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Abstract: Protonation of (N—N)PtPh, (1; N—N = diimine ArN=CMe—CMe=NAr with Ar = 2,6-Me,CsH3
(a), 2,4,6-Me3CgH; (b), 4-Br-2,6-Me,CsH> (C), 3,5-Me,CeHs (d), and 4-CFsCgHs (€)) in the presence of MeCN
at ambient temperature generates (N—N)Pt(Ph)(NCMe)* (2). At —78 °C, protonation of la yielded (N—
N)PtPhy(H)(NCMe)* (3a), which produced benzene and 2a at ca. —40 °C. Protonation of la—e in CD,-
Cl/Et,0-dio furnished (N—N)Pt(CeHs)(7?—CeHs)™ (4a—e). The s-benzene complexes 4a—c, sterically
protected at Pt, eliminate benzene at ca. 0 °C. The sterically less protected 4d—e lose benzene already at
—30 °C. SST and 2D EXSY NMR demonstrate that phenyl and z-benzene ligand protons undergo exchange
with concomitant symmetrization of the diimine ligand, most likely via oxidative insertion of Pt into a C—H
bond of coordinated benzene. The kinetics of the exchange processes for 4a—c were probed by quantitative
EXSY spectroscopy, resulting in AH* of 70—72 kJ mol~! and AS* of 37—48 J K- mol~L. A large, strongly
temperature-dependent H/D kinetic isotope effect (9.7 at —34 °C; 6.9 at —19 °C) was measured for the
dynamic behavior of 4a versus 4a-di, consistent with the proposed w-benzene C—H bond cleavage. The
fact that the z-benzene complex 4a is thermally more robust in the absence of MeCN than is the Pt(IV)
hydridodiphenyl complex 3a in the presence of MeCN agrees with the notion that arene elimination from
Pt(IV) hydridoaryl complexes occurs via Pt(ll) w-arene intermediates that eliminate the hydrocarbon
associatively, in this case, promoted by MeCN. Compounds la, 1lb, 1d, 2a, and 2b have been
crystallographically characterized.

Introduction mechanisms of €H activation at Pt have been vigorously

Efficient, selective, and direct functionalization of hydrocar- investigated for the Shilov system and for organometallic model
bons by homogeneous transition-metal catalysts under mild SyStéms using a plethora of experimental and calculational
conditions remains a most difficult challen§f& In addition to methods, and these efforts have been extensively reviéivd.

their potentially enormous economic consequences, new pro- Despite the fact that arene—@i bonds are considerably
cesses may also give rise to cleaner and more efficient Stronger than alkane-€H bonds, oxidative addition of arene
alternatives to existing technolody3 Extensive research efforts  C—H bonds is thermodynamically favored relative to alkene

have targeted the hydrocarbon—& bond activation and ~ C—H bonds because of the formation of a strong medayl
functionalization, as evidenced by numerous recent revieifs. bond!>1¢ There is substantial evidence that oxidative addition

Garnett and Hodgék2demonstrated that aqueous Pt(Il) salts ©f arenes at an unsaturated metal center usually, although not
were capable of activating aromatie-& bonds, and the Shilov ~ Without excepllgc;?é?’lsproceeds vigy-(C,C) precomplexation
groug-1314 established shortly thereafter that aliphatie-1& of the arené, probably followed by an arene “slip” to an
bonds can also be activated by aqueous Pt(ll) salts. The(13) Gordshieger, N. F.; Tyabin, M. B.; Shilov, A. E.; Shteinman, A. Z.

Fiz. Khim.1969 43, 2174-2175.

(14) Shilov, A. E.Activation and catalytic reactions of saturated hydrocarbons
in the presence of metal complexé&duwer Academic: Dordrecht, The
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(9) Crabtree, R. HJ. Chem. Soc., Dalton Tran2001, 2437-2450.
(10) Crabtree, R. HJ. Organomet. Chen2004 689, 4083-4091.
(11) Garnett, J. L.; Hodges, R. J. Am. Chem. S0d.967, 89, 4546-4547.
(12) Hodges, R. J.; Garnett, J. . Phys. Chem1968 72, 1673-1682.

2682 m J. AM. CHEM. SOC. 2006, 128, 2682—2696

Netherlands, 2000.

(15) Halpern, Jlnorg. Chim. Actal985 100, 41—48.

(16) Jones, W. D.; Feher, F. J. Am. Chem. S0d.984 106, 1650-1663.

(17) 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.

(18) Peterson, T. H.; Golden, J. T.; Bergman, R.JGAmM. Chem. So@001,
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Scheme 1
H H H _H
LM + @ — ML,,—\© = ML,,@ = ML,,E) === LM
n%(C,C) n'-(C) n%-(CH)
Scheme 2 observed under actual @4 activating conditions, as it is
Ar Ar a thermodynamically uphill relative to the solvento species, but
EN,,,,St\j\?CHs 1°CH, I’N""St““CH3 CeHe =No, 3Otz has been independently generated and observed by NMR at low
\rlu' YOH,  CF4CD,0D \rr' NOH, CF4CD,0D \hll' @ temperatured® The Pt(ll) center oxidatively inserts into a-Ei
Ar 45°C,2:3d Ar ®C.230 o bond of thezr-benzene complex, presumably via (step c) an
+CH, +CH, unobserved;?-(C,H) benzene complex that proceeds with the

oxidative cleavage (d). The resulting five-coordinate Pt(IV)

n?-(C,H)!"23280r evern'-(C)* coordination mode from which  species may be stabilized by coordinating a weakly bonded
the oxidative Cleavage of the-@4 bond occurs (Scheme 1) solvent molecule (e) or proceed by—H reductive Coup”ng
The fluxional behavior commonly depicted by-arenes in  (f) to yield the Pt(Il)o-methane complex, which finally furnishes
combination with possibly rapid and reversible slippage and the Pt(Il) phenyl products by associative displacement of
oxidative cleavage reactions constitutes an essential part of thecoordinated methane (g).
dynamic processes that are the focus of this work. Zhong et aP? have conducted a thorough investigation of

We reported some time a#fothat cationic Pt(ll) diimine  the ligand electronic and steric effects in benzene activation at
complexes, (N-N)Pt(Me)(H:0)* (N—N = diimine ArN=CR— a series of (N-N)Pt(Me)(HO)* complexes in TFE. Although
CR=NAr with R = H/Me; Ar = substituted aryl), are capable the same rate law was obeyed in all cases, two distinctly
of activating aromatic, benzylic, and aliphatic—-& bonds different reactivity patterns were recognized when diimines of
according to Scheme 2. A series of contributions b3#-élsand the type ArN=C(Me)-C(Me)=NAr were utilized. When the
other§?-% have addressed the mechanism of aromatidHC  diimine N-aryl groups were sterically undemanding (bearing H
activation at cationic Pt(Il) diimine complexes and related Pt(ll) atoms in the 2 and 6 positions), the kinetics exhibited a
species bearing bidentate ligarfs!* Mechanistic studies of  significantky/kp isotope effect of ca. 2.0 in reactions ofHG
benzene activation at (NN)Pt species have been conducted in  versus @Dg. This was accompanied by only a small extent of
trifluoroethanol (TFE), a solvent which has been particularly H/D scrambling from @D into the methane product or Pt
useful because it is poorly coordinating, thus readily displaced methyl group of unconsumed reactant. This is consistent with
by the hydrocarbon, and also does not degrade the reactive Ptate-limiting C—H oxidative cleavage (step d). On the other
complexes in undesired side reactions. The general mechanisnhand, when the N-aryl groups were 2,6-dimethyl-substituted,
for benzene activation that is depicted in Scheme 3 has emergedthe k. /kp isotope effects were near unity, and significant
Substitution ofr-benzene for an aqua ligand occurs as a solvent- scrambling of D from @Dg occurred into the methane produced
assisted process (a and b) for which there is evidence that bothand the Pt+methyl group of unreacted Pt complex. This is

steps occur associativelyThe aqua and TFE complexes coexist
in TFE solution. Ther-benzene complex has not been directly

(22) Iverson, C. N.; Lachicotte, R. J.; Mueller, C.; Jones, WOBganometallics
2002 21, 5320-5333.

(23) Churchill, D. G.; Janak, K. E.; Wittenberg, J. S.; ParkinJGAm. Chem.
So0c.2003 125 1403-1420.

(24) Jones, W. D.; Feher, F. J. Am. Chem. Sod.986 108 4814-4819.

(25) Jones, W. D.; Dong, LJ. Am. Chem. Sod.989 111, 8722-8723.

(26) Cordone, R.; Taube, H. Am. Chem. S0d.987, 109, 8101-8102.

(27) Sweet, J. R.; Graham, W. A. G. Am. Chem. S0d.983 105, 305-306.

(28) Johansson, L.; Tilset, M.; Labinger, J. A.; Bercaw, JJ.Am. Chem. Soc.
200Q 122 10846-10855.

(29) Krumper, J. R.; Gerisch, M.; Magistrato, A.; Rothlisberger, U.; Bergman,
R. G.; Tilley, T. D.J. Am. Chem. So2004 126, 12492-12502.

(30) Johansson, L.; Ryan, O. B.; Tilset, M.Am. Chem. So&999 121, 1974~
1975

(31) Johansson, L.; Ryan, O. B.; Remming, C.; Tilset, MAm. Chem. Soc.
2001, 123 6579-6590.

(32) Zhong, H. A.; Labinger, J. A.; Bercaw, J. E.Am. Chem. So@002 124,
1378-1399.

(33) Procelewska, J.; Zahl, A.; van Eldik, R.; Zhong, H. A.; Labinger, J. A;;
Bercaw, J. Elnorg. Chem.2002 41, 2808-2810.

(34) Gerdes, G.; Chen, Rrganometallic2003 22, 2217-2225.

(35) Heyduk, A. F.; Driver, T. G.; Labinger, J. A.; Bercaw, J.JEAm. Chem.
Soc.2004 126, 15034-15035.

(36) Thomas, J. C.; Peters, J. L.Am. Chem. So@001, 123 5100-5101.

(37) Harkins, S. B.; Peters, J. Organometallics2002 21, 1753-1755.

(38) Song, D.; Wang, SOrganometallics2003 22, 2187-2189.

(39) Thomas, J. C.; Peters, J. L.Am. Chem. So@003 125 8870-8888.

(40) Iverson, C. N.; Carter, C. A. G.; Baker, R. T.; Scollard, J. D.; Labinger, J.
A.; Bercaw, J. EJ. Am. Chem. So®Q003 125, 12674-12675.

(41) Song, D.; Jia, W. L.; Wang, ®rganometallics2004 23, 1194-1196.

(42) Vedernikov, A. N.; Pink, M.; Caulton, K. Gnorg. Chem2004 43, 3642—
3646.

(43) Liang, L.-C,; Lin, J.-M.; Lee, W.-YChem. Commur2005 2462-2464.

(44) Driver, T. G.; Day, M. W.; Labinger, J. A.; Bercaw, J. @Brganometallics
2005 24, 3644-3654.

consistent with rate-limiting benzene coordination (a, b) in the
sterically demanding systems. The extensive isotopic scrambling
can then be rationalized if steps c, d, and f (enclosed within the
dotted frame in Scheme 3) are reversible and have lower
activation barriers than the hydrocarbon-releasing steps, the
associative substitutions g and b (the latter in reverse). Isotope
exchange betweenPMe and GDgs has been observed in other
C—H activating Pt systems as wéi:4’

It has been established that isotope exchange occurs rapidly
between PtCH; and PtD ligands in transient (NN)Pt-
(CH3).D* species generated by treatment of—(N)PtMe,
precursors and DOTf at ambient temperattfri&hese isotope
exchange processes, which signal repeateeHGeductive
coupling/oxidative cleavage events without intervening hydro-
carbon release from the metal, occur readily on experimental
time scales of at most a few minutes in the NMR-tube
experiments that are commonly preferred for these studies.
Evidence for repeated €H bond-forming and -breaking
reactions between Pt hydrides and Pt aryl groups was also
provided by the observation that protonolysis of—(N)Pt-
(o-tolyl), in TFE produced mostly (NN)Pt(m-tolyl)(solv)™ and

(45) Stahl, S. S.; Labinger, J. A.; Bercaw, J.JEAm. Chem. Sod.995 117,
9371-9372.

