpRU(PMe),Cl (7) 064
to a basic site such as a pyrazolyl moiety of another Ru complex TpRu(PMe),0Tf (4) 1.00

or 1-methylpyrazole. For experiments incorporatifhg the
addition of noncoordinating 2,6-lutidine sequester$
competition with transfer to the hydroxide ligand and a pyrazolyl with addition at the 4-position typically f@red kinetically>*
fragment and decreases the rate of deuterium transfer toThus, the regioselective H/D exchange at the Tp 4-positions is
hydroxide ligand or pyrazolyl. The failure of TpRu(PygSH consistent with the generation oftDwhereas the lack of
(3) to initiate H/D exchange at the sulfido ligand or the Tp regioselectivity for H/D exchange betweegDg and 1-meth-
4-positions is consistent withoth processe$i.e., intra- and ylpyrazole is more difficult to rationalize. However, for the more
intermolecular transfer of deuteriurhpzing a similar origin active system TpRu(PMENCMe)Ph (0), H/D exchange is
(i.e., Ru-mediated actation of the deuterated arendjor the ~ observed at all three pyrazolyl positions (3, 4, and 5) with
H/D exchange at the Tp 4-positions, the rate-determining step variable rates suggesting thanG*'s are less pronounced for
likely precedes D addition of the pyrazolyl because reaction the more active Ru system.
rates are first order in the ruthenium complex. Given the similarity of the complexes TpRu(P§KX, it is

For the proposed pathway to be viable, the net 1,2-addition intriguing that for systems with X= CI (7), OTf (4), or SH
of C—H across Ra-OH or Ru—NHPh bonds must be thermo-  (3), H/D exchange at the Tp 4-positions (at temperatures up to
dynamically disfavored because products of the type TpRu- 130 °C) is not observed. Likewise, H/D exchange is not
(PMe3)(Ph)(XH) (X = OH or NHPh) and TpRu(PMg:Ph ©) observed at the hydrosulfido ligand 8f Given the impact of
are not observed. Previously reported computational studies forelectron density on the predilection of metal centers to activate
the addition of a &H bond of benzene across the ROH C—H bonds, we compared the Ru(lll/ll) potentials (see Table
bond of1 are consistent with this suggesti®As anticipated ~ 5) with propensity toward H/D exchange. It was initially
on the basis of our mechanistic hypothesis, heating a mixture compelling that two of the systems that do not undergo H/D
of TpRu(PMe),Ph ©) and aniline in @Dg (130 °C) initially exchange7y and4, possess the most positive redox potentials;
results in conversion to TpRu(PMeNHPh @) and benzene  however,3 is substantially more “electron-rich” and does not
(eq 12); however, after this, extended heating decomposition initiate H/D exchange. Although metal-based electron density
begins to compete with the conversion and complicates a may be important for coordination of the arene and/or activation

detailed analysis of the equilibrium. of the C-H(D) bond toward transfer, it is not likely a “deciding
factor” in whether the transformation is observed with a
@ o @\.N/Ph particular TpRu(PMg@>X system.
/J}‘/\l‘?u/\PM% ) /\l'? /\PM93 _We also _c_ompa_re_q the rate of PMexchange (see Tab_l_e 3)
i 'I\l PMes  ¢,Dq e 'I\l PMe; with the ability to initiate H/D exchange at the Tp 4-positions.
B O) (@ Py H‘B/@ @ (12) It is perhaps noteworthy th&tand3 exhibit the slowest rate of

PMe; exchange, which supports the notion that the H/D
exchange is likely a metal-mediated process that requires an
open coordination site. Furthermore, if data Soare omitted,

Transformations involving the Tp 4-positions of the parent z plot of AG* versus rate of PMgexchange gives a good linear
Tp ligand are relatively rare; however, free pyrazole is

susceptible to electrophilic attack at the 3, 4, and 5-positions (51) Wu, E. C.J. Org. Chem197Q 35, 1146-1149.

+ NHyPh + CgHg + decomposition
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6 34 Scheme 5. Comparison of Pathways for Cleavage of C—H Bonds
3 by Late Transition Metal Complexes that Possess Nondative
E 5 33 Heteroatomic Ligands (X = Nondative Ligand)
g "E 32 Intermolecular Heterocyclic C-H Cleavage
€8 M'—X + C-H M—X T+ C
E-} H
a
o 30 - T j ! ! Intermolecular Hydrogen Atom Abstraction
0.0 0.5 1.0 1.5 2.0 .. M
n__ X — + C-
Kk ops for PMe; exchange (x 10%) MP—=X + C-H H
Figure 7. Plot of AG* for H/D exchange at the Tp 4-positions (at variable Intramolecular 1,2-Addition of C-H Bond
temperatures) versugps for PMe; exchange for TpRu(PMgX for X = M —X n
OH, NHPh, Me, and Ph. | - . "l/' —X\H
C-H c

fit (R? = 0.96, Figure 7). There is no theoretical reason this

plot should give a good fit because factors other than rate of (NH3)][PhsC].*#?*%We propose that these transformations are

