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Complexes with late metaloxygen and-nitrogen single bonds E “NH cD
; . ; o= X i 3 8 l NH
(metal alkoxides and amides) play important roles in biological N sl s
systems and have been implicated as intermediates in a variety EP\ R'u Pj # 5
of industrially important catalytic reactioAs® When the metat P” "_I P ND2
heteroatom bond reacts with carbemydrogen bonds of organic 6a X =H [P:Ru’Pl dsp CPruzPy
molecules, an important question concerns whether the transfor-  6b, X = CF;4 PT )P P ,'.| P
mation takes place via odd- or even-electron intermediates. For 1-d, 7

example, many late metal alkoxides undergo rapid overall even-
electron RO transfer reactions with electrophilés$ In other
cases, metaloxygen bonds have been proposed to react by initial
hydrogen atom abstraction, an odd-electron protess. nitrogen (e.g.,1 + fluorene— 4ain THF or benzene)? The

Stlmylated by this difference in b_eha\_/lor, we set out 10 go04ng s overall displacement of the nitrogen fragment from the
determine the preferred mode of reactivity in the well-character- p " anter (e.g1 + PhG=CH — 5 in benzené* 1 + arylaceto-
gedearerit hy(ér;)xo arnga;nédeHc%mp(l)eéemnséll?ﬂl\gEE_)z(lH%- nitriles — 6a, 6b in benzene}?® We have evidence that proton
_u( .HZ) (1) an rar_lsr( )2(2 ) _“( ) @) ( T et transfer to form an ion pair is the initial step in these reactions as
bls(d|methylphosph|no)ethan%).Thls study has uncovered only Monitoring the reaction of with cyclobutanone by NMR
fz‘e'ec”"“ begar‘l"or for tiofjh rfhe OH 3:,3 N““e‘a"‘?o.““f at 25°C in THF-dg reveals that ion paidb is initially formed,
ragments, and has revealed that compléxears a surprisingly 54 s is transformed more slowly into the stable substitution
pa5|c amido ligand, a property that is gxpressed without d'ssoc'a'product7.13 It seems likely that the other displacement reactions
tion of the NH, group from the ruthenium center. . proceed by analogous initial proton-transfer steps.

In analogy to reactions reported by Stack and Mayer and their Surprisingly, amido comples also reacts with exceedingly

co-workers,our ruthenium arr_\ido and hydroxidq complextes weakly acidic compounds, although these reactions are sufficiently
and2 cause the dehydrogenation of cyclohexadiene (1,4-CHD) endothermic that only H/D exchange is observed. One of the most

and 9,10-dihydroanthracene (DHA) (eq 1). However, compounds striking reactions ofl occurs upon its dissolution into tolueng-
1 and2 also catalyze the interconversion of 1,4- and 1,3-CHD (PKa of toluene= 4115 BDE = 89.8 kcal/mol). Monitoring this

more rapidly Gz = <5 min) than dehydrogenation occurs. reaction by'H and?H {*H} NMR spectroscopy showed full

(Scheme 1). The first includes the generation of a stable ion pair
formed by overall proton transfer from carbon to ruthenium-bound

XH " deuterium incorporation into both the N-bound positions and the

P~ -P @ - XHp - (j DMPE ligand, concurrent with hydrogen incorporation into the
_Ru_ * —= (DMPE),Ru’ + 1 . h e

EP ! F’j X =NH, O ( )2 H “ benzylic position of toluene (Scheme 1). A similar, but much

slower, exchange is observed with hydroxido comex
Consistent with this observation, compléxcan be used to
The dehydrogenation and isomerization reactions could proceedcatalyze deuterium exchange between tolugyed carbon acids
by initial abstraction of a hydrogen atom (although the required of similar or weaker acidities but widely varying bond dissociation
oxidation state change is less favorable here than in the earlier-energies (BDE’s; listed in kcal/mol), including triphenylmethane
reported systems) or a proton, in addition to pathways that might (PKa = 31.5 (THF)}” BDE = 81%9), cycloheptatriene 6, =
involve interaction of the diene with the metal center. To explore 38.8!° BDE = 73'9), ammonia (. = 412° BDE = 107.49),
this question, we extended the above reactions to a larger serieglihydrogen (K, = 35;® BDE = 104", and even propene Ka
of organic compounds having-H bonds characterized by awide = 43,'° BDE = 88.89).2 No exchange is observed with benzene
range of bond dissociation energies and acidities. (pKa = 43 BDE = 110.9%° or THF (BDE = 95 (esty? pKa
Two interrelated modes of reactivity were observed with unknown), even at elevated temperatdfédo detectable amounts
organic compounds containing relatively acidic-B bonds