(46) Holtkamp, M. W.; Labinger, J. A.; Bercaw, J. E.Am. Chem. S0d.997,
119, 848-849.

(47) Vedernikov, A. N.; Caulton, K. GChem. Commur2003 358—-359.

(48) Johansson, L.; Tilset, M. Am. Chem. So@001, 123 739-740.
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Scheme 3
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r
(N—N)Pt(p-tolyl)(solv)™ products. Isomerization was seen also Scheme 4
from them-tolyl and p-tolyl analogues! The extent of isomer- R R
o e = . SRR H={ H=§
ization was inhibited by acetonitrile addition, which is evidence \O \O
that toluene release from incipient{NN)Pt(z-toluene)(tolyl) N N
: n incipie e e
species has to be associative. FinallyHtD as well as GH4D; BN BS H
was produced by treatment aB{,bpy)PtPh with DBF, in \‘&@,Ft\“\ﬂ \‘@v\;t oH

CD30D#° Numerous other examples of H/D scrambling be- @’ \Q = @Z’ @

tween hydride and methyl sites, the perhaps most tell-tale proof
of involvement ofo-methane intermediates, have been reported
for Pt(IV) hydridoalkyl complexes, as summarized in a recent

review? ot ot s
The Jones and Perutz groups have thoroughly investigated N\p N\N N\N
the dynamic behavior of Cp(*)Rh(PMg2-arene) and Cp(*)-
M’”Pt““‘© me)

Rh(PMe)(H)(aryl) complexes (where Cp(%} Cp or Cp*). SST 3 & o ==
(spin-saturation transfer) measurements were applied to probe @,Pt\ 6’( 6”’

the exchange of hydrogens between the ortho, meta, and para& @ \K\{ @ K\( @
sites of CpRh(PMg(H)(CsHs) and the interconversion between  rpenzenesphenyl phenylin-benzene
CpRh(PMg)(172-p-xylene) and CpRh(PMgH)(2,5-MeCgH3).16

The interconversion of Cp*Rh(PMg#n?-naphthalene) to the  at a rate of 47 st at —21 °C, presumably via the intermediacy
corresponding aryl hydride was probed by $%3%50In a recent of the Pt(IV) dihydridophenyl complex (right structure). Vari-
contribution that is directly relevant to the Pt chemistry, Jones able-temperature SST measuremengmrovided the kinetic

and co-workers have reported that tH8ugPCHPBuU,)Pt parametersAH* = 49(2) kJ mot1, AS" = —16(8) J K1 mol™}),
fragment givesn?-arene complexes with electron-deficient and a kinetic isotope effecky/kp = 3.0) was determined at

Scheme 5

—T

arenes. Some of thesg?-arene complexes undergo—€l —14 °C by comparison with {2-HTp')Pt(7?-CsDe)D*. In a
oxidative cleavage, and there is evidence that some of theserelated system, protonation of3Tp')PtPhH furnished {2
reactions are reversible at temperatures above amiient. HTp')Pt(GsHs)(17%-CeHe) .52 An SST investigation demonstrated

Templeton and co-workers have described the rapid site H exchange between the phenyl anbenzene sites in this Pt(Il)
exchange between hydride, phenyl, anebenzene ligands complex AGF = 54 kJ mot?), presumably via the Pt(1V)
bonded at the TPt moiety. Protonation of«g-Tp')PtHPh hydride 2-HTp')PtPhH™ (Scheme 5). In this casé/kp =
occurs at a pyrazole-N atom of the Tigand to yield the Pt(Il) 4.7 at =32 °C by comparison with «?-HTp')Pt(CGDs) (7%
benzene hydride complex¥HTp')Pt(;?-CsHg)H ' (Scheme 4, CsDe)*. Recently, reversible interconversion between the Pt(ll)
left structure), crystallographically characterized as its BAr  and Pt(IV) complexes-HTp')Pt(R)(?-CeHe)™ (R = H, Ph)
salt?® NMR line-broadening measurements demonstrated thatand (2-HTp')Pt(R)(GHs)(H)(NCR)™ has been established. It
H atom exchange occurs between the hydride and phenyl sitesvas demonstrated that the preference for Pt(ll) versus Pt(IV)
can be tuned by the absence/presence of an extra coordinating
ligand (in this case a nitrile) and by the identity of this lig&dd.

(49) Ong, C. M.; Jennings, M. C.; Puddephatt, RCan. J. Chem2003 81,

1196-1205.
(50) Belt, S. T.; Dong, L.; Duckett, S. B.; Jones, W. D.; Partridge, M. G.; Perutz,

R. N. J. Chem. Soc., Chem. Commuad®91, 266—269. (52) Norris, C. M.; Reinartz, S.; White, P. S.; Templeton, JOkganometallics
(51) Reinartz, S.; White, P. S.; Brookhart, M.; Templeton, JJ.LAm. Chem. 2002 21, 5649-5656.

S0c.2001, 123 12724-12725. (53) Norris, C. M.; Templeton, J. LOrganometallics2004 23, 3101—3104.
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Scheme 6 Scheme 7

Compd Ar \ / \ /
HBF, or 7\

7\
Ar=N_ N—Ar 1a  2,6-MeyCgHj Ar—N< :N—Ar Ar=N_, N—Ar
1b  2,4,6-MesCgH, Pf CF3SOgH Py + CeHs

Pt >
1c  4-Br-2,6-Me,CgH, CH-CN \NCMe
1d  3,5-Me,CgH3 :

tae 1e  4-CFyCqH,

Mezs\ /SMez

>/ \<
N—Ar

Pt
O~

Recently, quantitative 2D EXSY spectroscéplyas emerged ~ Scheme 8
to become a powerful tool for quantitative kinetics in dynamic
systems. For example, 2D EXSY measurements have beenfr—N, N-Ar HBF ,E1,0

. . . . . . Pt Pt Pt
applied to investigate various dynamic processes in Cp*Rh- ©/ \O CD,CHL/CH,ON ©/I\® 00 O/ “NeMe
N
78 ° C
1a 8¢ Me 2a
3a

1a-e 2a-e

7H\ 7\

Ar*N\ L/N*Ar Ar—N N—Ar

+ CeHs

(PMe&3)(2-naphthalene}t CpRe(CO)(17%-1,4-GH4F»),%° (PCys)-
Pt(H)(SiRy),%8 («2-bis(imino)pyridine) PtMeX complexesy’ Rh
dihydrides?® and fS-diketiminato alkyl scandium catior?8.
Neither of these apply to hydride/alkyl or hydride/aryl site troscopy after in situ protonation dic—e with HBF4Et,0 in

exchaqge processes of relevan_ce teHCactivation. acetonitrileds. The C,, symmetry of the precursoka—e was

In this contribution, we describe the low-temperature proto- ¢jeary broken as evidenced by the two sets of signals arising
nation chemistry of (N-N)PtPfy complexes, where a choice 4y the two halves of the diimine ligands. The coordinated
between Pt(ll) and Pt(IV) products is available depending on 5 qqpitrile ligands in the isolated compourgisand2b were
the reaction conditions. In the absence of strongly bonded seen as singlets @t 2.20 and 2.24, respectively, and did not
ligands, Pt(ll) phenylt-benzene complexes (AN)P(GHs)- exhibit 4J(19%Pt—H) couplings. On the other hand, broadened
(7?-CeHg)* are formeo_l. H atom exchange between the phenyl (see discussion af-benzene complexes below)(1%Pt—H)
and 7-benzene sites is demonstrated by SST Hiet'H 2D satellites § = 11-13 Hz) were seen for at least one of the
EXSY spectroscopy. The kinetics of the exchange processesgjgnais arising from the methyl groups at the diimine backbone
are established by quantitative 2D EXSY measurements. This j¢'5 \ve surmise that the Pt(ll) speci@sare produced by
appears to be the first time that this powerful method is applied
to the study of G-H activation reactions within the coordination
sphere of a metal.

protonation at Pt or the phenyl ligand to furnish intermediates
that undergo a subsequent elimination of benzene. It has been
demonstrated that protonation occurs at Pt for-(INPtMe,
Results complexe$? but it has not been ascertained whether the
kinetically preferred site of protonation is at Pt or Ph in(N
N)PtPh complexes. Quantitative production of benzene was
seen when the protonation reactions were monitored in NMR
tubes.

B. Low-Temperature Protonation in the Presence of
Acetonitrile. In situ protonation in NMR tubes at78 °C (see
Experimental Section) was performed with HBEO in order
to facilitate the observation of possible intermediates. Protona-
tion of 1lain CD,Cl, in the presence of acetonitrile led to the
immediate formation of the hexacoordinated Pt(IV) hydride-(N
N)PtPh(H)(NCMe)" (3a) (Scheme 8). ThéH NMR spectrum
of 3aindicated that the two halves of the diimine ligands were
symmetry equivalent; from this, we infer that the hydride and
MeCN ligands occupy the apical coordination sites. As is
commonly seen, Pt(IV) hydrides require stabilizatfohy an
additional axial ligand, in our case, acetonitrile. When the NMR
sample was heate8aunderwent gradual elimination of benzene
starting at ca—40 °C to furnish the Pt(ll) solvento complex
2a. The Pt(IV) hydride exhibited a characteristiciPtesonance
at & —21.47 with the expectetP*Pt satellites JJ(*9Pt—H) =
1597 Hz. These data agree well with similar data for-(-

(54) Perrin, C. L.; Dwyer, T. JChem. Re. 199Q 90, 935-967. PtMex(H)(X) species?6253The coordinated MeCN ligand gave
(55) Carbg J. J.; Eisenstein, O.; Higgitt, C. L.; Klahn, A. H.; Maseras, F.; rise to a Sing|et ad 3.59, with no discernible PtH Coup”ngs_
Oelckers, B.; Perutz, R. NI. Chem. Soc., Dalton Tran2001 1452- . . . . . .
1461. The formation of3ais consistent with protonation at Pt to give
(56) gt?gﬁﬁe?-é?lﬁrﬁerginz-’ %-_~ l"f';gg‘ﬁ osrﬁléiéllﬁggzzo%kl'zg'Bszetzﬂ%%?é.’\l” Sabo- g coordinately unsaturated five-coordinate Pt(IV) hydride that
(57) Orrell, K. G.; Osborne, A. G.;i, V.; Da Silva, M. W.; Hursthouse, M.
B.; Hibbs, D. E.; Abdul Malik, K. M.; Vassilev, N. Gl. Organomet. Chem. (60
1998 555, 35-47.
(58) Morran, P. D.; Duckett, S. B.; Howe, P. R.; McGrady, J. E.; Colebrooke, (61
S. A,; Eisenberg, R.; Partridge, M. G.; Lohman, J. A.BBChem. Soc., (62

Dalton Trans.1999 3949-3960.
(59) Hayes, P. G.; Piers, W. E.; Parvez, Organometallic2005 24, 1173— (63
1183.

I. Synthesis and Characterization of Metal Complexes.
The air- and moisture-stable diimine platinum diphenyl com-
plexesla—e (Scheme 6) were prepared in good yields by stirring
a solution of (MeS),PtPh and the diimine ligand (NN) in
toluene at ambient temperature according to previously pub-
lished procedure® The (N-N)PtPh complexes were charac-
terized by!H, 13C, and19%Pt NMR spectroscopy as well as
elemental analysis. The structures of compoubaslb, and
1d were confirmed by X-ray crystallography (vide infra). The
C,, symmetry of the molecules is evident from the spectroscopic
data (see Experimental Section).

II. Protonation of (N —N)PtPh, Complexes. A. Protonation
in the Presence of Acetonitrile at Ambient Temperature.
Treatment of the (NN)PtPh complexesla—e with triflic acid
(HOTf) or HBF4-EL,O in acetonitrile at ambient temperature
led to rapid conversion to the corresponding monophenyl
solvento cations (NN)Pt(Ph)(NCMeJ (2a—e, Scheme 7). The
triflate salts of2a and 2b were isolated and characterized
spectroscopically as well as by elemental analysis and X-ray
crystallography;2c—e were characterized byH NMR spec-

Wik, B. J.; Lersch, M.; Tilset, MJ. Am. Chem. So®002 124, 12116~
12117.

Puddephatt, R. Loord. Chem. Re 2001, 219-221, 157-185.

Heiberg, H.; Johansson, L.; Gropen, O.; Ryan, O. B.; Swang, O.; Tilset,
M. J. Am. Chem. So@00Q 122 10831+-10845.