PMe; dissociation certainly influence activation barriers. For
example, data fo5 do not correlate well with the trend,;
however, the plot in Figure 7 is consistent with the suggestion
that rate of PMg dissociation is a substantial determinant in
the rate of H/D exchange. Thus, we propose that the H/D

mechanistically distinct from the reactivity of TpRu(PieX
systems reported herein (Scheme 5). A key piece of evidence
involves observed reactivity with toluerg- Although trans
(dmpeXRu(H)(NH,) reacts with toluenels to initiate regiose-
lective H/D exchange at the benzylic position only (the most

exchange reactions are dependent on generation of the 162Cidic site)}* ToRu(PMe)2X (X = OH or NHPh) systems react

electron system§TpRu(PMe)X} and subsequent coordination
of CgDs to yield TpRu(PMe)(72-CsDs)X whereas other factors

with tolueneds to initiate H/D exchange at all four positions
of toluene. Thus, we suggest that a distinguishing and important

can impact the rate of the reaction including the rate of benzenecomparative feature of these reactions is whether the metal
coordination, strength of the bond with benzene, and activation CENter coordinates and activates the' (D) bond (i.e., in-

barrier for the C-H bond breaking step. The latter factor is
also likely to depend on several factors including metal-electron
density and basicity of ligand “X”. Thus, although dissociation
is likely required for CG-H(D) activation to occur, other factors
can dictate the overall activation barriers for the net reactions.
For 3 and 7, the slow rate of PMgexchange suggests that
formation of TpRu(PMg(72-CsDe)X is likely suppressed
relative to systems where X= OH, NHPh, OPh, Me, or Ph,
and hence €H(D) activation is not accessed under conditions
studied herein. Consistent with this proposal, TpRu(pMe
(NCMe)Ph (0), which provides more rapid access{tbpRu-
(PMe3)(Ph)} than does TpRu(PMpPh @), initiates H/D
exchange more rapidly.

Comparison of C—H(D) Bond Cleavage with Related Ru-
(I and Fe(ll) Amido Complexes. Bergman et al. have

tramolecular 1,2-addition) or, alternatively, an intermolecular
heterolytic bond cleavage occurs (Scheme 5). The two pathways
will exhibit distinct selectivities and activities for different
classes of €H bonds. The proposed net 1,2-additions efkC
bonds shown in Scheme 4 are also mechanistically distinct from
hydrogen atom abstraction reactions by nondative heteroatomic
ligands of late transition metal systems in relatively high
oxidation states (Scheme %);%6 because the latter transforma-
tions do not likely involve direct interaction of the- bond
with the metal center (i.e., they are intermolecular in theHC
activation step) and involve single-electron reduction of the
metal center.

Nature of the C—H Activation Step. The three mechanisms
that generally dominate discussions of the mechanism-aflC
activation are oxidative additiom-bond metathesis, and elec-

accessed a series of octahedral Ru(ll) and Fe(ll) complexes thafrophilic substitution. The division between th(.ase processes is
possess highly basic parent amido ligands. The basicity of thesePften unclear, as highlighted by Goddard et al.'s recent descrip-
systems has allowed observation of heterolytic cleavage of tion of oxidative hydrogen migration pathway as a variant of
relatively acidic G-H bonds such as phenylacetylene, fluorene, o-bond metathesi€:*® Furthermore, it has been demonstrated

1,4-cyclohexadiene, and the benzylic position of tolu&é:>
We have demonstrated similar reactivity for some TpRu(ll)
complexed?819.22 Experimental studies provide evidence that
reactions of these complexes with-E& bonds involvehetero-

that metal coordination can impart acidic character toHC
bonds and activate them toward net deprotonatiéfThus,
given thato-bond metathesis type-€H activation and elec-
trophilic substitution type pathways can both impart acidic

lytic C—H bond cleavage (i.e., acid/base reactions) and that the Character to the hydrogen being activated, it can be difficult to

C—H bond may not interact with the metal center (i.e., thetC
bond cleavage is an intermolecular process). For exarngies
(dmpe}Fe(H)(NH) (dmpe = 1,2-bis(dimethylphosphino)et-
hane) reacts with fluorene to produce an Fe(ll) ammonium
cation via deprotonation of the fluorene methylene gr&uy.
Similarly, TpRu(PMe),NH> (6) reacts with phenylacetylene to
produce the directly observab®{(NMR spectroscopy) ion pair
[TpRu(PMe),NH3][PhC], andtrans(dmpe)Ru(H)(NH,) reacts
with PhsCH to form an equilibrium withfrans-(dmpe}Ru(H)-

(52) Fulton, J. R.; Bouwkamp, M. W.; Bergman, R..IGAm. Chem. So200Q
122, 8799-8800.

(53) Holland, A. W.; Bergman, R. Gl. Am. Chem. So2002 124, 14684
14695.

