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Cationic bis-carbene palladium acetate complexes are obtained by protonation of their neutral bis-
acetate precursors and show fluxional behavior in solution, whereas the use of Nag&rérates unique
sodium complexes instead. The cationic palladium species can undergo dimerization, which was proven
by single-crystal X-ray analysis.

Introduction processe&? Stable catalyst structures are therefore needed, and
the use olN-heterocyclic carbenes for this purpose is already a
proven concept® Herrmann et al. demonstrated that the bis-
carbene palladium complex89X = F, CI, Br, OCOCE) can
activate methane catalytically, using £LFOOH and its anhy-
dride, under strongly oxidizing conditions £&0s), where the
trifluoroacetate derivative is the general precatalyst formed
during the reactioA! Bis-carbene palladium acetates are also
reported to be highly active in Heck-type coupling reactitis.

We herein present the first cationic bis-carbene palladium-
(I) acetate complexes and report on their structure and reactivity
in solution and in the gas phase.

C—H bond activation and functionalization is currently one
of the most active fields in organometallic chemist#mong
the various transition metals that show activity in this reaction,
the use of platinum compounds is well documentedd
originates from the work of Shilé¢and Garnett® We reported
recently on the catalytic deuteration of benzene by acetic acid-
ds using the well-defined cationic platinum(H)?-acetate
complex 1, in which over 1500 turnovers are seerin
subsequent work, the related neutdd|@-picolinate)platinum
trifluoroacetate complex was also shown to be competent in
this reaction using GJEO,D as solven®.In the latter case, the
C—H cleavage occurs through a six-membered transition state
where thexl-acetate serves as the proton acceptalterna- Results and Discussion
tively, the use of Pd(OAg)together with additional oxidants
has recently attracted much interest for the conversion of inert
C—H bonds into functional groups by means of coordination-
directed metalatiofi.Structural knowledge on these palladium : , : , _
acetate catalysts is essential to clarify the mechanism and isKa(rZLS%_Bg?'f'; Z"e' \?r'igs"' B’_ag.;Sf/rggol_”ecé‘dm%n?;W‘??\I}/ﬁ%%h%m“{'"
crucial for further catalyst design. Protasiewicz et al. reported soc.2002 124, 1586-1587. (b) Dick, A. R.; Hull, K. L.; Sanford, M. S.
on _the cationic pal_ladium phosphin_e cart_)oxylate compl@;es é AP.dCfR/eI:mS. JSOAQn?Oé hlleg 28300(%520112. écgsagfggi.é \éd)Hslilrlequf I.J
which show reversible cyclometalation &RiPr), and by adding — J200 0 Nieger, M.; Miis, K. J. Am. Chem. So@005 127,
CHsCO:D incorporation of deuterium into the ligand was 14586-14587. (e) Beck, E. M.; Grimster, N. P.; Hatley, R.; Gaunt, M. J.
found?® Similar complexes bearing bidentate phosphine ligands J. Am. Chem. So@006 128 2528-2529. (f) Wan, X.; Ma, Z.; Li, B.;

are suggested to be active polymerization catalysts, but these%?i;‘gi *;ngr? S\',;VZE""’E?’.' %]?esnhirﬁ-égucchwg;d ng&’g %ﬁ;ﬁlg‘oc
species, obtained from the neutraHP)Pd(OAC) and acid, 005 197, 14560-14561. (h) Chen, X : Li. J-3.: Hao, X -.: Goodhue. C.

often generate complex catalyst mixtures due to autoionizationg.; yu, J.-Q.J. Am. Chem. SoQ006 128 78-79. (i) Only Cu(OAGC):
Chen, X.; Hao, X.-S.; Goodhue, C. E.; Yu, J.-.Am. Chem. SoQ006
* To whom correspondence should be addressed. Fat-44-6321280. 128 6790-6791.

Reaction of the bis-carbene palladium(ll) acetate complexes
4ab!* with p-toluenesulfonic acid (HOFB,0) in dichlo-
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romethane (RT, 1724 h) results in elimination of (trifluoro)-

acetic acid and the formation of the cationic mono-acetate

complexe$Ha,b[OTs], which are isolated as colorless, crystalline
products in high yield §a[OTs] 89%,5b[OTs] 85%; Scheme