Tilset, M.; Johansson, L.; Lersch, M.; Wik, B.ACS Symposium Series
885 American Chemical Society: Washington, DC, 2004; pp-2B82.
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Scheme 9 the least squares planes defined by the central Pt atom and the
four Pt-bonded atoms are in the range of 0:00952 A for Pt
Ar— N/ \N —Ar A—N. SN=Ar and 0.016-0.064 A for the attached C or N atoms (further
HBF4 Et,0 “pt details on the metric parameters can be found in the electronic
©/ \O CD,Cly/Et,0-dsg O/ \Q Supporting Information). The sum of the four cis-Pt—L’
78 °C angles around platinum is 368 0.1° for all compounds. In
1a-e 4a-e

compound®aand2b, the Pt-N1 bond trans to the acetonitrile

is slightly shorter (0.070.08 A) than the PtN2 bond trans to
the phenyl ligand, in accordance with a greater trans influence
of phenyl versus acetonitrile ligands. There are no significant
differences in the PtN(diimine) and P+C(phenyl) bond
distances irlaand1b. The corresponding bonds ird appear

to be slightly elongated in comparison. An expected slight
the presence of ED-di, where the latter helps improve the shortening of the PtN(diimine) bond distances is seen in the
solubility of HBF4+Et,0 in CD,Cl, at the low temperatures and  cationic complexes2a and 2b (average value 2.0531 A)
prevents excessively high local acid concentrations prior to compared to those of the neutfiad and1b (average 2.112 A):
reactant mixing (see Experimental Section). We have no in view of the mentioned trans influence, this change is most
evidence that the ether cosolvent interacts with the resulting Ptpronounced for the PtIN1 bond trans to the acetonitrile ligand.
m-benzene complexes or perturbs the NMR spectra in any way. The PtC(phenyl) bond distances are less affected by the

is trapped by acetonitrile. However, kinetically preferred pro-
tonation at a phenyl ligand followed by rapid Ph-H oxidative
cleavage and subsequent trapping cannot be ruled out.

C. Low-Temperature Protonation in the Absence of
Acetonitrile. These protonations were performed in £I) in

The presence of THF, a better donor thag(E results in species
with identical chemical shifts and qualitatively the same stability
as does the presence ohBt

The low-temperature<78 °C) protonation ofla—e under

introduction of the positive charge. The NPt—N2 angles are
compressed, as is typical for square-planar Pt(ll) diimine
complexes, from the ideal 9@o an average of 76.56 1.06°.

The phenyl ligands and the N-aryl groups of the diimines are

these conditions led to the immediate and quantitative formation twisted away from planarity with the Pt coordination plane, as
of the n2-coordinatedr-benzene complexes (N\NN)Pt(CGsHs)- inferred from the torsion angles at the bottom of Table 2. The
(n-CeHe) ' (4a—e, Scheme 9), which can only be characterized aryl groups are twisted out of the coordination plane by-79
in situ at sub-ambient temperatures due to onset of benzene88” in la, 1b, 2a and 2b, all of which are 2,6-dimethyl-
elimination at elevated temperatures. TheNMR spectra of substituted at the aryl. In the 3,5-dimethyl-substituted complex
these complexes exhibit a characteristic singlet arising from the 1d, this torsion angle is considerably smaller,-68°. This
7-CeHg ligand. The signal at ca) 6.85-6.97 had a somewhat  difference reflects the increased steric demands of the 2,6-
broadened base; the signal sharpens at higher temperatures, su¢hmethyl-substituted systems. Similar trends in dihedral angles
that the expectet(19Pt—H) satellites appear and confirm that are seen in previously published structures N)N'-diaryl-
the broadening arises from chemical shift anisotropy effécf8.  substituted (N-N)PtX, complexes, with or without 2,6-substit-
Similar NMR behavior was seen for the {W)Pt(Me)- uents at the aryl ring¥.34356%76 On the other hand, the torsion
(-CeHe)* complex that resulted from protonation of -{N)- angles of the phenyl groups with respect to the coordination
Pt(Me)(Ph) (N-N with 2,6-MeCsHs aryl groups, seriesd” in plane span a greater range (488° in the neutral 2,6-dimethyl-
this work)28 The symmetry breaking of the diimine ligand is substituted complexes and 685° in the 3,5-dimethyl-
apparent in théH NMR spectra of ther-benzene complexes. ~ substituted one) regardless of the substitution pattern. This
All 7-benzene complexeta—e reacted by benzene liberation suggests that the phenyl ligands have reasonable rotational
when the NMR sample was heated. It was seerdhat slowly freedom inbothligand environments.
eliminated benzene at ca’G, whereadld—e furnished benzene The essentially perpendicular orientation of the 2,6-dimethyl-
even below—30 °C. The benzene formation occurred with substituted N-aryl groups with respect to the coordination plane
concomitant appearance of thd NMR signature of (N-N)- causes the methyl groups to sterically block the access to Pt
Pt(Ph)(L)" species, where L may be a solvent molecule. from above and below the coordination plane. This has a
Addition of acetonitrile to the solution after complete benzene pronounced effect on the stabilities of the Pt(f)benzene
elimination led to essentially quantitative generation of the Pt(Il) complexes (vide infra). As a presumably minor effect, one would
solvento species (NN)Pt(Ph)(NCMe}J (done for2a and2b). also expect that this N-aryl rotation serves to attenuate an
1. X-ray Crystal Structure Determinations of 1a, 1b, 1d, eventualr-component of substituent electronic effects between
2a, and 2b.Crystals ofla, 1b, 1d, 2a, and2b were subjected  the diimine N-aryl groups and the Pt center.
to structure determinations by X-ray crystallography. Crystal- : : :
lographic data are listed in Table 1. Selected bond distances(®? J9"35850% i Ryan, O. B.; Romming, C.; TilsetOrganometallicst 998
and angles are summarized in Table 2. Figure 1 shows ORTEP(70) Yang K.; Lachicotte, R. J.; Eisenberg,&ganometallics1998 17, 5102~
drawings of the five solid-state structures.
All structurally characterized compounds show the expected $gﬁg“ }2<00L3;1§hl|cc1>t2t20§137?5|senberg Grganometallicd 097 16, 5234

square-planar environment around Pt(ll). The deviations from 5243
(73) Albletz P.J., Jr.; Yang, K.; Eisenberg, ®ganometallicsl999 18, 2747
2749.

(71) Hughes R. P.; Ward, A. J.; Rheingold, A. L.; Zakharov, L.@an. J.

(64) Lallemand, J. Y.; Soulie, J.; Chottard, J.JCChem. Soc., Chem. Commun.
198Q 436-438.

(65) Pregosin, P. SCoord. Chem. Re 1982 44, 247-291.

(66) Dechter, J. J.; Kowalewski, J. Magn. Reson1984 59, 146-149.

(67) Anklin, C. G.; Pregosin, P. 34agn. Reson. Chenl985 23, 671-675.

(68) Skvortsov, A. NRuss. J. Gen. Cher200Q 70, 1023-1027.

(74) Fusto, M.; Giordano, F.; Orabona, |.; Ruffo, F.; PanunziDAganometallics
1997 16, 5981-5987.

(75) Ganis, P.; Orabona, I.;
17, 2646-2650.

(76) Vyater, A.; Wagner, C.; Merzweiler, K.; Steinborn, Drganometallics
2002 21, 4369-4376.

Ruffo, F.; Vitagliano, @rganometallics1998
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Table 1. Crystallographic Data for 1a, 1b, 1d, 2a, and 2b
compound la 1b 1d 2a 2b
formula Q2H34N2Pt 2(Q,4H38N2Pt)‘CH2C|2 C32H34N2Pt'CH2C|2 C23H32N3Pt'CF38Q, C30H35N3PI'CF3803
formula weight 641.73 1424.49 726.66 754.74 782.80
crystal system monoclinic monoclinic orthorhombic orthorhombic monoclinic
color red red red orange red
space group P2:/c P2i/c Pbca Fd@ P2,/c
alA 11.0148(5) 16.463(3) 17.091(2) 18.344(7) 12.6024(15)
b/A 14.1617(6) 21.110(2) 16.3830(19) 45.211(11) 22.658(3)
c/A 17.5859(8) 18.285(4) 22.603(3) 14.761(7) 12.0934(14)
of° 90 90 90 90 90
pl° 94.5940(10) 94.980(18) 90 90 110.947(2)
yl° 90 90 90 90 90
VIA3 2734.4(2) 6330.7(20) 6328.8(13) 12242(8) 3225.0(7)
z 4 4 8 16 4
TIK 105 105 105 105 105
F(000) 1272 2840 2880 5952 1552
radiation Mo Ka (0.71073 A) Mo Ka (0.71073 A) Mo Ka (0.71073 A) Mo Kka (0.71073 A) Mo ka (0.71073 A)
0 range ¢) 1.85t028.3 1.86 to 28.33 1.81t028.34 1.831028.32 1.731028.32
reflections measured 25106 55804 53545 24816 29556
unique reflections 6565 15104 7559 7123 7768
No. of 5772/0/316 8592/0/694 4312/0/343 6542/104/362 6170/0/379
data/restraint/param.
goodness of fitF 1.0464 1.0507 0.9952 1.0599 1.1097
Ry, WRz [I > 30 (1)] 0.0152, 0.0187 0.0292, 0.0316 0.0327, 0.0375 0.0241, 0.0311 0.0181, 0.0205
largest diff. 0.69 t0—0.99 2.12t0-1.43 1.43t0-1.56 0.95t0-1.39 1.24t0-1.11
peak (e A3)
Table 2. Selected Bond Distances and Angles
compound la 1b 1d 2a 2b
Bond distances
Pt1—N1 2.1036(13) 2.104(4) 2.128(5) 2.017(4) 2.0158(19)
Pt1—N2 2.1050(13) 2.099(4) 2.130(5) 2.079(3) 2.0984(18)
Pt1—N3 - - - 1.977(3) 1.971(2)
Pt1—-C25 2.0056(16) 2.013(5) 2.033(6) 2.016(5) 2.030(2)
Pt1—-C31 2.0150(16) 2.012(5) 2.023(6) - -
N1-C1 1.290(2) 1.296(6) 1.301(8) 1.306(5) 1.298(3)
N2—-C2 1.295(2) 1.287(6) 1.313(7) 1.288(5) 1.284(3)
C1-C2 1.488(2) 1.489(7) 1.518(8) 1.501(6) 1.491(3)
Bond angles
N1-Pt1—N2 75.47(5) 76.11(16) 75.88(18) 77.96(15) 77.47(7)
N1—-Pt1—C25 95.04(6) 98.11(17) 97.5(2) 99.91(14) 99.00(8)
N2—Pt1—-N3 - - - 94.68(15) 95.32(7)
N2—Pt1-C31 99.26(6) 96.27(19) 99.2(2) - -
N3—Pt1—-C25 - - - 87.32(14) 88.26(9)
C25-Pt1-C31 90.25(6) 89.5(2) 87.4(2) - —
Pt1-N1-C5 123.08(10) 123.3(3) 120.1(4) 123.9(3) 124.15(14)
Pt1-N2—-C14 123.41(10) 123.3(3) 122.3(3) 122.0(3) 123.46(14)
Torsion angles
C1-N1-C5-C6 101.0 1014 71.1 91.5 86.3
C2—-N2—-C14-C15 —-92.1 —82.8 —-114.1 —99.6 —85.1
C26-C25-Pt1—N1 102.6 102.7 67.4 62.6 48.0
C32-C31-Pt1—N2 —-112.1 —58.9 —85.1 - -

IV. IH NMR Spectroscopy ofz-Benzene Complexes 4a
c. A. One-Dimensional 'H NMR Spectrum of 4a. The
dynamics of the more stable Pt(it}benzene complexeka—c
will be described in detail in the following, and in order to
facilitate the discussion, the NMR spectra4sd as a typical

positive charge. In comparison, the neutraHN)PtPh com-
poundsl show PtPh signals in the range 6f6.41—6.88; the
Pt—Ph of the cationic Pt(ll) speciez (N—N)Pt(Ph)(NCMe}
resonate ad 6.58-6.75, the cationic Pt(IV) species(N—N)-
PtPh(H)(NCMe)" at 6 6.54-6.94, and the neutral (NN)Pt-

example will be discussed in more detail. The standard one- (Me)(Ph}®ato 6.44-6.72. We surmise that the high-field shifts

dimensional NMR spectrum ofa is shown in Figure 2. The
well-resolved spectrum clearly depicts theBApatterns of the
diimine aryl-H signals, centered at aa.7.25 and 6.70 for the
two halves of the molecule. The signal arising frarbenzene
is a prominent peak ai 6.87, whereas the Pphenyl group
gives rise to the resonances centered atdc#.20, nicely
resolved to show the orthd 6.21), meta (6.15), and para (6.25)

of Pt—=Ph in4aare caused by aromatic ring current effects that
are induced by the neighboringbenzene ligand. A similar,
but even more pronounced, high-field shift was seen for the
same reason in the PMe resonanced —1.59 at—69 °C) of
(N—N)Pt(Me)(GHs) .28 The NMR features oftb and4c were
quite similar.