1,2 3
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(1) Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163. The distance between the ammonium nitrogen and the fluorenide pldae in
(2) Roundhill, D. M.Chem. Re. 1992 92, 1. is 3.00 A. ORTEP diagrams and details of the structural determinations are
(3) Holm, R. H.; Kennepohl, P.; Solomon, EGhem. Re. 1996 96, 2239. given in the Supporting Information.
(4) Bergman, R. GPolyhedron1995 14, 3227. (14) The same complex is formed upon treatment of hydroxido coniplex
(5) Bertini, I.; Luchinat, C.; Rosi, M.; Sgamellotti, A.; Tarantelli, Rorg. with phenylacetylene; see ref 8.

Chem.199Q 29, 1460. (15) Lowry, T. H.; Richardson, K. SMlechanism and Theory in Organic
(6) Caulton, K. G.New J. Chem1994 18, 25. Chemistry 3rd ed.; Harper & Row: New York, 1987.
(7) Dewey, M. A,; Knight, D. A.; Gladysz, J. AChem. Ber1992 125 (16) Ellison, G. B.; Davico, G. E.; Bierbaum, V. M.; DePuy, C.IHt. J.

Mass Spectrom. lon ProcessE396 156, 109.

(8) Kaplan, A. W.; Bergman, R. GOrganometallics1998 17, 5072. (17) Streitwieser, A.; Wang, D. Z.; Stratakis, M.; Facchetti, A.; Gareyev,
(9) Jonas, R. T.; Stack T. D. B. Am. Chem. S0d.997, 119, 8566. R.; Abbotto, A.; Krom, J. A.; Kilway, K. V.Can. J. Chem1998 76, 765.
(10) Mayer, J. M.ACC. Chem. Red.998 31, 441. (18) Bordwell, F. G.; Cheng, J.-P.; Ji, G.-Z.; Satish, A. V.; X.,JZAm.
(11) Lockwood, M. A.; Wang, K.; Mayer, J. Ml. Am. Chem. S0d.999 Chem. Soc1991, 113 9790.

121, 11894. (19) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 33,
(12) Kaplan, A. W.; Ritter, J. C. M.; Bergman, R. G&. Am. Chem. Soc. 493.

1998 120 6828. (20) Bordwell, F. G.Acc. Chem. Red.988 21, 456.

10.1021/ja001622n CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/23/2000



8800 J. Am. Chem. Soc., Vol. 122, No. 36, 2000

of radical coupling products are observed in any of these
reactiong* Exchange is observed betweénand the methyl
hydrogens of toluene, but not betwednand the benzylic
hydrogens ofp-toluidine, which is less acidic than toluene, but
has a comparable bond dissociation enéfg§The fact that this

selectivity exists, and that exchange occurs even with compounds

having very high X-H bond energies (e.g., ammonia), provides
strong evidence that amido compl&and hydroxido comple

abstract protons rather than hydrogen atoms from weak carbon

(and other) acids.

In contrast to its behavior with stronger acids, no substitution
of the ammonia ligand by the transiently generated anion is
observed in any of the exchange reactions betwieand very
weak acids, such as toluene and propg@i&imilarly, despite rapid
H/D exchange betweed and ND;, no labeled nitrogen is
incorporated into amido complekupon addition of*NH; to a
solution ofl in THF-ds, even after 1 month at room tempera-
ture2829 A strongly hydrogen bonded complex [(DMB&E))Ru—
NHz- - -1NH;], apparently incapable of interchanging the nitrogen
groups, is presumably responsible for this intriguing behavior.