(54) Fox, D. J.; Bergman, R. G®rganometallics2004 23, 1656-1670.
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definitively differentiate the two mechanisms (i.ex;bond
metathesis and electrophilic substitution) by experiment. In
analogy, coordination of dihydrogen to transition metal systems
often enhances acidity by several orders of magnitdde.
Consistent with the notion that, for the Ru systems reported
herein, the activated €H(D) bond has acidic character,

(55) Oxgaard, J.; Muller, R. P.; Goddard, W. A., Ill; Periana, R.JAAm.

Chem. Soc2004 126, 352—-363.

Oxgaard, J.; Goddard, W. A., I0. Am. Chem. So@004 126, 442—443.

Vigalok, A.; Uzan, O.; Shimon, L. J. W.; Ben-David, Y.; Martin, J. M. L,;

Milstein, D. J. Am. Chem. S0d.998 120, 12539-12544.

(58) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan, M.
C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, JJ.EAm. Chem. Soc.
1987 109 203-219.

(59) Kubas, G. MMetal Dihydrogen and-Bond Complexe«luwer Academic/
Plenum Publishers: New York, 2001.

)
(56)
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Figure 8. Calculated transition state for benzenel€activation by (Tab)-
Ru(PH;)(OH) viewed along RuP axis and approximately normal to the
four-centered active site with Tab and Pkgjands reduced to wire frame
for clarity. Numbers in brackets and italics are computed values for
corresponding transition state for benzeneHCactivation by (Tab)Ru-
(CO)(Me)16

increasing the basicity of the ligand X ¢fTpRu(PMe)X}

hydrogen from;2-CgHg to the methyl ligand). For the transition
state starting from (Tab)Ru(RHOH)(;72-CsHe) and the corre-
sponding portion of the four-centered active site, there are
differences in the metric data compared with (Tab)Ru(CO)(Me)-
(7%-CeHe). The Ru-Cipso distance is approximately 0.1 A shorter
and the Gyso—H distance is greater by a corresponding amount
for the Ru-Me versus RtOH mediated activation. The
thermodynamic driving force for the overall benzene-tC
activation is more favorable for the RiMe complex AGin
—6.6 kcal/mol) than the R4OH complex AGy, = —4.3
kcal/mol). Interestingly, the greater thermodynamic driving force
for Ru—Me is not reflected in a kinetic advantage for the latter
because the calculated*,c= 17.6 kcal/mol for the RaOH
complex is less than the calculata@*,e; = 21.2 kcal/mol for

the Ru-Me system, a difference that might result from the
substitution of CO/PKl and/or Me/OH. Future studies and
calculations are aimed at differentiating these two ligand-based
effects. Furthermore, in the two transition states, the-Ru
distance of the transannular hydrogen for the-Rle complex

is shorter than the corresponding distance in the transition state

fragments appears to reduce the barrier to net 1,2-addition oft5, the Ru-OH complex by a substantial 0.3 A, which suggests

C—H(D) bonds across the RtX bond. For example, for TpRu-
(PMe3)2R (R = Me or Ph) systems in which “R” lacks a lone
pair, the 1,2-addition of €D bonds of GDg across the RtR
bond is much slower than the rate of intermolecular transfer of
D" to a pyrazolyl fragment. This is indicated by the lack of
deuterium incorporation into the methyl and phenyl ligands of
8 and 9, respectively, as well as the failure to producez;OH

or CsHsD on the time scale of intermolecularCiransfer to
pyrazolyl rings In contrast, for TpRu(PMgX (X = OH or
NHPh), the transfer of D from C;Ds to the nondative ligand
occursmore rapidly than intermolecular transfer to a pyrazolyl
group. Given their highly basic natufé;2*the present results
suggest the possibility that-€H activation events mediated by
nondative, heteroatom-based ligands coordinated to late transi-
tion metals in low oxidation states possess inherently lower
activation barriers than similar reactions with metahlkyl or
—aryl bonds. The overall high activation barriers to H/D
exchange at the hydroxide and amido ligandsl&fnd 2 are
almost certainly due to the competition for coordination to

that the transition state for benzene-B activation by (Tab)-
Ru(PH;)(OH) may possess less oxidative character than (Tab)-
Ru(CO)(Me). Differentiation betweea-bond metathesis and
oxidative hydrogen migration on the basis of the absence or
presence, respectively, of metdlydrogen interaction in the
transition state has been madé&® In light of this model for
C—H activation transition states, the ROH complex would
seem closer to the-bond metathesis paradigm. Thusith
available experimental and computational datge propose that
the C-H(D) activation steps fo{ TpRu(PMg)X} systems
involve coordination of the €H(D) bond to the metal center
followed by a net heterolytic cleavage in a process that
resembless-bond metathesis. FdTpRu(L)X} systems, the
nature of the transition state (e.qg., the extent to which the metal
interacts with the transannular hydrogen, the extent eHC
bond breaking and XH bond forming, and the extent of acidic/
heterolytic character) likely depends intimately on the identity
of L and X.

ruthenium between arene substrates and strongly coordinating>Ummary

PMe;, and systems with more labile ligands may allow access
to facile C-H activation of inert substrates. Consistent with
this notion, access to TpRu(PNJENCMe)Ph (0) decreases the
barrier to all H/D exchange processes, and Ru(ll) hydroxide
and amido complexes with more labile ligand sets will test this
hypothesis.