The EXSY spectrum ofa (vide infra), if plotted with greater

hydrogens. These PPh resonances are located at an unusually sensitivity than that used for Figure 4, also shows faint NOESY
high field, especially considering that the complex bears a correlations, distinguished by their opposite phase relative to
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Figure 1. ORTEP drawings of the neutral Pt(ll) complexEs 1b, and1d, and the cationic Pt(ll) complexé&a and 2b.

the EXSY cross-peaks, that allows a complete assignment ofsaturation transfer (SST) to probe for dynamic processes. The
the aromatic signals. There is a clear NOESY correlation SST technique has been successfully applied to investigate
between ther-benzene signdd in Figure 2 and a methyl signal  dynamic processes in Tgt systems and to obtain kinetic data
at o 2.44, which correlates with the diimine aryl meta-Hoat  for their exchange processé€?Indeed, we find that irradiation

7.30 (which again correlates with the para-Hat.20 in signal of the m-benzene signal ofla leads to a decrease in the
group a). Conversely, a NOESY cross-peak is seen between intensities of all PtPh signals (Figure 3). However, the effects
the Pt-phenyl meta-H (group) and a methyl signal at 2.12, are modest. Attempts at extracting kinetic parameters were
which again correlates with the diimine aryl meta-Hdab.70 effectively thwarted by insufficient rates of exchange at lower

(which again correlates with the para-H¥%6.75 in signal group temperatures and competing sample decomposition and benzene
). Thus, the low-field aryl signala centered at 7.25 arise elimination, resulting in more complicated spectra less amenable
from the diimine aryl group that is adjacent to thebenzene to detailed study at higher temperatures. As a result, extracted
ligand, whereas the low-field signatscentered at 6.70 arise rate constants and other kinetic parameters were not very
from the aryl group that is adjacent to the-henyl ligand. reproducible. This unfortunate situation applied to all three

B. ™H NMR Spin-Saturation Transfer (SST) for 4a—c. The speciesda—c. It should be noted, however, that at optimal
spectrum in Figure 2 shows no hint of dynamic behavior. Indeed, temperatures (compromise between desired high rate of ex-
significant line broadening effects that could be attributed to change and slow rate of sample decomposition) the extracted
dynamic phenomena could not be seen at temperatures up to @ate constants from SST measurements agreed to within better
°C, at which sample decomposition by benzene elimination than a factor of 2 with those obtained from EXSY spectra (vide
started to dominate. We therefore resorted to the use of spin-infra).
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Scheme 10
/am )y H { /S
N_+ N NN N_+ N
958 ste ate

4a 4a

The SST experiment results clearly demonstrated that benzene:
H/phenyl-H exchange does occur between protons on the Pt ad“}_\(@ c
Ph group and the Pi(z-benzene) ligand. The most reasonable
mechanistic scenario for this exchange process is the intercon- N T
version that occurs by oxidative cleavage of akC bond in b
the m-benzene complex, leading to a Pt(IV) hydridodiphenyl
intermediate (Scheme 10), which may or may not bear a second,
weakly coordinated yet stabilizing, axial ligand. The scenario
depicted in Scheme 10 reveals that benzene-H/phenyl-H ex- a c g
change via this mechanism leads to a symmetrization of the H ﬂ \ N
system since in the Pt(IV) intermediate the left and right halves *
of the molecule are symmetry equivalent. Thus, dynamic NMR =™, p m pom
should demonstrate not only equilibration of phenyl and benzene————————————7 71— T 1

. o Lo . 7.2 7.0 6.8 6.6 6.4 6.2
protons but also a “side-shift” of the diimine ligand moiety.
This behavior is described in the following paragraphs. 8/ppm

tativa 1 Figure 2. Aromatic region of théH NMR spectrum (CBCl,, 300 MHz,
C. Qualitative *H NMR EXSY Spectroscopy of 4a-c and —23°C) of 4a(BF4). a: Aryl protons. b:z-Benzene (shoulders originating

4e. Two-dimensional'H—'H EXSY spectroscopy was per-  from 19%t sateliites, broadened by chemical shift anisotropy, are clearly
formed as detailed in the Experimental Section. A typical sample discernible only above ca. TC; spectra of4a alone are not available at
EXSY spectrum ofda is shown in Figure 4. The EXSY these temperatures because of the accompanying decomposite) of
spectrum clearly shows correlation cross-peaks between the/\'Y! protons. d: Phenyl protons. x: Uncoordinated benzene.
m-benzene and all positions of the Rthenyl group A).
Qualitatively, it appears that the cross-peak intensities for the
three phenyl positions roughly decrease in the order ortho, meta
> para, which may simply reflect the expected 2:2:1 ratio that
would result in the event of a rapidly rotatimgbenzene ring.
There are no well-resolved EXSY correlations internally N
between the positions of the phenyl group. The symmetrization
suggested by Scheme 10 is clearly evidenced by correlation
cross-peaks between the hydrogen atoms in the 3,5-positions
(B) of the aryl groups at each half of the diimine ligand, as
well as between the two 4-position€); In addition, the
symmetrization is corroborated (not shown in Figure 4) by
correlation cross-peaks between the methyl groups at the aryl- T T T T T T T
rings and between the methyl groups at the diimine backbone 72 7 &8 &6 64 62 e
of the left- and right-hand halves of the ligand. Entirely ggpﬁﬁinﬁ, fztﬁctlz)i)dtoplt?;tt?)%? tﬁg'ggﬁaﬂiﬂktg&fﬁzrﬁx(%e&r?;g%gf
analogous behavior was demonstrated for compodidsnd MHz, 250 K), the irradiated (om-benzene) spectrum, and the difference
4c. spectrum.

Compoundde was also subjected to an EXSY spectroscopy
investigation. Faint exchange cross-peaks could be seen in thaneasured on the low-temperature side, and by complications
2D EXSY spectra at-33 °C, but sample decomposition with  due to sample decomposition and benzene release on the high-
benzene release commenced already at this temperature and femperature side. In addition #a—c, the deuterated species
was not possible to investigate this compound in more detail. 4a-d;owas prepared by protonation b&-dioin order to estimate
Thus, in qualitative terms, it appears that the exchange processesi/D kinetic isotope effects, if any, on the exchange process. It
in 4a—c must be very rapid compared to the rate of benzene is worth noting that the comparison & and4a-dy is based
elimination, whereas benzene elimination, relatively speaking, on the exchange rates that are inferred from the symmetrization

is much faster fode of the diimine ligand resonances. The exchange kinetics are
D. Kinetics of Exchange Processes by EXSY Spectroscopy. obtained from observing theame exchanging nucleising

The kinetics of the exchange processegar-c were investi- exactly thesame methodor both species, hopefully reducing

gated over the approximate temperature range 50 to —15 potential errors that might be introduced by utilizing different

°C. The temperature interval was limited individually for each methods for the isotopomers. The basis for the extraction of
complex by exchange kinetics being too slow to be reliably kinetic data produced by the EXSY experiments is integration
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Figure 4. EXSY H NMR spectrum of4a (—23 °C, mixing delay time 0.96 s, 384 incrementsFit direction and 16 transients per incremekt. Cross-
peaks arising fromr-benzene to phenyl exchandgandC: Cross-peaks caused by the diimine ligand side-shift exchange (symmetrization). Free benzene
appears as a minor peak at 7.33. No negative phase (NOESY) peaks are discernible at the sensitivity used in this spectrum.

Table 3. Kinetic Parameters for the Exchange Processes of 4a—c

of the cross-peak volumes in the EXSY NMR speéfria order as Determined by Quantitative EXSY *H NMR Spectroscopy?

for EXSY to serve the purpose, exchange must be slow enough e o e 0P
that the exchanging signals are resolved and fast enough that compound 0) (kI mol-?) (I K-mol-) s
the memory of spin exchange is not removed by relaxation 1 T2910-19 702 (3.6) 37 (15) 183
processes. The available exchange rate window is typically ca. 454, —34t0-19 796 (8:1) 58 (33) 36
102 to 1 s 177 For consistencyall kinetic data reported 4b —44t0-14 70.9 (3.7) 38 (15) 15.4
herein were extracted by integration of the cross-peaks in the 4c —49t0—24 71.9 (4.6) 48 (19) 34.2

aromatic region arising from the symmetrization of the aryl a AL i . . .

. . - and ASF were estimated from a linear regression analysik of
hydrogens of the diimine ligan@® andC in Figure 4). These  yersus 1T data. The uncertainties given were obtained from a nonlinear
signals were well separated from all other signalsffa+c and least-squares analysis as described by Girolami and co-wdfassuming
could be easily integrated. The results were compared in some@" uncertainty inf of 1 K and ink of 5% of its numerical value? By
. . . . extrapolation of the Eyring plot using the calculatet* and ASF data.
instances by integration of the cross-peaks from the interchang-
ing methyl groups at the diimine backbone or at the diimine exchange rate, the rates of exchange into the ortho, meta, and
aryl groups when these were well resolved, and this procedurepara positions of the phenyl ring may be somewhat different.
gave rate constants that were identical within experimental This may cause some uncertainties in the derived rate data
uncertainties to those obtained on the basis of the aromaticbecause the kinetics of the positional migration of Pt with respect
region. In addition, the data were further checked by integration to the face of ther-benzene ring will be involved. Nevertheless,
of the phenylf-benzene cross-peaka (n Figure 4) for4a, rate constants that were derived from the phenyénzene
which also led to the same quantitative results. However, datacross-peaks were essentially indistinguishable from those ob-
extracted from these cross-peaks might be somewhat perturbedained from the diimine symmetrization cross-peaks. This
for reasons given in the following. First, there is a potential for establishes without doubt that the two spectroscopically observed
NOESY interactions between hydrogens at the phenyl and exchange phenomena, symmetrization and pherydhzene
m-benzene groups (most likely a small, if not negligible, effect exchange, arise from the same dynamic process. The Eyring
due to on the average rather large H distances); the opposite  equation was applied on tHeversusT data for compounds
sign of the NOESY cross-peaks relative to the EXSY dhes 4a—c and4a-dio and provided the kinetic parameters that are
will in this case lead to an underestimation of the EXSY cross- summarized in Table 3. The corresponding Eyring plots, all
peak intensities and the subsequently derived exchange ratdinear in the available temperature ranges, are depicted in Figure
constants. Second, unless the rate of rotation ofttihenzene 5.
ring (for which we have no data) is very fast relative to the It has been pointed out that exchange rate constants obtained
by dynamic NMR methods often differ from those of the actual
o it et rganic Chemi o, Chemical exchanges 221 This occurs because a fraction of

