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High oxidation state transition metal imide complexes are a well- Scheme 1. Intermolecular C—H Activation Reactions of Arenes
known class of systems which can undergo 1,2-CH bond addition
of arenes and alkanes across theeNImultiple bond!2 Likewise, ( WCHBU (\ CHOCH ( o
early transition metal alkylideng$ and alkylidyne$ are also N_/T\(:Htsu S o N LHs0CeHs _Ti"\ OMe
becoming popular reagents for intermolecular 1,2-CH bond addition KP . kJ kz CH'Bu
of both aromatic hydrocarbons and Si(§H Despite these func- « . z
tionalities being versatile for the hydrocarbon substrate in question, P\ Q\om CH:OAr

. . . CH30Ar P F p MeO
1,2-addition reactions across=fK linkages (X= NR or CHR) . Ar= Ar= \©\ (
h imi i i N 4-FCeHy ove ‘“\\\
ave been limited almost exclusively to the prototypical carbon K Nerigy
& / CH'Bu L CHBU
P s P 6

2,6-FXCgH3
hydrogen bonds and, in some cases, to the weaker NH/OH Bonds.
To date, the only example of a hetero-1,2-CX bond additior=(X

F) reaction was reported by Bergman and co-workers using-HfC Scheme 2. Intermolecular C—O and C—F Activation Reactions
For the latter reaction, they attribute the-E bond breaking step P

X=H,3;X=F, 4

to be driven by a combination of the inherent reactivity of the ( WOCH (
pyridine ortho G-F bond as well as formation of a strong-Z¥ — ; 3- N \\:—\}Ocm ) O_CF3 \\\F F4\
bond? & | e / & / g @ca
In this work, we report that the transient titanium alkylidyne, Py = 4 'Bu
(PNP)TECBU (PNP- = N[2-P(CHMey),-4-methylphenyl)),5 can Fs@ ﬂ Sy
engage in not only regioselective intermolecular 1,2-addition b .
reactions of aromatic €H bonds of anisoles but also an unprec- (\ F (Fi Fe (\
edented intermolecular-60 bond cleavage of C40CsFs, as well N Tii . Nt o @ a4
as the G-F bond splitting of fluorocarbons such asFg and / “ScBu /\\F N ' L X¢Bu
CR;CgFs. Consequently, the intermolecular-© and C-F activa- P @ S_SB;‘ PO
tion reactions result in formation of novel, disubstituted alkylidene ani N Fs 4 Qanti
functionalities on titanium and represent the first examples of CF3
intermolecular aryl €0 and C-F bond activation advocated by  spectroscopically in a 3:1 mixtufagspectively. This result implies
a metat-carbon multiply bonded linkage (in addition to—i that intermediateA is somewhat discriminative for ortho-€4
activation). activation next to the fluoride grodflntuitively, the ether group
We recently reported that the transient alkylidyne (PN®)T4 is expected to be a better donor; however, preference farthe-
'Bu (A) can readily activate the-€H bonds of GHe or Si(CH)a.° fluoride C—H bond might be the result of steric constraints imposed
Not surprisingly, when the synthon %, (PNP)T=CHBU(CH;,- by the more protected ether linkage. However, incipient negative
'Bu) (1), is dissolved in neat anisolertho-aryl C—H bond activa-  charge, inflicted by the fluoride, at the ortho-carbon might be

tion rapidly takes place to quantitatively afford the alkylidene aryl playing a crucial role in these types of reactions. Reactions leading
(PNP)TFCHBU(CsH4-2-OCH) (2) (Scheme 1j.Complex2 likely to formation of complexe&—6 must be performed in neat reagent
forms via the hypothetical intermediate (PNPFO'Bu(CH;OCsHs), given the promiscuity ofl (or intermediateA) to react with any
which renders thertho-hydrogens more susceptible te-€& bond solvent medi& Complexes2—6 have been characterized B,
cleavage. Legzdins and co-workers have investigated simitdd C ~ 13C, 3P, and in some certain cas¥f (3—6) NMR spectroscopy.
bond activation reactions of anisoles with transient W neopentyl- Regioselectivity, in certain cases, was further scrutinized by single-
idenes and attribute this selectivity to be more thermodynamic rather crystal X-ray diffraction (XRD) studies (compouné@sand4).”