In a preliminary report! we disclosed calculated energetics
for benzene €H activation by (Tab)Ru(Pk,OH (Tab= tris-
(azo)borate as a model for the full Tp ligand). The calculated
free energy of activation for the conversion of (Tab)RufPH
(OH)(1?-CsHg) to the C-H activation product (Tab)Ru (Pt
(OHy)(Ph) is 17.6 kcal/mol. The transition state is depicted in

Experimental evidence suggests that the H/D exchange
reactions occur through Ru-mediated activation of arer®C
bonds. Importantly, these results suggest that net 1,2-addition
of C—H bonds across late transition metal oxygen or nitrogen
nondative bonds is kinetically accessible and, for the Ru systems
reported herein, is more rapid than analogous reactions with
alkyl or aryl ligands. Activation barriers are likely dependent
on the ability of the metal center to coordinate the hydrocarbon
(herein, an arene), ability of the metal center to activate the
C—H bond, as well as the basicity of the nondagi ligand
However, theextentto which each of the various factors (e.g.,
metal electron density, facility with which 16-electron species

Figure 8. We have also previously reported calculations at the are accessed, basicity of nondative ligand) impact the activation

same level of density functional theory on benzeneHC
activation from (Tab)Ru(CO)(Me)g-C¢Hg) that indicate a non-
oxidative addition process that resembles-laond metathesis
transition state with a close RuH contact in the transition
state!® As a point of comparison, the values in brackets in Figure
8 represent the geometric details of the transition state-¢fiC
activation for (Tab)Ru(CO)(Me)-CeHg) (i.€., transfer of a

barriers for 1,2-addition of €H bonds of late transition metal
centers remains to be delineated in more detail.

There appears to be a subtle thermodynamic balance for the
conversion of late transition metal nondative oxygen or nitrogen
ligands and inert and covalent-®& or H—H bonds to M-R
(R = H, alkyl, or aryl) bonds and alcohols or amines (Scheme
6). For example, a combined experimental and computational
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Scheme 6. Some Examples of Equilibrium between Complexes with Nondative Ligands and Aryl or Hydride Ligands Determined by
Experimental and/or Computational Studies
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study suggests that the addition of blcross the Ra#N bond cenium hexafluorophosphate as the internal standard. Elemental analyses
of (PCP)RU(CO)(NH) (PCP= 2,6-(CH'Bu,),CeH3) is ther- were performed by Atlantic Microlabs, Inc. Unless otherwise noted,
mally favorable, whereas the addition of a—8 bond of all other reagents were used as purchased from commercial sources.

methane or benzene is disfavofé®Results herein suggest that ~ TPRU(PMe):CI (7), TPRU(PMg),0Tf (4), TpRu(PMe)-OH (1), TpRu-
addition of arene €H bonds across Ru-OH or RU'—NHPh (PMes)-Me (8), TpRu(PMe).Ph ©), and TpRu(PMgNHPh @) were

P . . prepared as previously report€d22Some experimental efforts for
moieties is thermally disfavored, whereas Periana et al. report . ibeid .
that the reaction of benzene and aH 4fOMe complex to TPRu(PMe):OH (1) have been previously describ&dDetails of
| . 9 computational studies of benzene-8 activation by (Tab)Ru(Pk).-
produce MeOH qnd It—Ph is favorablé? In a related result, 5 have been reportéd.
Goldman, Hartwig et al. have reported tliaf; = 105 for the

S TpRu(PMej3),SH (3).A mixture of4 (0.48 g, 0.78 mmol) and NaSH
equilibrium between (PCP)Ir(H)(Ph)/NRh and (PCP)Ir(H)- xH20 (0.48 g, 9.62 mmol) was refluxed in approximately 40 mL of