19 the chemical process will occur without observable magnetiza-

(78) The sign of NOESY peaks may change at the low temperatures when the 4; i i
slow tumbling regime is reached. The NOESY Signs were not further tion transfer. As recently discussed, for a symmetrical exchange
investigated since the quantitative kinetic data are derived from the diimine
symmetrization rather than the phemylienzene cross-peaks and therefore  (79) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, GGBganome-
should not be perturbed by NOESY contributions. tallics 1994 13, 1646-1655.
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-4 square-planar Pt(Il) precursors and are usually quite unstable
unless they have a strongly bonded ligand in the other apical
position trans to the hydrid®. Thermally very robust species
can result if this site is occupied by a tridentate chelate, quite
notably derivatives of hydridotris(pyrazolyl)bor&¥e® or
triazacyclononan&-9 Complexes that bear a nonchelating
apical ligand tend to be considerably less stable. Temperatures
that facilitate the (relatively speaking) high-energy ligand
dissociation usually initiate reductive elimination processes,
which in general proceed at greater ease from five-coordinate
Pt(IV) than from the six-coordinate precursors. It is interesting
that thesr-benzene complesais thermally more robust in the
absence of acetonitrile than is the Pt(IV) hydridodiphenyl
complex 3a in the presence of acetonitrile. Wheredsa
0.0039  0.0040  0.0041 00042 . 0.0043  0.0044  0.0045 gliminates lgenzgne at ca’G, 3§1undergoes benzene elimina-
AT (K) '_uon at—$0 C vy|thout observat|_on of the more robukias an
intermediate. It is nevertheless likely that tidvenzene complex
Figure 5. Eyring plot of the kine_ti_c data for the left/right symmetrization is an intermediate in the elimination of benzene fréa The
process ofta—c in CD:Cl; containirg 1 M (16 vol %) E£O-dho reason for this is that, on the basis of the current understanding
between two equally populated sitss 2kops2t In the equation  Of the mechanism of benzene-€t activation at (N-N)Pt(Me)-
that is applied here (see Experimental Section), given by Perrin (H20)" complexes, hydrocarbon elimination is associatie
and Dwyer® the exchange rate constant for exchange between Process. Acetonitrile dissociation froéa is expected to have
A and B sites is defined ds= kas + kga: that is, the factor of @ reasonably high activation barrier. We have recently deter-

2 has been taken into account and the calculaéata may be ~ Mined that methane elimination from (MN)Pt(Me)p(H)-
directly applied. (NCMe)" proceeds with rate-limiting acetonitrile dissociation

_ _ with AH* ca. 80 kJ matl.9 A range of H/D isotope and aryl
Discussion positional scrambling experiments suggests that the ensuing

As discussed in the Introduction, isotopic scrambling has C—H reductive coupling which produces thebenzene inter-
established that exchange of hydrogen atoms between methylmediate will proceed with a relatively low activation barrier.
phenyl, z-benzene, and hydride sites of organometallic com- The final step in the reductive elimination, benzene loss from
plexes is a common phenomenon in systems that are capabldhe cationic z-benzene complex, is expected to occur as-
of activating G-H bonds. Only rarely have these exchange sociatively, and this will be a relatively facile process in the
processes been directly observed by spectroscopic methods, anresence of acetonitrile. The overall process is depicted in
rate data were in those cases extracted from55%#2or line- Scheme 11.
broadening® experiments. In this contribution, we have utilized ~ This scenario agrees to a great extent with recent findings
2D exchange spectroscopy for the first time to probe the by Templeton and co-workeP$.Protonation of £>-Tp')PtH,-
energetics of such processes. Ph at—78°C furnishes the Pt(llj-benzene complex{-HTp')-

EXSY versus SST.It is apparent from the Results section Pt(H)(7*CeHe)* (formally neutral at Pt since the positive charge
that we find EXSY to offer great advantages compared to SST resides at a protonated N of a pendant pyrazole ring), which is
experiments_ This is in full agreemen[ with experiences made stable at low temperatures. In the presence of acetonitrile, this
by other groups, although each method has its own advan-7-benzene complex exists in equilibrium (quantified frer80
tagest##7 In the present case, two important advantages are to —30 °C) with the Pt(IV) phenyl complex«t-HTp')Pt(H)-
that (a) better signal separation is achieved in 2D than in 1D, (Ph)(NCMe) (also neutral at Pt) until benzene loss commences
and (b) integration of the well-resolved 2D EXSY spectra could above—30°C. We suspect that the reason that Pt(Il) and Pt(IV)
be performed with far better accuracy and improved signa]-to- coexist in this case but not in our SyStem may be due to a relative
noise ratio compared to the 1D SST. The EXSY spectra give strengthening of the PtNCMe, compared to the P{zz-CeHe)
access to quantitative data at slower exchange rates than do th€ond in our cationic-at-Pt complexes. Accordingly,N)Pt-

SST measurements; hence, measurements can be conducted &th)>-CsHe)* complexes are not seen in the presence of
lower temperatures_ This is of particu|ar importance when acetonitr”e, but can be observed in the less nUCleOphi”C medium

dealing with the thermally sensitive-benzene complexes (g8) canty, A. J.; Dedieu, A.; Jin, H.; Milet, A.; Richmond, M. Rrganome-

In (K/T)

i i i tallics 1996 15, 2845-2847.
InveStlgatEd herein. . (89) O'Reilly, S. A.; White, P. S.; Templeton, J. 1. Am. Chem. Sod.996
Pt(Il) versus Pt(IV) from Protonation of Pt(ll). Octahedral 118 5684-5689.

(90) Haskel, A.; Keinan, EOrganometallics1999 18, 4677-4680.
(91) Reinartz, S.; White, P. S.; Brookhart, M.; Templeton, Otganometallics
2000 19, 3748-3750.

Pt(IV) hydrides are frequently generated by protonation of

(80) Mann, B. EJ. Chem. Soc., Perkin Trans.1®77, 84—87. (92) Prokopchuk, E. M.; Jenkins, H. A.; Puddephatt, ROijanometallics1999
(81) Green, M. L. H.; Wong, L. L.; Sella, AOrganometallics1992 11, 2660- 18, 2861-2866.
2668. (93) Prokopchuk, E. M.; Puddephatt, R.Can. J. Chem2003 81, 476-483.
(82) Rybtchinski, B.; Konstantinovsky, L.; Shimon, L. J. W.; Vigalok, A,; (94) Sobanov, A. A.; Vedernikov, A. N.; Dyuker, G.; Solomonov, B.Russ.
Milstein, D. Chem—Eur. J.200Q 6, 32873292. J. Gen. Chem2003 73, 842-846.
(83) Gross, C. L.; Girolami, G. SI. Am. Chem. S0d.998 120, 6605-6606. (95) Reductive elimination of methane from an{N)PtMe,(NCMe)H" (N—N
(84) Ming, L. J.; Jang, H. G.; Que, L., Jnorg. Chem.1992 31, 359-364. ligand as in the “a” series of this work) complex occurs with rate-limiting
(85) Shao, W.; Liu, G.; Tang, WA. Inorg. Biochem1995 57, 103-113. MeCN dissociation with an activation enthalpy of ca. 80 kJ ThoWik,
(86) Denkova, P. S.; Dimitrov, V. 3agn. Reson. Chem999 37, 637-646. B. J.; Tilset, M.; van Eldik, R.; IvanoviBurmazovig I. Inorg. Chem
(87) Vassilev, N. G.; Dimitrov, V. SMagn. Reson. Cher2001, 39, 607-614. Submitted for publication.
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Scheme 11
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of this investigation (dichloromethane with small quantities of Pt—phenyl andz-benzene moieties of the molecule when the

Ar—|

diethyl ether). measurements are performed, and (disregarding equilibrium
Ligand Effects on Stabilities of z-Benzene ComplexesAll isotope effects, EIESs) this proton will be evenly distributed

(N—N)PtPh complexes described herein give observable between these moieties. Thus, the measured isotope effect will

m-benzene complexes upon protonation-at8 °C in dichlo- be somewhat smaller than what would be seen for a fully

romethane with ether. However, the thermal stabilities of the deuterated compourth-d;;. Nevertheless, the measured isotope
7-benzene complexes strongly depend on the identity of the effects are quite large; temperature-dependent KIEs calculated
N—N ligand system. The species that have 2,6-dimethyl- from measured rate constant at identical temperatures (thus
substituted N-aryl groups at the diimine give rise to the relatively minimizing uncertainties i) smoothly decrease from 9F%
stabler-benzene complexeka—c that eliminate benzene only 1.0 at—34°C to 6.9+ 0.7 at—19 °C. Extrapolation using the
at elevated temperatures (ea30 °C), whereas the complexes Eyring activation parameters led to values of 5.1 &0and
4d—e that bear no substituents in the 2,6-positions slowly 3.6 at 25°C. These isotope effect values leave little doubt that
undergo benzene loss already-af8 °C. This difference in C—H(D) bond breaking must be involved in the dynamic
behavior is readily understood in view of the anticipaté&3348 process.
associative nature of the hydrocarbon elimination. The 2,6- Our data can be compared with previously reported KIEs for
substituents tend to shield the Pt center with respect to attackarene C-H activation reactions at “late” transition-metal
by an external nucleophile, whatever its identity might be under complexes. The following summary includes KIEs for reactions
the reaction conditions (ED, traces of water, counteranion). that occur from preformeg?-benzene complexes or KIEs for
The steric protection of the Pt center is evidenced by the X-ray intramolecular competition experiments on partially deuterated
crystal structures ofa and1b as has already been discussed. benzenes. This way, eventual KIEs or EIEs on the preceding
There are only minor ligand effects on the rates of exchange benzene coordination need not be consideielis also the case
for the three 2,6-dimethyl sterically protected completas for the Pt arene complexes under investigation here. The
c. The steric demands at the metal should be the same for theintramolecular oxidative €H bond cleavage of benzene
series. Electronic effects may be anticipated to be modest, inexhibitedku/kp = 3.0 (—14 °C) for (x2-HTp')Pt(X)(#?-CeXe) ™,
particular, because the aryl rings are twisted out of the and 4.7 (32 °C) for (x2-HTp')Pt(CsXs)(17?-CeXe)" with X =
coordination plane so as to attenuate any resonance effectsH or D52 The photolytically generated TpRe(O)(Cl) fragment
Although the kinetics of benzene loss were not investigated here,exhibitedky/kp = 4.0 (ambient temperature) in the intramo-
it was seen that, at least qualitatively, the benzene loss fromlecular competition for &€H versus C-D bonds of 1,3,5-
4adypcommenced at the same temperature addpindicating CsD3H3.%6 Similarly, ku/kp = 1.4 (=40 °C) for Cp*Rh(PMe),2*
only a negligible, if any, H/D isotope effect on the rate of 1.3 (75°C) for (Mestacn)Rh(PMg)(H)(Me)",°” and 3.2 (110
benzene loss from the-benzene complex. °C) for (acac)Iir(Me)(pyr)® in reactions with 1,3,5-§D3H3. A
Kinetics of the Exchange ProcessThe kinetic data for the  rather largeki/kp = 20 & 6 (133°C) (presented with extreme
exchange processes féa—c show activation enthalpies of ca. ~ caution due to experimental ambiguitisyas estimated for
70 kJ mot and slightly positive (with significant uncertainties) ~ the reaction otrans-(PMe),Pt(CH,CMe3)(OTf) with CeDsH.
entropies of activation. The enthalpy values may be compared For Pt, additional KIE data that pertain to the overall two-step
to those reported by Templeton and co-worRefsr exchange process of benzene coordination and followingtCactivation
in (k2-HTp)Pt(72-CeHo)H (AH* = 49(2) kJ mot?). The latter should also be mentioned. For exampdg’kp = 3.3 (110°C)
is formally neutral at Pt, and the lower barrier may be caused for the thermolysis of (dmpe)Pt(Me)¢OCF;) in CeHg versus
by easier access to the intermediate Pt(IV) dihydridophenyl CeDs.** Structurally most relevant to the case at hakigko
species starting from a more electron-rich, formally neutral Pt Values of ca. 2 (25°C) were determined for reactions of
center than from the positively charged Pt centers that we have(dimine)Pt(HO)(CHs)* complexes with @Hs versus GDs
investigated. Another and more striking difference lies in our When the diimine moiety was sterically relatively unencumbered
observation of quite positive activation entropies; in comparison, SO that C-H(D) activation rather than benzene coordination was
the exchange process faf{HTp')Pt(;>-CeHe)H™ exhibitedASF rate limiting®> An analogous Pd complex exhibitdg/ko =
= —16(8) J K- mol~L. It is not obvious to us what causes the 4.1 at 25°C 101 Reactions at closely related Pt complexes with
slightly positiveAS? in our systems. One possibility might be ~ CeHs versus @Ds (4555 °C) exhibited ku/kp = 1.3 for
that the putative five-coordinate Pt(IV) hydridodiphenyl species (96) Brown, S. N.; Myers, A. W.: Fulton, J. R.; Mayer, J. Grganometallics
attain a trigonal bipyramidal geometry that allows more 1998 17, 3364-3374.

