JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

N Provides Insight into the Mechanism of H-C(sp) Bond Cleavage
Amy Walstrom, Maren Pink, Nikolai P. Tsvetkov, Hongjun Fan, Michael Ingleson, and Kenneth G. Caulton
J. Am. Chem. Soc., 2005, 127 (48), 16780-16781+ DOI: 10.1021/ja0547580  Publication Date (Web): 10 November 2005
Downloaded from http://pubs.acs.org on March 25, 2009

rapid and
pervasive
H/D exchange

More About This Article

CMGZ
T, H,c”
t t
CeDs N/R-‘—:\Poil;Z +N, \H ‘\\\P Bu
— Ru— N—Ru—N=N
22°C (7 "trapping” (¢
P reagent P
Bu, 'Bu,

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 7 articles that cite this article, as of the time of this article download

. Access to high resolution figures

. Links to articles and content related to this article
. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact.

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0547580

JIAIC[S

COMMUNICATIONS

Published on Web 11/10/2005

N, Provides Insight into the Mechanism of H —C(sp®) Bond Cleavage

Amy Walstrom, Maren Pink, Nikolai P. Tsvetkov, Hongjun Fan, Michael Ingleson, and
Kenneth G. Caulton*

Department of Chemistry & Molecular Structure Center, Indianadénsity, Bloomington, Indiana

Received July 15, 2005; E-mail: caulton@indiana.edu

Execution of a difficult reaction like HC(sp) bond activation N2. The addition of N (1 atm) to a yellow benzene solution bf
is facilitated by effecting substrate pre-coordination using a donor at 22 °C results in an immediate color change to orange and the
functionality in the substrate. This is evident in several recent complete consumption df to form a single diamagnetic product,
synthetic organic repofts® and pervades the chemistry where a 2. Specie® shows two inequivaler®P nuclei (AX patternJax =
transition metal species cleaves-8 bonds of its own ancillary 283 Hz, characteristic of trans phosphines). TH&MR spectrum
ligand#-® Here there are two variants (eq 1) of the-8 cleavage shows no hydride resonance and shows signals fully consistent with
reaction by M*: (i) full oxidative addition (producing an inter-  a product devoid of symmetry, where the phosphine donors are
mediate containing both hydride and €6 M"™?) and (ii) C—H made inequivalent by metalation of ofigu group.
heterolysis, where a Brgnsted base removes H as a proton so that The X-ray diffraction structure of this product (Figure 1) reveals
oxidation to M"*2 never mediates the reaction and the product has cleavage of onéu C—H bond, with carbon bonded to Ru but the
an unchanged oxidation state"M H bound to the PNP nitrogen.,Mdoordinates trans to the resulting
amine, and the site trans to the RQ bond is unoccupied (with
H"+ M-R)" " —M"™ + R-H—R-M"2—H (1) the closest approaching methyl group, C18, at 2.97 A). Triflate
has dissociated from Ru, but its oxygen hydrogen bonds to the
In practice, these mechanistic alternatives have been difficult to gmine proton (@-N = 3.11 A). This is thus a net heterolytic
distinguish’:* We provide here an example which is mechanistically - spjitting of the H-C(sp¥) bond that leaves the metal oxidation state
more revealing, especially when density functional theory (DFT) ynaltered at+2. The above conclusions are supported by the
calculations supplement experiments. observation of a linear Rt~ N=N unit and a pyramidal nitrogen
Readily synthesized (PNP)Ru(OTf{PNP= «3-N(SiMe;CH,P- with a long (2.23 A) Re-N1 bond, consistent with an amine
Buy)2) exhibits NMR spectra fully consistent with a planar, four-  fynctionality. The N-H proton is assigned to a broadened, unit
coordinate geometry and a triplet electronic ground state, as jntensity’H NMR signal observed at3.4 ppm. Surprisingly, the
previously elucidated for (PNP)Ru€The paramagnetically shifted  ry,—p gistance in the strained four-membered ring is the shorter
19 1H} NMR resonance for the triflate anion in(shifted 56 ppm of the two Ru-P bonds.
to —24 ppm) verifies that OTf occupies the fourth coordination Compound2 shows a gradual decline in the intensity of %l
site in GDs. In CeDs, 1 shows remarkably facile exchange of all  NvR signals Bu, SiMe, NH, CMe, and CH) under argon at 22
its ligand hydrogens with solvent deuterium. Within 20 min at 22 °C in GeDs, along with growth of the signal of DsH, but without
°C one sees growth of {DsH and a dramatic decline in the {4 mation of new products even after 5 days. This is consistent
intensities tH NMR) of ‘Bu and SiCH (90% at each), and GH  ith a very low level (hence slow deuteration) conversion2of
(10%). The H/D exchange occurs at an undiminished rate in the p. . 1o (PNP)Ru(OTY) by loss of Nalthough? does not detectably
presence of 5 equiv of a hindered base (2,6edbutylpyridine) lose N under vacuum (12 h) at 2Z. The observations show that

ruling out the possibility of catalysis by adventitious acid (HF or jnyamolecular scrambling of incorporated deuteriungiis faster
HOTY) derived from the synthesis df. No H/D exchange is than incorporation of D from €Ds into 2.