(NHPh)/GHe.®° toluene for 24 h. The solution was subsequently cooled to room
temperature and filtered through Celite. The filtrate was concentrated
under reduced pressure to approximately 5 mL. Hexanes (20 mL) were
General Methods. All procedures were performed under an inert slowly added to yield a precipitate. The resulting yellow solid was
atmosphere in either a nitrogen-filled glovebox or using standard isolated and dried in vacuo (0.23 g, 57% yielth). NMR (C¢Ds, 9):
Schlenk techniques. The glovebox atmosphere was maintained by8.21, 7.59, 7.50, 7.29 (6H, 2:1:2:1 integration, each a d, Hp3Cor
periodic nitrogen purges and monitored by an oxygen anafy@g(ig) 5), 5.96, 5.94 (3H, 2:1 integration, each a t, TH @), 1.13 (18H, wt,
< 15 ppm for all reactior}s Toluene and hexanes were purified by N = 8 Hz, P(QHz)3), —3.30 (1H, t,2Jpy = 4 Hz, H). 3C{'H} NMR
reflux over sodium followed by distillation. Diethyl ether was purged (C¢De, 0): 145.0, 144.4, 136.0, 135.1 (each a s, Tp 3 or 5 position),
with nitrogen and stored ovel A molecular sieves. Acetonitrile was ~ 105.5 (s, overlapping Tp 4 positions), 19.4 (M= 28 Hz, PCHa)s).
purified by passage through a column of activated alumina followed 3P{1H} NMR (benzeneds, 6): 13.2 (s,PMes). CV (CH;CN, TBAH,
by distillation from CaH. Deuterated NMR solvents were degassed 100 mV/s): Ey, = 0.10 V{Ru(lll/ll) }. Anal. Calcd for GgH29BNsP,-
by three freezepump—thaw cycles and stored ové A molecular SRu: C, 36.08; H, 5.85; N, 16.83; Found: C, 36.53; H, 5.83; N, 16.41.
sieves.H and3C NMR spectra were recorded on a Varian Mercury TpRu(PMe3),OPh (5). A mixture of 4 (0.50 g, 0.81 mmol) and
400 MHz or a Varian Mercury 300 MHz spectrometer. Resonances NaOPh3H,0 (0.52 g, 3.1 mmol) was refluxed in approximately 40
due to the Tp ligand are listed by chemical shift and multiplicity only | _of toluene for 24 h. The solution was subsequently allowed to cool
(all coupling constants for pyrazolyl rings are approximately 2 Hz). 5 room temperature and was filtered through Celite. The filtrate was
All H and™C NMR spectra were referenced against tetramethylsilane ¢oncentrated under reduced pressure to approximately 15 mL. Hexanes

using resonances due to the residual protons in the deuterated solvent§40 mL) were added, and a yellow-green precipitate formed. The
1 Sht . . . . . )
or the'3C resonances of the deuterated solveitsNMR spectra were resulting mixture was filtered, and the solid was washed with hexane

recorded on a Varian 600 MHz INOVA spectrometer and referenced g giethyl ether. The product was isolated and dried in vacuo (0.38
against TMS using the residual deuterium in perprotio benz€Rre. g, 83% yield).!H NMR (CDCl, 8): 7.73, 7.70, 7.60, 7.20 (6H, 2:1:
NMR spectra were obtained on a Varian Mercury 400 MHz spectrom- 5.q integration, each a d, TpHC3 or 5), 6.72 (2H, t3u = 7 Hz,

eter (operating frequency 161 MHz) and referenced against externalpheny| meta), 6.16 (LH, &Juy = 7 Hz, phenyl para), 6.10, 6.08 (3H,
85% HPO;. Unless otherwise noted, NMR spectra were acquired at 5.9 integration, each a t, TpHC4), 5.80 (2H, d3Juy = 7 Hz, phenyl
room temperature. Electrochemical experiments were performed Underortho), 1.30 (18H, VtN = 10 Hz, P(GHs)s). “*C{H} NMR (CDCl,

a nitrogen atmosphere using a BAS Epsilon Potentiostat. Cyclic 8): 171.8 (s, phenyl ipso), 145.8, 142.6, 136.1, 135.2 (each a s, Tp 3

voltammograms were recorded in @EN using a standard three- . 5 hogition), 128.1, 120.8, 110.3 (each a s, phenyl ortho, meta, and
electrode cell from—2.00 to+2.00 V with a glassy carbon working para), 105.5, 105.4 (each a s, Tp 4 position), 17.6 \vt= 26 Hz

electrode and tetrabutylammonium hexafluorophosphate as eIectronte.P(CHs)s) 3P{1H) NMR (benzenads, 8): 19.9 (s,PMes). CV (CHs-
Tetrabutylammonium hexafluorophosphate was dried under dynamic TBAH 100 mVIs): Eyp = 0.21’ V{.Ru(.III/II)’}. Ana-l. Caled for

vacuum at 110°C for 48 h prior to use. All potentials are reported CoiHsBNsOPRU: C, 45.09: H, 5.95: N, 15.02; Found: C, 45.06, H,
versus NHE (normal hydrogen electrode) using ferrocene or cobalto- 5.09' N. 14.86

Experimental Section

(60) Kanzelberger, M.; Zhang, X. W.; Emge, T. J.; Goldman, A. S.; Zhao, J.; TpRu(PMe3)(NCMe)Ph (10). TpRu(PMe).Ph @) (0.498 g, 0.92
Incarvito, C.; Hartwig, J. FJ. Am. Chem. So@003 125 13644-13645. mmol) was added to acetonitrile-00 mL) in a 100 mL thick-walled