. . . . 7) W ; Ziller, 3. W.; Flood, T. Q. Am. Chem. 117, 1647
rotational freedom in the otherwise sterically encumbered ©7) 16329‘(:’ ller, J. W.; Flood, T. 1. Am. Chem. Sod395 117 16

system. (98) Bhallé, G.; Liu, X. Y.; Oxgaard, J.; Goddard, W. A., lll; Periana, RJA.
o L Am. Chem. So005 127, 11372-11389.
Kinetic Isotope Effects. The kinetic isotope effects (KIES)  (99) Brainard, R. L.; Nutt, W. R.; Lee, T. R.; Whitesides, G.®tganometallics
+ 1988 7, 2379-2386.
were meaSl{l’ed on (‘P\N)Pt(CﬁDs)(CeD§H) (4a-dq), prepqred (100) Peters, R. G.; White, S.; Roddick, D. @Irganometallic1998 17, 4493~
by protonation ofla-d;o. Thus, there is one proton left in the 4499,
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[Ph.B(CH,PPR),]Pt(Me)(THF), 6.5 for [PBSi(CH.PPh),]Pt- at early transition-metal moietié%> It is now commonly
(Me)(THF)", and ca. 6 for [HC(CH.PPh);]Pt(Me)(THF)".3° considered that the detailed interpretation of EIE and KIE data
With these data as a backdrop, it appears that our measuredor metal-mediated €H activation processes and related

KIEs are in the normally observed range for benzereéH(D) reactions often necessitates a full statistical mechanical treatment
activation at transition-metal complexes. of the isotopic reaction rates or equilibfat!> 120t is evident
When large KIEs are encountered in-8 versus G-D bond that great care must be taken not to over-interpret the mecha-

cleavage reactions, possible contributions from tunneling needistic significance of measured isotope effects for multistep,
to be considered. In Bell's model for the reaction rates of and not even single-step, reaction sequefiz&s.The source
isotopic moleculed®the observed isotope effect is the product ©Of the rather strongly temperature-dependent KIEs for the
of a semiclassical isotope effect and a tunneling correction. An dynamic processes #w, whether classical or tunneling in origin,
isotope effect that is larger than that expected from the cannot be sorted out without resorting to calculations.
semiclassical model is explained by tunneling. The importance concluding Remarks

of the tunneling correction can be inferred from the temperature
dependence of the isotope effect. Thus, tunneling may be
suggestel? if the ratio of Arrhenius pre-exponential factors,
Ap/Ay, is greater than 1.4, and the difference in activation
energiesEL — E4, is significantly greater than that calculated

Protonation of (N-N)PtPh complexes yields Pt(ll) phenyl/
m-benzene complexes in noncoordinating solvents and Pt(1V)
hydridodiphenyl species in coordinating solvents. The SST and
EXSY spectra demonstrate that the Pt(ll) species undergo

from zero-point energy differences (ca. 4.8 kJ Mddased on dynamic exchange processes that most likely involye fgcile
typical C—H(D) vibration frequencies). The kinetic data in Table C—H bond cleavage reactions that access Pt(IV) hydridodiphe-

3 lead toAp/Ay = 12.8 andE — Ef = 9.4 kJ/mol. which nyl intermediates. The kinetics of the oxidative cleavage/
- . a - . y

fulfill both criteria to suggest tunneling. The possibility that reductive coupling of €H bonds of coordinated arenes in Pi(ll)

tunneling may be involved in €H activation and related glnm:ne sysien;sci?_\'/ebbegn Iprobed for thf_ first time, dgndtlthe
reactions at transition metals has been proposed on the basis o?vr% vr(?r‘r;reI: dob the | c;n Ifw? at\i/agi;e treac |(f)fnstwa:f i Ir(\a/?d ynt
experiment¥3-197 and calculation3®-112 including additions emonstrated by the large Kinelic 1sotope €etiects. 1t 1s evide

of methane at coordinatively unsaturated Benters. that 2[.) EXSY spectroscopy fogrs great advantages over SST'
In particular, the greater sensitivity of EXSY allows the reaction

The conventional descriptions of isotope effects are based gy namics to be investigated at lower temperatures than does
on estimations of ze_r_o-pomt energy (ZPE) differences between gg1— ¢ particular importance when dealing with thermally
reactants and transition states (KIE) or products (EIE), and the ¢ gitive complexes. We plan to explore other metal-mediated
magnitude of the IE is usually interpreted on the basis of ZPE ¢_j hong cleavage/bond-forming reactions using these meth-
changes in bon_ds being cleaved or formed durl_ng the r_ea_ctlo_n.odS and will describe the findings in due time.

More recently, it has been demonstrated that this description is
too simplistic for many organometallic systems. In a classical Experimental Section
study, Bergman and co-workers determined EIE values as large  General Procedures.Deuterated solvents were used as received
as ca. 20 {80 °C) for coordination of cyclohexane versus without further drying (CBCl,, EtO-tio, CDsCN, GsDs). NMR spectra
cyclohexaned; 3 and ca. 14{108°C) for neopentane versus  were recorded on Bruker DPX200, DPX300, and DRX500 instruments.
neopentaneh,, 14 at the Cp*Rh(CO) fragment in liquid Kr.  *H NMR chemical shifts §) are reported in parts per million (ppm)
These processes involve ne-E/(D) bond breaking at all, and  relative to TMS using the residual proton resonances of the solvent (
it was concluded that vibrational modes other than thé+(D) 5.32in COCl, 7.15in GDs, 7.24 in CDCY). *%F NMR chemical shifts
bond being broken must make a significant contribution to the (%) @€ reported in ppm relative to CRG0 ppm).***Pt NMR chemical
. . shifts () are referenced according to the 2001 IUPAC “unified scale
zero-point energy of the metal alkane compl&XExperimental

. f this view h | - f . recommendatioid® with = = 21.496784. Elemental analyses were
data in support of this view have also been obtained for reaCt'onspen‘ormed by llse Beetz Mikroanalytisches Laboratorium, Kronach,

Germany. UV~visible spectra were recorded on a Hewlett-Packard

(101) Ackerman, L. J.; Sadighi, J. P.; Kurtz, D. M.; Labinger, J. A.; Bercaw, J.  8452A spectrophotometer and are reportedhas(nm),e x 1073 (M2
E. Organometallics2003 22, 3884-3890. 1) The diimi diimi ArN=CMe—CMe=NAr) 32.123124p
(102) Bell, R. PThe Proton in ChemistryCornell: Ithaca, NY, 1973; pp 275 cm™). The diimines (diimine= ArN=CMe e=NAr),32123.129phy-

285. Pt(SMe),,'?5 and PtC}(SMe,),'?¢ were prepared as previously pub-
(103) &%'Ba“d' O. M.; Theopold, K. H. Am. Chem. S0d994 116 6979~ lished, and the (diimine)PtRitomplexes were prepared by methods

(104) ChoWdhury, S.; Banerjee, BR. Am. Chem. So00Q 122, 5417-5418.

(105) Bryant, J. R.; Mayer, J. M. Am. Chem. So2003 125 1035%+10361. (115) Slaughter, L. M.; Wolczanski, P. T.; Klinckman, T. R.; Cundari, TIR.
(106) Yoder, J. C.; Roth, J. P.; Gussenhoven, E. M.; Larsen, A. S.; Mayer, J. Am. Chem. SoQ00Q 122, 7953-7976.

M. J. Am. Chem. So@003 125 2629-2640. (116) bu-Hasanayn, F.; Krogh-Jespersen, K.; Goldman, A. 8m. Chem. Soc.
(107) Cramer, C. J.; Kinsinger, C. R.; Pak, W'HEOCHEM2003 632 111— 1993 115 8019-8023.

120 (117) Rabinovich, D.; Parkin, GI. Am. Chem. S0d.993 115 353-354.

(108) Esbinosa-Ga’m; J.; Corchado, J. C.; Truhlar, D. G. Am. Chem. Soc. (118) Hascall, T.; Rabinovich, D.; Murphy, V. J.; Beachy, M. D.; Friesner, R.

1997, 119 9891-9896. A.; Parkin, G.J. Am. Chem. Sod.999 121, 11402-11417.
(109) Mamaeyv, V. M.; Gloriozov, |. P.; Ishchenko, S. Y.; Simonyan, V. V.;  (119) Bender, B. RJ. Am. Chem. Sod.995 117, 11239-11246.
Myshakin, E. M.; Prisyajnyuk, A. V.; Ustynyuk, Y. Al. Chem. Soc., (120) Bender, B. R.; Kubas, G. J.; Jones, L. H.; Swanson, B. I.; Eckert, J.;
Faraday Trans.1995 91, 3779-3782. Capps, K. B.; Hoff, C. DJ. Am. Chem. S0d.997, 119, 9179-9190.
(110) Mamaev, V. M.; Prisyazhnyuk, A. V.; Gloriozov, I. P.; Ischenko, S. Ya.; (121) Jones, W. DAcc. Chem. Re®003 36, 140-146.
Ustynyuk, Y.; Alekseiko, L. NKinet. Catal.1998 39, 162—-166. (122) Harris, R. K.; Becker, E. D.; Cabral De Menezes, S. M.; Goodfellow, R.;
(111) Mamaeyv, V. M.; Gloriozov, I. P.; Simonyan, V. V.; Zernova, E. V; Granger, PPure Appl. Chem2001, 73, 1795-1818.
Myshakin, E. M.; Babin, Y. V.Mendelee Commun200Q 12—14. (123) Tom Dieck, H.; Svoboda, M.; Greiser, Z. Naturforsch. B1981, 36B,
(112) Mamaev, V. M.; Gloriozov, I. P.; Simonyan, V. V.; Babin, Y. V.; 823—-832.
Lemenovskii, D. A.Mendelee Commun200Q 155-157. (124) Wang, X.; Chakrapani, H.; Madine, J. W.; Keyerleber, M. A.; Widen-
(113) Weiller, B. H.; Wasserman, E. P.; Bergman, R. G.; Moore, C. B.; Pimentel, hoefer, R. A.J. Org. Chem2002 67, 2778-2788.
G. C.J. Am. Chem. S0d.989 111, 8288-8290. (125) Scott, J. D.; Puddephatt, R.Qrganometallics1983 2, 1643-1648.
(114) Bengali, A. A.; Schultz, R. H.; Moore, B.; Bergman, R.JGAm. Chem. (126) Hill, G. S.; Irwin, M. J.; Levy, C. J,; Rendina, L. M.; Puddephatt, R. J.
S0c.1994 116 9585-9589. Inorg. Synth.1998 32, 149-153.
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analogous to that previously published by’#iBecause of the thermal {'H} NMR (107 MHz, CDQ,Cly): ¢ —3051. Anal. Calcd for gHzsN2-
instability of PhPt(SMe),, this compound is frequently used without  Pt: C, 60.97; H, 5.72; N, 4.18. Found: C, 60.98; H, 5.54; N, 4.04.
purification. PhPt(SMe), is considered as a monomer for convenience, [ArN =C(Me)—C(Me)=NAr]PtPh, [Ar = 4-Br-2,6-Me,C¢H,]
although it is supposed to exist as mixtures of dimers and trifdérs.  (1c). The diimine (159 mg, 0.35 mmol) was added to a solution of
Low-temperature protonation experiments in NMR tubes were per- PhPt(SMe), (152 mg, 0.32 mmol) in toluene (10 mL). The mixture
formed by modifications of the previously reported proced@t€%The was stirred for 18 h, and the solvent was removed in vacuo. The residue
temperature calibration for the low-temperature experiments was donewas dissolved in dichloromethane (10 mL) and filtered. The micro-
using a thermocouple situated inside a thin glass tube that was inserteccrystalline dark purple product was precipitated upon addition of
into an NMR tube with methanol. For NMR assignment, #h-  pentane (20 mL). The solvent was decanted, and the product was dried
designates PtPh resonances, whereas Wris used for N-aryl proton under vacuum (137 mg, 53%+ NMR (500 MHz, CQCl,): 6 1.62
resonances. Mass spectra were recorded on a Waters Micromasgs, 6 H, N=CMe), 2.16 (s, 12 H, AiMe), 6.48 (m, 2 H, PHH}), 6.56
Q-TOF2W instrument. (m, 4 H, PhHy), 6.84 (m,2J(***Pt—H) = 70.2 Hz, 4 H, PHH,), 7.85
(C6Ds)2Pt(SMey),. To a solution of GDsBr (270uL, 2.54 mmol) in (br m, 4 H, ArHp). BC{*H} NMR (125 MHz, CDCl,): 6 17.6 (Ar-
dry ether (7 mL) cooled at78 °C was addeah-BuLi (1.56 mL of a Me,), 20.3 (N=CMe), 119.1, 121.4 (PI6,), 126.0 fJ(**Pt—C) = 80.7
1.6 M solution in hexanes, 2.54 mmol). The mixture was stirred at Hz, PhCy), 130.6, 130.7, 136.8J(**Pt—C) = 31.2 Hz, Phc,), 143.1,
—78°C under N for 15 min and allowed to slowly warm to 2%&C. 1445, 172.9 (ArSy). 1P *H} NMR (107 MHz, CDQ,Cl,): 6 —3008.
The mixture was cooled again, and added over 10 min to a suspensionAnal. Calcd for GoHs:BroN.Pt: C, 48.07; H, 4.03; N, 3.50. Found:
of PtCL(SMe,), in dry diethyl ether (7 mL) cooled to @C. The mixture C, 48.12; H, 3.89; N, 3.45.
was stirred fo 1 h and quenched with aqueous MH (1 mL). [ArN =C(Me)—C(Me)=NAr]PtPh [Ar = 3,5-Me,C¢H3] (1d). The
Extraction with diethyl ether (3x 15 mL) and water (2x 15 mL) diimine (484 mg, 1.55 mmol) was added to a solution offR{EMe).
produced an off-white organic phase, which was dried with MgSO (715 mg, 1.51 mmol, not purified) in toluene (20 mL). The mixture
and treated with charcoal. Filtration and evaporation of the solvent was stirred for 21 h, and the solvent was removed in vacuo. The residue