than kinetic in naturé Regioselective ortho €H activation, with Aryl C—H bonds are not the only linkages amenable to 1,2-
respect to the aryl fluoride group, occurs whkis treated with addition reactions. Hence,® bond cleavage occurs whénis
2-fluoroanisole to afford (PNP)FHCHBuU(CeH3-2-F-3-OCH) (3). treated with CHOGsFs, concurrent with formation of the disub-

Only traces of the regioisomer having-El bond activation adjacent  stituted alkylidene complex (PNP)FC['Bu(CsFs)][(OCHg) (7) in

to the OMe group is observed8% by 3P NMR spectroscopy). 59% yield (Scheme 2)Complex7 displays NMR spectroscopic
When the twoortho-hydrogens in anisole are replaced with signatures consistent with aTOCHs group ¢H: 3.72 ppm), an

fluorines (2,6-difluoroanisole), bond breaking ensues at the more alkylidene functionality ¥C: 310.2 ppm}, and one isomer

vulnerable meta position to form (PNPFCH'Bu(CsF,H,OCH) (rotamer). As anticipated, the solid-state structur@ isfconsistent

(4) (Scheme 13.Therefore, C-H bond activation occurs only ortho  with the synisomer and shows a disubstituted alkylidene carbon

to dative groups, which in this case happens to be the fluoride (Ti=C, 1.953(2) A) and a titanium methoxide ligand €T, 1.789-

substituent. Interestingly, when 4-fluoroanisole is treated Wjth  (7) A) resulting from C-O bond cleavage by the FC linkage?

the regioisomers (PNP)FHCHBuU(CsHs-2-F-5-OCH) (5) and It is well-known that the €& F linkage in GFs has a much higher

(PNP)TECHBuU(CsHs-5-F-2-OCH) (6) (Scheme 1) are observed  enthalpic dissociation energy (154 kcal/mol) than theHCbond
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8-syn

Figure 1. Molecular structures oB-syn and 9-syn depicting thermal
ellipsoids at the 50% probability level (right). Hydrogen atoms, solvent
molecules, and isopropyl methyls on phosphorus have been omitted for
clarity. Selected metrical parameters are reported in the Supporting
Information.

in benzene (110 kcal/moly. Despite this, compled transforms

(48 h, 50°C, 78% isolated yield), in neat¢Es, to a pentafluo-
rophenyl-substituted alkylidene (PNPHAC['Bu(CsFs)](F) (8)
(Scheme 2J. Interestingly, the'3C NMR (323.5 and 317.0 ppm)
and3P NMR spectroscopic data f8reveal two alkylidene isomers

in solution (65/35 ratioy.XRD analysis of suitable red crystals for

8 only permitted structural elucidation of isom8rsyn (F and
perfluoroaryl groups on the same side). The structu@sfnalso
clearly portrays a novel system bearing both perfluorophenyl and
‘Bu groups on the alkylidene-C. As anticipated for a disubstituted
alkylidene ligand, the FC linkage is long (1.946(2) A, Figure
1). Fortunately, we found that crystals of thgnrotamer ofg, 8-syn

(red crystals), can be physically separated (85/15 ratgydfanti
isomers) from the reaction mixture (red crystals and orange powder),
and thermolysis of such (3 days, 26) results in conversion back

to an equilibrium mixture (65/35, vide supra) of the two rotamers
8-syn/8-anti.” The same equilibrium mixture can also be achieved
more rapidly by heating the 85% puBesyn at 105°C for 1 h.
Hence, it appears that ttanti isomer originates from thsynvia

an intramolecular rotation mechanist.