7992 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006



H/D Exchange between TpRu(PMes)(L)X and Arenes ARTICLES

pressure tube with a Teflon stopper to give a light-yellow heterogeneous nances due to the Tp 4-positions. There is no change of the resonances
solution. The mixture was irradiated with G\Wis light, generated by due to the Tp 4-positions fd3, 4, and7.

a 450W power supply (Mode #7830, Ace Glass, Inc.) equipped with H/D Exchange for TpRu(PMes)(NCMe)Ph (10) in CsDe. A

a water-cooled 450W 5 inch arc IMMER UWis lamp (Model #7825- solution of 10 (7.3 mg, 0.0143 mmol) in 2 mL of D (23 mmol)

34, Ace Glass, Inc.), while stirring for a total of 38 h. The solution with a small amount of hexamethylbenzene (as an internal standard)
was concentrated te5 mL under reduced pressure to produce a white was divided among three screw-cap NMR tube$SHANMR spectrum
precipitate. Approximately 40 mL of methanol was added to the slurry was acquired of each reaction mixture with the delay time set to 10 s.
to produce additional precipitate. The precipitate was collected on a The set of NMR tubes were each heated at®Wvith thermoregulatory

fine porosity frit and dried in vacuo (0.348 g, 0.64 mmol, 75%). control in a Varian Mercury 400 MHz NMRH NMR spectra recorded
NMR (C¢Dg, 0): 7.69, 7.62 (1H and each a dtcy = 1 Hz, Tp 3 or every 10 min and compiled into an array until 3 half-lives were achieved
5 position), 7.59 (1H, dddtJcy ~ Jup = 1 Hz, Tp 3 or 5 position), (~12 h). H/D exchange was followed by integration of the phenyl
7.53 (1H, d, Tp 3 or 5 position), 7.45 (2H,Wun = 8 Hz, ortho phenyl), resonance ofl0 (7.45 ppm) relative to the internal standard hexa-
7.34 (1H, d, Tp 3 or 5 position), 7.32 (1H, d, Tp 3 or 5 position), 7.27 methylbenzene.

(2H, t, 3Jun = 8 Hz, meta phenyl), 7.20 (1H, &Jun = 8 Hz, %y = Catalytic H/D Exchange between GDs and H.O. In a typical
1 Hz, para phenyl), 6.15 (1H, t, Tp 4 position), 6.01 (1H,5%dt = 1 experiment, a J. Young NMR tube was charged with TpRu(§Me
Hz, Tp 4 position), 5.94 (1H, t, Tp 4 position), 1.07 (9H,%d = 6 (OH) (1) (0.030 g, 0.062 mmol) in benzemg-(0.35 mL, 3.8 mmol)

Hz, P(QHs)s), 0.75 (3H, s, NCEl3). 13C{*H} NMR (CgDg, 0): 177.4 and 10 equiv (based ab) of degassed D (11uL, 0.62 mmol). The

(d, 2Jcp = 13 Hz, ipso carbon of phenyl), 144.9, 142.7, 142.5, 141.6, tube was sealed, vigorously shaken, and heated t6@0The reaction
135.1, 134.5, 133.7 (Tp 3 and 5 positions and phenyl resonance), 125.2 progress was monitored periodically usity NMR spectroscopy by
119.4, 118.4 (phenyl and®Me), 105.3, 105.0, 104.9 (Tp 4 positions), ~ following the increase in integration of the resonance due to benzene
16.4 (d, PCHa)s, Jcp= 26 Hz), 2.2 (NCH5). 31P{*H} NMR (acetone- (7.16 ppm) as compared to the resonances of Tp 3 and 5 positions.
ds, 0): 21.7 P(CHz)s). CV (CHCN, TBAH, 100 mV/s): Ey» = 0.30 Heating 1 at 100 °C for up to 7 days yields no evidence of

V {Ru(lli/N}, 1.38 V{Ru(IV/Ill), quasi-reversiblg. Anal. Calcd for decomposition. The intensity of the benzene resonance increases,

CoH2BN/PRu: C, 47.16; H, 5.43; N, 19.26. Found: C, 47.37; H, 5.31; Whereas intensity of OH resonance decreases versusTitealecrease

N, 19.29. in integration for the hydroxide resonance equals the magnitude of
[TPRU(PMes)("NHPh)J[OTf. [TpRu(PMe)(13NH,Ph)][OTf] was increase in the integration for the benzene resonance

prepared following a previously reported procedure for [TpRu- A plot of TON (turnover number, TON is defined as one mole of

(PMey)2(NH,Ph)][OT] except that isotopically labelédN-aniline was hydrogen incorporated into benzene per mole of ruthenium complex

used! H NMR spectroscopy (CEEN) confirmed the identity of the 1) versus time is nearly linear and reproducible using different batches

product with resonances identical to [TpRu(P)ENH.Ph)][OTf] of 1. Samples plots have been previously repoftedifter 172 h of

except for the amine resonance, which is observed as a doublet at 4,77€action, a total of 10 TONs is observed.

ppm (2H, d, 3y = 70 Hz). Reaction of TpRu(PMes)Ph (9) with Aniline in CgDs. Three

screw-cap NMR tubes were each charged with 0.025 § (3.046
mmol) and 0.5 mL of @D (7 mmol). To each solution was added 6
equiv of aniline (based 0®) using a microsyringe (26L, 0.276 mmol).