produced an off-white powder (202 mg, 49%H NMR (200 MHz, was dissolved in dichloromethane (30 mL) and filtered, and the
CsDg): 0 1.57 (s, 12 H, SMe). The extent of deuteration is estimated  dichloromethane was removed in vacuo. The dark purple powder was
to be better than 95% based on i NMR spectrum. washed several times with pentane to produce the pure product (338
[ArN =C(Me)—C(Me)=NAr]PtPh, [Ar = 2,6-M&C¢H3] (1a). The mg, 39% based on Ptg{EMe,), for the overall two-step synthesis).
diimine (180 mg, 0.65 mmol) was added to a solution offR{EMe). X-ray quality crystals were grown from a solution in dichloromethane

(290 mg, 0.61 mmol) in toluene (10 mL). The mixture was stirred for that was layered with heptantd NMR (200 MHz, CDQ,Cly): 6 1.89

4 h before filtration and the removal of the solvent in vacuo. The residue (s, 6 H, N=CMe), 2.13 (s, 12 H, AMe), 6.36 (br, 4 H, ArH,), 6.45-
was dissolved in dichloromethane (20 mL), and the solution was filtered. 6.59 (m, 6 H, PhHn, ), 6.67 (br, 2 H, ArHp), 6.80 (br m, 4 H3J(-
Addition of pentane (30 mL) precipitated the product as a dark powder. Pt=H) = 72 Hz, PhH,). *P{'H} NMR (107 MHz, CDCl): o
Recrystallization from dichloromethane/pentane resulted in the forma- —3133. Anal. Calcd for gHaN:Pt: C, 59.89; H, 5.34; Pt, 30.40.
tion of a dark purple microcrystalline solid (216 mg, 0.34 mmol, 55%). Found: C, 60.22; H, 5.84; Pt, 30.00.

X-ray quality crystals were grown from a dichloromethane solution [ArN =C(Me)—C(Me)=NAr]PtPh, [Ar = 4-CFsC¢H4] (1€). The
that was layered with pentan#d NMR (300 MHz, CDCly): ¢ 1.64 diimine (193 mg, 0.52 mmol) was added to a solution ofR{EMe),

(s, 6 H, N=CMe), 2.22 (s, 12 H, AMe,), 6.41 (m, 2 H, PHH,), 6.51 (242 mg, 0.51 mmol) in toluene (10 mL). The mixture was stirred for

(m, 4 H, PhH,), 6.88 (d,23J(H—H) = 6.8 Hz,3J(**Pt—H) = 69.9 Hz, 18 h, and the solvent was removed in vacuo. The residue was dissolved
4 H, PhH,), 6.9 (m, 6 H, ArHn ). ¥*C NMR (75 MHz, CDQCl,): ¢ in dichloromethane (10 mL) and filtered. The microcrystalline dark
17.8, 20.1 Y(**Pt—C) = 14.0 Hz), 121.04(**Pt—C) = 13.4 Hz), purple product (62 mg, 17%) was precipitated by addition of pentane
125.6 £J(1%Pt—C) = 81.1 Hz), 126.2, 128.0, 128.3, 1372({*Pt— (20 mL). *H NMR (300 MHz, CDCl,): 6 1.85 (s, 6 H, N=CMe),

C) = 32.2 Hz), 144.0, 145.6, 172.85PH{*H} NMR (107 MHz, CD»- 6.50 (br m, 6 H, PHHy,), 6.73 (M, 3J(1%Pt—H) = 69.8 Hz, 4 H, Ph-

Clp): & —3050;Amax (MeCN/CH,Cl,, 1/10) 557 (4.29), 521 (4.42),362  H,), 6.89 (d, 4 H, ArH), 7.40 (d, 4 H, ArH). 13C{*H} NMR (75 MHz,
(9.15). Anal. Calcd for gHaNoPt: C, 59.89; H, 5.34; N, 4.37; Pt,  CD.Cl,): 4 21.5 (N=CMe), 121.7 (PhE;), 122.7 (ArC), 125.8, 125.9
30.40. Found: C, 59.57; H, 5.58; N, 4.30; Pt, 30.31. (Ar-C), 126.0, 126.4 (PiGy), 126.9, 137.4 (PIG,), 143.1, 173.3'%F-
[ArN =C(Me)—C(Me)=NAr]Pt(C ¢Ds), [Ar = 2,6-Me&;CeH3] (1a- {*H} NMR (188 MHz, CDQCl,): 6 —62.7.1%%P{H} NMR (107 MHz,
di). The diimine (123 mg, 0.42 mmol) was added to a solution of CD.Cly): 6 —3061. Anal. Calcd for gH24FeN-Pt: C, 49.93; H, 3.35;
(CsDs)2Pt(SMe)2 (202 mg, 0.42 mmol) in toluene (8 mL). The mixture N, 3.88. Found: C, 50.30; H, 2.77; N, 4.78.
was stirred for 3 h, before filtration and solvent removal in vacuo. The [ArN =C(Me)—C(Me)=NAr]Pt(Ph)(MeCN) *OTf~ [Ar = 2,6-
residue was dissolved in dichloromethane (10 mL) and filtered, and Me;C¢Hs] (2a-OTf). HOTf (30 uL, 0.34 mmol) was added dropwise
addition of pentane (15 mL) precipitated the product as a dark purple to a stirred solution ofla (116 mg, 0.18 mmol) in MeCN at 0C.
powder. Recrystallization from dichloromethane/pentane furnished the Stirring for 10 min produced a bright orange solution. An orange oil
microcrystalline product (272 mg, 80%). was obtained after removal of the solvent under vacuum. Repeated
[ArN =C(Me)—C(Me)=NAr]PtPh, [Ar = 2,4,6-M&CsH;] (1b). washing with diethyl ether produced an orange solid. The product was
The diimine (484 mg, 1.55 mmol) was added to a solution oPeh  recrystallized from chloroform/pentane (102 mg, 75%)NMR (200
(SMey); (616 mg, 1.30 mmol) in toluene (20 mL). The mixture was MHz, CD,Cly): 6 1.88 (s,*J(***Pt—H) = 12.9 Hz, 3 H, N=CMe), 2.13
stirred for 21 h, filtered, and the solvent was removed in vacuo. The (S, J(*®Pt-H) = 10.8 Hz, 3 H, N=CM¥), 2.17 (s, 6 H, ArMe), 2.24
residue was washed several times with pentane. This resulted in a darks, 3 H,MeCN), 2.41 (s, 6 H, AiM¢), 6.58-6.75 (m, 5 H,Ph), 6.85-
purple microcrystalline solid (338 mg, 39%). X-ray quality crystals 7.02 (m, 3 H, ArH), 7.20-7.36 (m, 3 H, ArH'). Anal. Calcd for
were grown from a dichloromethane solution that was layered with CaoHsoFsNsOsPtS: C, 46.15; H, 4.27; N, 5.57; Pt, 25.85. Found: C,
heptane!H NMR (300 MHz, CDCly): 6 1.63 (s, 6 H, N=CMe), 2.14 46.30; H, 4.32; Pt, 25.90; N, 5.82. ESI M8z 605.1 (M").
(s, 12 H, ArMe), 2.19 (s, 6 H, ArMe;), 6.43 (m, 2 H, PHH,), 6.51 In situ Characterization of 2a as the BR~ Salt. *H NMR (300
(m, 4 H, PhHy), 6.71 (s, 4 H, ArHy), 6.84 (m,2J(***Pt—H) = 69.7 MHz, CD.Cl,): 6 2.05 (s, 3 H, N=CMe), 2.13 (s, 6 H, ArMe), 2.16
Hz, 4 H, PhH,). *C{*H} NMR (75 MHz, CD,Cl,): ¢ 17.7, 20.0, 20.8, (s, 3 H, N=CM¥), 2.37 (s, 6 H, ArM¢€), 6.57-6.71 (m, 5 H,Ph),

120.9, 125.6, 128.0, 128.5, 135.8, 137.2, 143.3, 144.0, 172t 6.83-6.89 (m, 3 H, ArH), 7.19-7.32 (m, 3H, ArH').
In situ Characterization of 2a Obtained from Protonation of 1a
(127) Song, D.; Wang, SI. Organomet. Chen2002 648 302-305. with HOTf at —78 °C, Decomposition at 0°C, and Addition of
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CD3sCN (0.1 mL). *H NMR (200 MHz, CBCl,): 6 2.02 (s, 3 H, N=
CMe), 2.12 (s, 6 H, ArMe), 2.13 (s, 3 H, N=CM¥), 2.36 (s, 6 H,
Ar-Mé€), 6.57-6.71 (m, 5 H,Ph), 6.83-6.89 (m, 3 H, ArH), 7.19-
7.32 (m, 3 H, ArH’).

NMR-Tube Generation of [ArN =C(Me)—C(Me)=NAr]Pt(C ¢Ds)-
(CDsCN)*BF4~ [Ar = 2,6-MeCeH3] (2a-05'BF4). After the EXSY
measurements on the protonatkaid;o (See below), the sample was
heated to room temperature, and4CI (100uL) was added*H NMR
(500 MHz, CDQCly): 6 2.03 (s, 3 H, N=CMe), 2.14 (s, 9 H, ArMe
and N=CM¢€), 2.37 (s, 6 H, ArM¥€), 6.85-7.02 (m, 3 H, ArH), 7.20—
7.36 (m, 3 H, ArH").

[ArN =C(Me)—C(Me)=NAr]Pt(Ph)(MeCN) *OTf~ [Ar = 2,4,6-
MesCeH2] (2b-OTf). The compound was prepared analogou&o
above from HOTf (1QuL, 012 mmol) andlb (50 mg, 0.075 mmol).

prevent premature mixing df and acid.) The contents were cooled to
—78 °C and carefully layered with a solution of HBELO (13 uL,
ca. 5 equiv) in a mixture of ED-dio (73 «L, 1 M) and CDCl, (120
uL), giving a total volume of ca. 70@L. The tube was capped and
kept at—78 °C. The tube was shaken in order to mix the reactants
immediately before it was transferred to a precooled NMR probe. A
pale yellow solution was immediately obtained. Particular care was
taken to minimize any heating of the sample, which appeared
homogeneous at all times. The product distributions observediat
°C are not very different from those at78 °C, suggesting that
unintentional heating did not perturb the outcome of the experiments.
Characterization of [ArN =C(Me)—C(Me)=NAr]Pt(C ¢He)(Ph)*"
Cations as Their BF,~ Salts (4BF,). The #-benzene cations were
prepared by the protonation procedure described above, and charac-

The product was recrystallized from dichloromethane/pentane (55 mg, terization was done in situ byH NMR, NOESY, EXSY, COSY and

94%).'H NMR (300 MHz, CDCly): ¢ 1.89 (s,%J(***Pt—H) = 11.3
Hz, 3 H, N=CMe), 2.10 (s, 6 H,0-Ar-Me), 2.11 (s, 3 H, N~CM¥€),
2.17 (s, 3 Hp-Ar-M¢€), 2.20 (s, 3 HMeCN), 2.35 (s, 6 Hp-Ar-Mg),
2.38 (s, 3 Hp-Ar-Me), 6.60-6.69 (m, 5 H,Ph), 6.71 (m, 2 H, ArH),
7.11 (m, 2 H, ArH’"). Anal. Calcd for GiHssF3sN3OsPtS: C, 47.57; H,

HMQC.