When octafluorotoluene @EsCF;) is treated withl, intermo-
lecular aryl C-F activation in the para position ensues to afford
(PNP)T=C['Bu(CsF4CR)](F) (9) as the major and isolable product
(Scheme 2J. Examination of the crude mixture bi#F NMR
spectroscopy reveals at least five-E activation products to be
generated.As observed with8, predominately two rotamers are
present in solutionC NMR: 320.6 and 315.7 ppnf)XRD of
one of the isomers d clearly portrays a disubstituted alkylidene
system bearing both perfluorophenyl dBd groups (T+=C: 1.949-

(8) A), as well as a terminal fluoride ligand (FF: 1.829(1) A).
The GF4CF; group is oriented along the same side of the titanium
fluoride ligand, thus rendering this complex thynisomer @-syn,
Figure 1). The structure &-synreveals a TH=C bond length which

is significantly longer than monosubstituted alkylidene derivatives
bearing the same ancillary ligaddJnlike 8, however, we were
able to obtain structural data for tlamti rotamer of9, namely,
9-anti. Accordingly, XRD of9-anti exposes the other alkylidene
rotamer having the perfluoroaryl group oriented opposite from the
metal fluoride ligand. The T=C linkage is comparable to theyn
rotamer (1.951(7) A), which is also reflected by similarAC—

‘Bu angles (116.0(&)for 9-syr; 114.4(4} for 9-anti). In fact, for
structures?, 8-syn, 9-syn and 9-anti, the plane defined by the
disubstituted alkylidene ligand bisects the PNP framework.

On the basis of previous studiesye propose that complexes
7—9 are likely formed via 1,2-CO and -CF bond addition across
the transient B=C'Bu bond. However, as observed in the ring-

opening metathesis of pyridines with,? [2 + 2] cycloaddition
could refute our original proposed mechanism and facilitate the
formation of a strong FiX bond through as-X elimination
pathway (X= OMe, F).

In conclusion, our results present a mild process by which strong
C—X bonds can be activated by a highly polarizee=T linkage.
The ability of intermediates such as (PNRFG'Bu to intermo-
lecularly cleave aryl €0 and C-F bonds offers an excellent
opportunity to not only construct potentially important Wittig-type
reagents but also study a novel mechanism surrounding the cleavage
of strong C-heteroatom linkages. Given the heterogeneous nature
of these reactions, we are currently exploring the mechanism behind
the formation of compounds such @s9 using high-level DFT
studies.

Acknowledgment. We thank Indiana UniversityBloomington,
the Dreyfus Foundation, the Sloan Foundation, and the NSF (CHE-
0348941, PECASE award to D.J.M.) for financial support of this
research.

Supporting Information Available: Experimental preparation and
reactivity (all compounds), crystallographic datz, @, 7—9), and
additional discussion. This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) (a) Cummins, C. C.; Baxter, S. M.; Wolczanski, PJTAm. Chem. Soc.
1988 110, 8731. (b) Cummins, C. C.; Schaller, C. P.; Van Duyne, G. D.;
Wolczanski, P. T.; Chan, A. W. E.; Hoffmann, B. Am. Chem. Soc.
1991, 113 2985. (c) Schaller, C. P.; Wolczanski, P.Iiforg. Chem1993
32, 131. (d) Bennett, J. L.; Wolczanski, P. J. Am. Chem. Sod.994
116, 2179. (e) Schaller, C. P.; Bonanno, J. B.; Wolczanski, Rl. Am.
Chem. Soc1994 116, 4133. (f) Slaughter, L. M.; Wolczanski, P. T;
Klinckman, T. R.; Cundari, T. RI. Am. Chem. So@00Q 122, 7953. (g)
Schaller, C. P.; Cummins, C. C.; Wolczanski, P.JTAm. Chem. Soc.
1996 118 591. (h) Bennett, J. L.; Wolczanski, P. I.. Am. Chem. Soc.
1997 119 10696. (i) Cundari, T. R.; Klinckman, T. R.; Wolczanski, P.
T.J. Am. Chem. So@002 124, 1481. (j) Schafer, D. F., Il; Wolczanski,
P. T.J. Am. Chem. S0d.998 120, 4881. (k) Walsh, P. J.; Hollander, F.
J.; Bergman, R. GJ. Am. Chem. S0d.988 110, 8729. (I) Arndtsen, B.
A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. Acc. Chem. Res.
1995 28, 154. (m) Duncan, A. P.; Bergman, R. Ghem. Rec2002 2,
431. (n) Walsh, P. J.; Hollander, F. J.; Bergman, ROBganometallics
1993 12, 3705. (0) Polse, J. L.; Andersen, R. A.; Bergman, RIGAm.
Chem. Soc1998 120, 13405. (p) Lee, S. Y.; Bergman, R. G. Am.
Chem. Soc.1995 117 5877. (q) Royo, P.; Sanchez-Nieves, 1.
Organomet. ChenR00Q 597, 61. (r) de With, J.; Horton, A. DAngew.
Chem., Int. Ed. Engl1993 32, 903.