All the solutions were heated to 13C and periodically monitored by

IH NMR spectroscopy. The formation of TpRu(PYMNHPh ) was
initially observed except for the resonances at Tp 4-positions. The
resonances due to Tp 4-positions of TpRu(RB)\h disappear due to
H/D exchange. The formation of benzene was confirmed by the increase
of the benzene resonance at 7.16 ppm. Ultimately, decomposition is

TpRu(PMes)2(**NHPh) (2-15N). TpRu(PMe) (**NHPh) @-1*N) was
prepared following the previously reported procedure for TpRu@PMe
NHPh except that [TpRu(PMB(**NH.Ph)][OTf] was used as the
starting materiat® 'H NMR (C¢Dg, 0): 7.68, 7.52, 7.48, 6.90 (6H,
2:1:2:1 integration, each a d, TAHC3 or 5), 7.24 (2H, t3Jyy = 7 Hz,
phenyl meta), 6.47 (1H, €Juy = 7 Hz, phenyl para), 6.26 (2H, br,
phenyl ortho), 5.90, 5.86 (3H, 2:1 integration, each a t, Fp4J, 2.19
(1H, d, {nn = 69 Hz, NHPh), 1.30 (18H, vtN = 8 Hz, P(GHs)3).

TPRU{P(CDxs)s}Cl (7-chg). The preparation of TpRu(PMRCI (7) competitive with the conversion o to 2, and Keq could not be
has been reported.7-dig was prepared using an analogous method getermined.
with P(CD;)s substituted for PMg 'H NMR spectroscopy revealed Reaction of [TpRu(PMes);NH-Ph][OTf] in C ¢Ds. A screw-cap
identical resonances fwith the exception that the virtual triplet due MR tube was charged with [TpRu(PNeNH,Ph][OTf] (0.023 g) and
to the phosphine ligands is absent. CsDs (0.5 mL). The NMR tube was sealed, vigorously shaken, and
H/D Exchange Reactions for 9. All reactions probing H/D heated to 130C in an oil bath. The reaction progress was monitored

exchange followed the same general procedure. Inside a nitrogen-filled periodically using'H NMR spectroscopy. An equilibrium between
glovebox, a screw-cap NMR tube was charged with a known amount [TpRu(PMe).NH,Ph][OTf] and TpRu(PMg,OTf/aniline was observed

of the appropriate ruthenium complex i@ The NMR tube was with Keq = 0.11.

sealed, vigorously shaken, andrdiNMR spectrum was acquired (for Reaction of TpRu(PMe;).Cl (7) with Added Salts in CsDe. Four

'H NMR data acquisition, the delay time was set to 10 s). The solution screw-cap NMR tubes were each charged wit{.030 g) and €D
was heated (90, 130, or 18C) in an oil bath. The reaction progress (0.5 mL). To each tube was added 10 mg of a different salt (LiCl,
was monitored periodically usiri¢d NMR spectroscopy and the change  MgCl,, NaOTf, or CsCl). The NMR tubes were sealed, vigorously
in integration of the resonances due to Tp 4-position as compared to shaken, and heated to 130 in an oil bath. The reaction progress was
the resonances of the Tp 3- and 5-positions. In control experiments, monitored periodically usingH NMR spectroscopy. Heating the
heating solutions with an internal standard (e.gM&s) revealed no solutions for 7 days did not provide evidence of decomposition nor
substantial change in the integration for the resonances due to Tp 3- orH/D exchange.

5-positions relative to the internal standard. Under the various reaction  Reaction of TpRu(PMe),OH (1) with Added Salts (CsCl, MgCh,
temperatures, with the exception of TpRu(P)M&H- (6), no evidence or NaOTf) in C¢De. Three screw-cap NMR tubes were each charged
of decomposition was observed. For all reactions, the integration of with 1 (0.025 g) and €Ds (0.5 mL). To each tube was added 10 mg
the resonance due to benzene increases, whereas the intensities aff a different salt (CsCl, MgG) or NaOTf). The solutions were sealed,
resonances due to the Tp 4-positions decrease versus tirhieZ05, vigorously shaken, and heated to 90 in an oil bath. The reaction

8, and9. For8 and9, there was no evidence of deuterium incorporation progress was monitored periodically usittyNMR spectroscopy. The
into the Me or Ph ligands. Multiple experiments using different batches addition of CsCl does not alter the rate of H/D exchange at the Tp
of complexes revealed consistdats for the disappearance of reso-  4-positions forl. The addition of MgGl results in the formation of
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TpRu(PMeg).Cl (7), and prolonged heating does not result in H/D
exchange at the Tp 4-positions of TpRu(PMg).OH (1) reacts with
NaOTf to form a new complex that is uncharacterized.