A quantitative assessment of the basicity of amido complex
is complicated by the influence of ion pairing in the calculation
of proton-transfer equilibrium constants in nonpolar solvéhts.
However, we were able to obtain an approximate idea of the
basicity ofl and2 by finding organic acids whose conjugate bases
are of comparable proton-abstracting abilityltor 2. In the case
of hydroxido complex, addition of fluorene ([, = 22.9 (THF)Y’
BDE = 80 kcal/mot®) in THF-dg led to an equilibrium mixture
of fluorene, hydroxido compleg, and the cationic aquo complex/
fluorenide ion pairlOa as observed byH NMR spectrometry
(eq 2,Keq = 6.4).

The much stronger basecompletely deprotonates fluorene.
For this system, triphenylmethane is required to establish a
solution containing detectable equilibrium concentrations gfiPh
1, and the ammonia complex/triphenylmethide ion piir This

(21) The literature indicates that benzene, propene, and toluene have

comparable [, values. However, the energy of the tight ion pair [Ru/NBX~
depends on the structure of X. Under our conditions, the ion pair is apparently
higher in energy when X phenyl andp-toluidyl than when X= benzyl or

allyl.

(22) Dobg S.; Beces, T.; Turayi, T.; Marta, F.J. Phys. Chem1996
100, 19864.

(23) Amido complex1 will decompose after prolonged exposures to
elevated temperatures.

(24) Cycloheptrienyl and fluorenyl radicals rapidly dimerize upon formation;
see: (a) Vincow, G.; Dauben, H. J.; Hunter, F. R.; Volland, W.JVAm.
Chem. Socl969 91, 2823. (b) Arends, |. W. C. E.; Mulder, P.; Clark, K. B.;
Wayner, D. D. M.J. Phys. Chem1995 99, 8182.

(25) Zhang, X.-M.; Bruno, J. W.; Enyinnaya, &E. Org. Chem1998 63,
4671.

(26) Wayner, D. D. M.; Sim, B. AJ. Org. Chem1991, 56, 4853.

(27) The coordinated ammonia is never displaced by the benzyl anion to
generatd-(DMPE)(H)Ru(CH,Ph) @), even at elevated temperatures. Treat-
ment oft-(DMPE)(H)Ru(CH,Ph) @) with liquid ammonia does not result in
the formation of amido complekand toluene, establishing that the failure to
observe8 is not due to thermodynamic factors. We suggest that the exchange
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proton-transfer equilibrium is rapid on the NMR time scale at
room temperature, but at lower temperatures each species can be
observed (eq 3). The equilibrium constaiit{ was measured at

five different temperatures; a linear van't Hoff plot allowed us

to calculate an extrapolated equilibrium constant of 3.60°*

at 25°C.
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If ion pairing effects are ignored, the basicity of hydroxido
complex?2 is comparable to that of fluorenideKp = 22.9 in
THF), and the basicity of amido compléxs comparable to that
of triphenylmethide (K, = 31.5 in THF). However, this conclu-
sion must be modified to the extent that the ions formed by proton
transfer in THF tend to experience mutual stabilization due to
their presence in a contact ion pair, a conclusion that is supported
by preliminary UV/visible investigation of these systeth&ven
though a realistic determination of the actuli,pf the ruthenium
ammonia complex awaits further study, it is clear that complex
1 exhibits an unusually high thermodynamic proton-abstraction
propensity.

In summary, amido complek can abstract hydrogen from a
wide range of organic compounds, but in all cases that we have
investigated, the hydrogen is removed as a proton rather than a
hydrogen atom. By inference we believe the same to be true of
hydroxido complexX, although we have collected less evidence
to support this extension of our conclusions. We have preliminary
indications that the corresponding iron complexes can be prepared,
and it will be interesting to see if first-row MX bonds exhibit
a higher propensity to undergo one-electron reactions.

Most significantly, the NH group in1 exhibits a degree of
basicity reminiscent of alkali metal amides, despite its undoubtedly
strong bond with the ruthenium center, which remains intact
through many reversible proton-transfer events. We assume the
high basicity of the amido complekis either due to a remarkably
polarized Ru-N bond, resulting in a highly reactive-orbital 3*
or a strong filled/filled (ck-prr) repulsiont a theory that has been
invoked many times before but has never, to our knowledge, been
exemplified so strongly as in amido complé&x
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