[ArN =C(Me)—C(Me)=NAr]Pt(C sHg)(Ph)" [Ar = 2,6-Me;CeH3]
(4a). *H NMR (500 MHz, T = —43 °C, CD,Cl,): 6 1.99 (s, 3 H,
NCMe), 2.12 (s, 6 H, ArMe), 2.14 (s, 3 H, NMe), 2.44 (s, 6 H, Ar-
Me), 6.11-6.28 (m, 2 H, PHH,), 6.71 (m, 3 H, ArHp,p), 6.85 (s, 6 H,

4.64; N, 5.37; Pt, 24.92. Found: C, 46.70; H, 4.71; N, 5.10; Pt, 24.09. CgHe), 7.25 (M, 3 H, ArHm,); Amax (CH.Cl/MeCN(10% viv)) 391

ESI MSm/z. 633.3 (M).

NMR-Tube Generation of [ArN =C(Me)—C(Me)=NAr]Pt(Ph)-
(CDCN)*BF,~ [Ar = 4-Br-2,6-Me,CeH3] (2¢-BF4). HBF4-E1,O (10
uL) was added to an NMR tube containitig (3 mg) in CD.Cl, (400
uL) with added CRCN (100 «L). Shaking turned the deep purple
solution bright orangetH NMR (200 MHz, CQCly): 6 2.05 (s, 3 H,
4J(19Pt—H) = 10.8 Hz, N=CMe), 2.11 (s, 6 H, ArMe), 2.14 (s 3 H,
N=CM¢€), 2.35 (s, 6 H, ArM€), 6.67 (s, 5 H, PlHn0,, 7.03 (s, 2 H,
Ar-H), 7.33 (s, 6 H,CeHe), 7.45 (s, 2 H, ArH'). ES MSmi/z. 764.2
(M%).

NMR-Tube Generation of [ArN =C(Me)—C(Me)=NAr]Pt(Ph)-
(CDsCN)™BF4~ [Ar = 3,5-Me,CeH3] (2d-BF4). HBF4ELO (5uL) was
added to an NMR tube containifigl (3 mg) in CD,Cl, (400xL) with
added CRCN (100uL). Shaking turned the deep purple solution bright
orange!H NMR (200 MHz, CD.Cl,): 6 2.07 (s, 6 H, ArMe), 2.11 (s,
3 H, N=CMe), 2.19 (s, 3 H, N=CMe), 2.39 (s, 6 H, ArM¢€), 6.27 (s,
2 H, Ar-H,), 6.5-6.7 (m, 5 H, PhH), 6.77 (s, 2 H, ArHy), 7.05 (s, 1
H, Ar-Hp), 7.32 (s, 7 H, @Hs + Ar-Hy). ESI MSm/z. 605.4 (M").

In situ Characterization of Product after Protonation of 1d at
Low Temperature, Decomposition at 0°C, and Addition of CDsCN
(0.1 mL). 'H NMR (200 MHz, CDCly): 6 2.07 (s, 6 H, ArMe), 2.12
(s, 6 H, N=CMe), 2.20 (s, 3 H, N=CM€), 2.39 (s, 6 H, ArM€), 6.28
(s, 2 H, ArHo), 6.5-6.7 (m, 5 H, PhH), 6.79 (s, 2 H, ArH,'), 7.04 (s,
1 H, Ar-Hy), 7.31 (s, 7 HCeHs + Ar-Hy).

NMR-Tube Generation of [ArN =C(Me)—C(Me)=NAr]Pt(Ph)-
(CD3CN)+BF4_ [AI’ = 4-CF3C5H4] (ZE‘BF4). HBF4ELO (5/,{L) was
added to an NMR tube containirig (3 mg) in CD:Cl, (4004L) with
added CRCN (100uL). Shaking turned the deep purple solution bright
orangeH NMR (200 MHz, CQCly): 6 2.14 (s, 3 HAJ(¥%Pt—H) =
10.4 Hz, N=CMe), 2.23 (s 3 H, N=CM¥€/), 6.5-6.8 (m, 5 H, PhHn0,9,
6.92 (d, 2 H, ArH), 7.40 (d, 2 H, ArH), 7.43 (d, 2 H, ArH), 7.89 (d,
2 H, Ar-H). ESI MSm/z. 685.2 (M").

Low-Temperature Protonation of 1a in the Presence of Aceto-
nitrile. Characterization of [ArN =C(Me)—C(Me)=NAr]Pt(H)(Ph) -
(MeCN)*OTf~ [Ar = 2,6-Me,C¢H3] (3a-OTf). The cationic Pt(IV)

(4.27), 320 (8.14).The spectrum &8—d,o was identical except that
the benzene and phenyl ligands were only ca. 10% of the intensity
seen inda.

[ArN =C(Me)—C(Me)=NAr]Pt(C ¢He)(Ph)* [Ar = 2,4,6-MeCeH]

(4b). 'H NMR (500 MHz, T = —18 °C, CD,Clp): ¢ 1.99 (ds, 6 H,
NCMe + Ar-Mep), 2.06 (s, 6 H, ArMe,), 2.14 (s, 3 H, N®/€), 2.31
(s, 3 H, ArMey), 2.40 (s, 6 H, ArMe,), 6.16 (m, 4 H, PHH, ), 6.27
(m, 1 H, PhH,), 6.46 (s, 2 H, ArH,), 6.88 (sb, 6 H, €Hg), 7.09 (s, 2
H, Ar-H'r).

[ArN =C(Me)—C(Me)=NAr]P(C ¢He)(Ph)* [Ar =4-Br-2,6-Me,CeH)

(4c). *H NMR (500 MHz, T = —48 °C, CD,Cl,): 6 2.01 (s 3 H,
NCMe), 2.08 (s, 6 H, ArMe), 2.16 (s, 3 H, N®/€), 2.42 (s, 6 H,
Ar-M€), 6.17 (sb, 4 H, PtHo), 6.31 (sb, 1 H, PiH,), 6.78 (s, 2 H,
Ar-Hp), 6.86 (s, 6 H, GHg), 7.42 (s, 2 H, ArHy).

[ArN =C(Me)—C(Me)=NAr]Pt(C ¢He)(Ph)* [Ar = 3,5-Me,CeH3]

(4d). *H NMR (500 MHz, T = =73 °C, CD,Cly): 6 1.93 (s, 3 H,
Ar-Me), 2.04 (s, 3 H, NMe), 2.13 (s, 3 H, N®e), 2.35 (s, 6 H, Ar-
Me), 6.07 (mb, 5 H, PHHom+ Ar-Hp), 6.18 (mb, 1 H, PH), 6.44 (d,
1 H, Ar-Hp), 6.83 (mb, 2 H, ArHy), 6.97 (s, 8 H, GHs + Ar-Hp).

[ArN =C(Me)—C(Me)=NAr]Pt(C ¢He)(Ph)* [Ar = 4-CF3C¢H,]
(4e). *H NMR (500 MHz, T = —53 °C, CD,Clp): ¢ 2.07 (s, 3 H,
NCMe), 2.18 (s, 3 H, N®e), 6.02-6.11 (mb, 4 H, PH, ), 6.21
(mb, 1 H, PhH,), 6.79 (d, 2 H, ArH), 6.96 (s, 6 H, GHg), 7.14 (d, 2
H, Ar-H), 7.57 (d, 2 H, ArH), 7.87 (d, 2 H, ArH).

SST Measurements.The SST experiments were acquired with a
modification of the zghd pulse program supplied with the Bruker
Avance DPX/DRX Spectrometers. Therelaxation was measured by
the inversion recovery method for each temperature and used in the
calculation of the rate constants. The power level of the saturation pulse
was adjusted before each temperature.

EXSY Spectroscopy After protonation and transfer of the sample
to the precooled NMR probe, the 2D EXSY spectra were recorded using
a gradient-selected NOESY pulse program from Bruker (noesygpph).
All spectra were recorded at 500.13 MHz with mixing time,,
optimized for each temperatuteThe spectra were recorded with a

hydride was prepared by the protonation procedure described below,sweep width of 8.2 ppm, 4096 data points in #f2 direction, 256

and the characterization was done in sitd.NMR (300 MHz, CD-
Cl): 0 —21.47 (sH(%Pt—H) = 1597 Hz, 1 H, P#), 2.03 (s, 6 H),
2.16 (s, 6 H), 2.41 (s, 6 H), 3.59 (s, 3 MeCN), 6.54 (m, 4 H, PH),
6.72 (m, 6 H, PhH), 6.94 (m, 6 H, ArH).

Low-Temperature Protonation of (N—N)PtPh; (1) in the Absence
of Acetonitrile: General Procedure. This procedure is a modification
of procedures previously described byS8#\ solution of 1a—c (ca.
10 mg, ca. 2@emol) in CD,Cl, (400uL) in an NMR tube was carefully
layered with CRCI, (100 «L). (The layering technique was used to

increments in thé=1 direction, and 2 transients per increment, and a
relaxation delay of 3 s. This setup produced a total acquisition time of
approximately 40 min depending am. The spectra were apodized
with a gsine function and zero-filled to give a 20482048 matrix.
The spectra were phased to give positive peaks along the diagonal.
The basis for the extraction of kinetic and thermodynamic data
produced by the EXSY experiments is integration of the cross-peak
volumes of the EXSY NMR spectra. The integration of the 2D spectra
was performed using two different software applications, Xwinffnr
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and MestReC?°as an extra consistency and quality control of the data.
From the integralsl] of the cross-peaks and the diagonal peaks and
the mole fractionsX) of the two exchanging spins (0.5:0.5 when using

using the Sir9%2 or Sir973% programs and refined oR using the
program Crystal$3*
The non-hydrogen atoms were refined with anisotropic thermal

the ligand symmetrization as the basis), it is possible to calculate the parameters; the H atoms were all located in a difference map, but those
r values as defined below. These are then used together with the mixingattached to carbon atoms were repositioned geometrically. The H atoms

time (tm) of the 2D EXSY experiment to calculate the rate constant,
of the exchange proce&s.

_ AXX(lan + lg)

_ _ 2
lAB + IBA (xa Xb)
k=L +D
T, (r—1)

X-ray Crystallographic Structure Determination of 1a, 1b, 1d,
2a, and 2b.Crystals oflawere grown from dichloromethane/pentane,
whereaslb, 1d, 2a, and2b were grown from dichloromethane/heptane.
The crystals were mounted on glass fiber with perfluoropolyether, and
the data were collected at 105 K on a Siemens 1K SMART CCD
diffractometer using graphite-monochromated Ma Kadiation. Data
collection method:w-scan, range 073 crystal to detector distance 5
cm. Data reduction and cell determination were carried out with the
SAINT and XPREM programs. Absorption corrections were applied
by the use of the SADABS! program. All the structures were solved

(128) XWinNMR:Bruker Spectrospin Gmbd.

(129) Available at http://www.mestrec.com/.

(130) SMART and SAINTArea-detector Control and Integration Software;
Siemens Industrial Automation Inc.: Madison, WI, 1995.

(131) SADABS Area-Detector Absorption Correction; Siemens Industrial Au-
tomation Inc.: Madison, WI, 1996.
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were initially refined with soft restraints on the bond lengths and angles
to regularize their geometry ¢(€H in the range 0.9398 A) and
isotropic adpsW(H) in the range 1.21.5 x Uequy Of the adjacent atom),
after which they were refined with riding constraints. Table 1 lists the
experimental and crystallographic data. Selected bond lengths, angles,
and torsion angles are given in Table 2. Crystallographic data for all
five compounds may be obtained as individual CIF files in the
Supporting Information.
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