Reaction of TpRu(PMe;),OH (1) with Added P(CH3)s in CgDs.

To a vial containing 0.030 g df (0.062 mmol) was added 0.6 mL of
CsDg (7 mmol). To this solution was added 1 equiv of P)\(leased on
1) using a microsyringe 46 uL, 0.06 mmol). The solution was
transferred to a J. Young NMR tube and heated t6®@0The solution
was periodically monitored byH NMR spectroscopy. After 4 days,
no evidence of H/D exchange was observed.

Rate of PMe; Exchange for TpRu(PMe),OH (1), TpRu-
(PMe3),NHPh (2), TpRu(PMes),SH (3), TpRu(PMe;);OPh (5),
TpRu(PMej3).Cl (7), TpRu(PMes).Me (8), and TpRu(PMes).Ph (9).

All reactions followed the same general procedure. To a vial of TpRu-
(PMe&;).X (X = ClI, SH, OH, OPh, Me, Ph, or NHPh) (0.062 mmol)
was added 0.6 mL of s (7 mmol). To this solution were added 15
equiv of PMe-dy (based on ruthenium complex) using a microsyringe
(96 1L, 0.93 mmol). The solution was transferred to a J. Young NMR
tube, heated to 80C, and periodically monitored byH NMR

and GDg (0.5 mL, 5 mmol). To each solution was added 0 (L,
0.05 mmol), 3 ¢21uL, 0.15 mmol), and 6 equiv{42 uL, 0.30 mmol)
of 2,6-lutidine. All of the solutions were heated to 10C@ and
periodically monitored byH NMR spectroscopy. Adding 2,6-lutidine
suppresses the rate of H/D exchange at Tp 4-positioris of

Reaction of TpRu(PMe;),OH (1) in CDCls. A screw-cap NMR
tube was charged with TpRu(PK)gOH (1) (0.025 g) and CDGI(0.5
mL). The NMR tube was sealed and vigorously shaken. After 12 h at
room temperaturéH NMR spectroscopy revealed quantitative conver-
sion to TpRu(PMg-Cl.

Reaction of TpRu(PMe;),OH (1) in CD.Cl,. A screw-cap NMR
tube was charged with TpRu(PN)gOH (1) (0.025 g) and CBECI» (0.5
mL). The NMR tube was sealed and vigorously shaken. After 12 h at
40°C, 'H NMR spectroscopy revealed quantitative conversion to TpRu-
(PMe;)Cl.

Reaction of TpRu(PMe;),OH (1) with THF- ds. A screw-cap NMR
tube was charged with TpRu(PK)gOH (1) (0.025 g), THFds (0.5
mL), and GMes as internal standard. The NMR tube was sealed,

spectroscopy. The rate of disappearance of the resonance due to th¥i90rously shaken, and heated to 13Din an oil bath. The reaction

PMe; ligand of TpRu(PMeg)2X was determined by integration of the

PMe; resonance with the delay time for data acquisition set at 10 s. In
addition, the appearance of a resonance consistent with the formation
for free PMg was observed. For all systems, multiple experiments using
different batches of ruthenium complexes revealed consistent values

for kobs

Reaction of TpRu(PMe;);OH (1) and TpRu(PMe;).Cl (7) in C¢Ds.
A J. Young NMR tube was charged wih(0.025 g, 0.05 mmol) and
TpRu(PMe).Cl (7) (0.026 g, 0.05 mmol) in §Dg (0.5 mL, 5 mmol).
The solution was heated to S€ and periodically monitored b{H
NMR spectroscopy. Resonances dug were observed separately from
resonances due tb prior to heating. Heating resulted in the disap-
pearance of Tp 4 resonances for b@tand 1.

Reaction of TpRu(PMe;),OH (1) in C¢Dg with 1-Methylpyrazole.
A screw-cap NMR tube was charged with{0.025 g, 0.05 mmol) and
1-methylpyrazole{6 uL, 0.05 mmol) in GDs (0.5 mL, 5 mmol). The

progress was monitored periodically usitig NMR spectroscopy.
Ultimately, the formation of several new uncharacterized ruthenium
complexes is observed. Prior to decompositioriahe intensities of

the resonances due to protio-THF increased relative to the internal
standard.
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Reaction of TpRu(PMe&;),OH (1) in CsDs with TEMPO. Two J.
Young NMR tubes were each charged witi{0.025 g, 0.05 mmol)
and GDs (0.5 mL, 5 mmol). TEMPO (0.016 g, 0.10 mmol) was added
to one of these tubes. Both solutions were heated to®®@Cand
periodically monitored byH NMR spectroscopy. The reactions occur
at the same rate.
Reaction of TpRu(PMe;),OH (1) in C¢Dg with 2,6-Lutidine. Four
J. Young NMR tubes were each charged wiit(0.025 g, 0.05 mmol)
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