(2) Hoyt, H. M.; Michael, F. E.; Bergman, R. G. Am. Chem. So2004
126, 1018.

(3) (a) Cheon, J.; Rogers, D. M.; Girolami, G. 5.Am. Chem. S0d.997,
119 6804. (b) Coles, M. P.; Gibson, V. C.; Clegg, W.; Elsegood, M. R.
J.; Porrelli, P. A.Chem. Commurl996 1963. (c) van der Heijden, H.;
Hessen, BChem. Commuril995 145. (d) Pamplin, C. B.; Legzdins, P.
Acc. Chem. Re2003 36, 223. (e) Wada, K.; Pamplin, C. B.; Legzdins,
P.; Patrick, B. O.; Tsyba, I.; Bau, R. Am. Chem. So@003 125 7035.

(f) Wada, K.; Pamplin, C. B.; Legzdins, B. Am. Chem. So@002 124,
9680. (g) Adams, C. S.; Legzdins, P.; Tran, Grganometallics2002
21, 1474. (h) Adams, C. S.; Legzdins, P.; McNeil, W.Bganometallics
2001, 20, 4939. (i) Adams, C. S.; Legzdins, P.; Tran, E.Am. Chem.
Soc.2001, 123 612.

(4) Tsang, J. Y. K.; Buschhaus, M. S. A.; Legzdins, P.; Patrick, B. O.
Organometallics2006 25, 4215.

(5) Bailey, B. C.; Fan, H.; Baum, E. W.; Huffman, J. C.; Baik, M.-H.;
Mindiola, D. J.J. Am. Chem. So2005 127, 16016.

(6) Legzdins, P.; Veltheer, J. E.; Young, M. A.; Batchelor, R. J.; Einstein, F.
W. B. Organometallics1995 14, 407.

(7) See Supporting Information for experimental details.

(8) (a) Bosque, R.; Clot, E.; Fantacci, S.; Maseras, F.; Eisenstein, O.; Perutz,
R. N.; Renkema, K. B.; Caulton, K. Gl. Am. Chem. Sod 998 120,
12634. (b) Reinhold, M.; McGrady, J. E.; Perutz, R. N.Am. Chem.
So0c.2004 126, 5268.

(9) Mindiola, D. J.; Bailey, B. C.; Basuli, Feur. J. Inorg. Chem2006 3335.

(10) Edelbach, B. L.; Jones, W. D. Am. Chem. Sod.997 119 7734.

(11) (a) Schrock, R. R.; Crowe, W. E.; Bazan, G. C.; DiMare, M.; O’'Regan,
M. B.; Schofield, M. H.Organometallics1991, 10, 1832. (b) Oskam, J.
H.; Schrock, R. RJ. Am. Chem. Sod.992 114, 7588.

(12) Bailey, B. C.; Fan, H.; Huffman, J. C.; Baik, M.-H.; Mindiola, D.J.
Am. Chem. So2006 128 6798.

JA0684646

J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007 5303