observed with (PNP)RUCI indDg, even after 24 h at _65C‘ The The calculated binding energy of;Nb 1 (3 Scheme 1) is only
Ru to carbon distance for each of these hydrogens in ground state; 4 | ~ai/mol. How then can the weak ligand (Weako-donation
(PNP)RUCI S 37 A t.Bu)’ 4'2, A (,S'CH‘)’ a“‘?' 3.4 A (,CH); and weakr-acidity) “cause” cleavage of an alkyl-€H bond? As
therefore, significant ligand distortion is required to bring each o /5 exchange does not require, Mnd because compouidd
ca::bon W'th'n b”ond||_|r}gD dlsta;]nce of Ffzbre'lé&)'. | | shows a slower exchange rate, the role efifdre must be to trap
.hon\:jentlona yd exc_E;nge orfigan IS ina meltqadc%mp €X " an active intermediate and also to be in equilibrium with that
with a deuterate reagent_ requires at _e_ast one nydride on species. This active species should also be formed via a unimo-
the metal and proceeds via oxidative addition (eg°2) While lecular equilibrium withl

DFT calculation of the energies of spectroscopically undetected

n/H C—H cleavage isomer4 and5 reveal that the Ru(ll) specidsis
LM™H +R-D <= Ln’\<iR <= L,MD+RH @ 18.0 kcal/mol more stable tha#d; i.e., the N-H isomer is
) significantly favored even without the hydrogen bonding present

in 2. Addition of N, to 1 in frozen ds-toluene shows complete
oxidative addition to the Ru df could be envisioned, deuteration  formation of2 by —40 °C, but earlier, at-60 and—50 °C, one
of the PNP ligand carbons would require oxidative addition of that sees two equal-intensi®P{*H} NMR signals, the intensity changes
bond followed by a second 2-electron oxidation of the benzene of which track oné% NMR signal (distinct from thé% signal of
C—D bond; participation by the implied Ruseemed implausible. ~ 2). These signals irreversibly decline at the same rate as the
Mechanistic insight into this facile H/D exchange was forthcom- temperature is raised. The essential feature of this intermediate is
ing from the unexpected reaction of 14-valence electtonith that the two inequivalent phosphorus nuclei have a sl
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Figure 1. ORTEP drawing (50% probability ellipsoids) & showing
selected atom labeling. For clarity, all H's on carbon have been deleted.
The hydrogen bonding between NH and the triflate oxygen is illustrated.
Selected structural parameters: -RU2, 1.904(3) A; Ru-C5, 2.109(4) A;
Ru—N1, 2.230(3) A; Ru-P1, 2.338(1) A; Re-P2, 2.372(1) A; N2N3,
1.115(5) A; N--01, 3.112(4) A; P£Ru—C5, 69.00(11%;, Ru—P1-C4,
87.24(12); Ru—N2—N3, 178.3(3); N1-Ru—N2, 179.38(12).

Scheme 1. Electronic Energies (kcal/mol relative to 1) of a
Number of Possible Ligand C—H Cleavage Isomers and N,
Adducts of 1
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(<25 Hz) and therefore an unresolved splitting in the low-
temperature’P{*H} NMR spectra. This is a product of 1,3 H
migration, from C to N, consistent with el NMR hydride signal
being seen at-60 and —50 °C. Calculations (DFT) of nine
alternative candidate structures for this intermediate revealed that
only X (Scheme 1) lies within 3 kcal/mol of the reagents, and also
accommodates the observed unresolvably sd{(&P) by virtue

of having the phosphorus nuclei not mutually trad$¢ Ru—P =
117.8 in X). Approximate facial PNP coordination is rendered
energetically accessible by amide-to-amine conversiofhis
structure has the features of H and £ih€ing syn on the RuN
bond but having triflate neither dissociated from Ru nor migrated
to its hydrogen-bonding site. The activation energy for this
migration, in a nonpolar (toluene) environment, is suggested to be
the reason that intermediake can be detected at50 °C.

We propose that the H/D exchange takes place via spécies
theRu/benzene substructure of which is intentionally left vague in
the scheme, based on currently available results. What the N
trapping and the DFT calculations do establish is the thermal
accessibility of an unsaturated Rspecies with a labile H (on N),
which provides access to benzene for either-laond metathesis
or an oxidative addition reaction, to mix H and D énWhile we
only isolate a species where théBB C—H bond is cleaved, a
previous report of the elimination of benzene from (PN#®h by
abstraction of a chelate ring GHydrogen shows the accessibility
of other PNP hydrogens.

Itis probably not mere coincidence that-€& cleavage reactivity
(but not catalysis of exchange with;[0s) was reported for Ir in a
not-low oxidation state;+3, and with a triflate ligand, via the

compound Cp*Ir(CH)(OTf)(PMes). Only the hydride Cp*Ir(H)-
(OTf)(PMe;) catalyzes H/D exchange, consistent with the gener-
alization made above (eq %8 Since none of this reaction
chemistry is observed for (PNP)RuUClI, it is clearly dependent on
multiple characteristics of triflate, including its anionic charge, its
good leaving-group character, and its ability to hydrogen bond to
the N—H proton of the product. It is also tempting to envision that
Ny is critical to spin pairing of the two unpaired electronslin
which have been suggested as the reason that these planar
14-electron species do not have agostic interactions; agostic inter-
actions are attractive species on the path teHCcleavage,
especially heterolytic cleavage, since an agostic H would be
expected to be Bransted acidic (cf. the acidityrgfif;)M). Finally,
it is important to recognize that the active functional role played
by the basic PNP amide nitrogen serves to change reaction
thermodynamics, most notably by avoiding oxidation statein
2_19,20

The small favorable energy for the overall reaction fornirig
consistent with our initial surprise that a ligand as weak asduld
“trap” an intermediate involved in the H/D exchange bfand
facilitate dissociative loss of OTf frond to produce2. Furthermore,
compoundl is a rare example of a non-hydride-containing transition
metal complex that undergoes catalytic H/D exchange.
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