1). To increase solubility, the tosylate anion was exchanged for

the weakly coordinating tetrakis[(3,5-trifluoromethyl)phenyl]-
borate (BArk47),1° by reactingsa,b[OTs] with NaBArk,416in

dichloromethane (RT, 0.5 h). This yields, after removal of

NaOTs and evaporation of the solvent, the desbigd[BArF ]
as colorless solids5e[BArF24] 83%, 5b[BArF24] 77%)1718
Indicative for the formation of the cationic complexes is the
downfield shift in the!H NMR of the acetate-83 group in
5a[OTs] and 5aBArF,4] (both 6 *H (CD,Cl,) = 2.05 ppm)
compared to the neutral precurgta*2(6 *H (CD,Cl;) = 1.88
ppm)&1° This effect is also observed for the acetatgzO
resonances in thEC NMR (5a[BArF4] 6 13C = 184.0 ppni®
4a o 13C (DMSO-ds) = 175.0 pprd*d. The presence of the
fluoro substituents ibb causes the acetatexOresonances to
shift upfield compared t&a (5b[BArF24 6 13C = 167.4 ppm,

2)(C,F)=41.5 Hz), and this also accounts for the corresponding

carbene resonancés* (5aBArF,q 6 1°C = 149.8 ppm;
5b[BArF,4 & 13C = 145.0 ppm).

Single crystals suitable for X-ray analysis were obtained of

54 OTs], which reveals théaOTs] exhibits a dimeric structure

in the solid state (Figure 1). The molecular structure o
(5a[0OTs]). shows an open-book type structure with a close Pd
Pd contact (PdtPd18 3.1683(6) A), where the two bowl-

shaped bis-carbene palladium(ll) fragments are bridged by the
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(5A), 3.541 A), which we attribute to crystal-packing effects,
and contains slightly shorter P&€ bond lengths §a[OTs]),
av 1.960 A; BA), 1.988 A). The cationic monomeBA andB
show longer PO bond lengths (e.g5A 2.123 A) compared
to (5a[0Ts]), (Pd1-015 2.071(4) A, Pd+021 2.076(4) A)
and the calculated dimers (e.dpA)2 2.091 A), which indicates
that thex?-acetates are more weakly bound to palladium than
the u-acetates.

Variable-temperature (VT3H NMR experiments (CECl)
show that the N3 (6 *H (23°C) = 3.56 ppm), the €, (6 H
(23 °C) = 5.88 ppm), and the olefinic resonancésd (23
°C) = 6.91 and 7.16 ppnBJ(H,H) = 2.18 Hz) of5a[BArF,4]
split up at—70 °C, displaying two different N83 signals ¢
1H = 2.96 and 3.95 ppm), two AB patterns {H = 5.57, 5.61,
5.78, 5.82 and 5.80, 5.84, 6.25, 6.30 ppntlA; and four
olefinic signals § H = 6.82, 6.98, 7.18, and 7.22 ppm), but
only one acetate signad *H = 2.02 ppm). The predominant
species in solution is therefore not mononsefBArF,4], but
its dimer Ga[BArF24])2. In addition, trifluoroacetate analogue
5b[BArF,4] shows a more complex behavior and gives, already
at ambient temperature, two broad NEresonances ai H
3.74 and 3.87 ppm (ratio 3:1), which become one atGQqo
IH = 3.77 ppm). At—40 °C, the spectrum shows a range of
NCH3 resonancesd(*H = 3.50, 3.75, 3.80, 3.81, 3.86, and 3.88
ppm) and in thé'9F NMR various QCCF3 resonancesd(1°F
= —73.45,—73.48,—73.77,—74.12,—74.24, and-75.37 ppm)
are observed, which we attribute to a rapid interchange of the
monomerick?-acetaté?? the «l-acetate complex stabilized by
ion paring or van der Waals contacts with the anion, and the
bis-cationic dimer (Scheme 2).

We tested the novel acetate complexe®[BArF,4] for C—H
activation of benzene by either GOOOD or CRCOOD at 85
°C for 24-48 h, in analogy with our experimental setup for

f diimine complex1.# Unfortunately, no catalytic activity was

(21) (a) Evans, P. G.; Brown, N. A.; Clarkson, G. J.; Newman, C. P;
Rourke, J. PJ. Organomet. Chen2006 691, 1251-1256. (b) Herrmann,
W. A.; Brossmer, C.; @le, K.; Reisinger, C.-P.; Priermeier, T.; Beller,

two acetates. Related, neutral carboxyl-bridged structures areM.; Fischer, HAngew. Chem1995 107, 1989-1992;Angew. Chem., Int.

known?! but to our knowledge this is the first structurally
characterized bis-cationic palladium carboxylate complex.

Ed. 1995 34, 1844-1848. (c) Bedford, R. B.; Cazin, C. S. J.; Coles, S. J,;
Gelbrich, T.; Horton, P. N.; Hursthouse, M. B.; Light, M. Brganometallics
2003 22, 987-999. (d) Moyano, A.; Rosol, M.; Moreno, R. M.; pez,

For comparison we calculated the structures of the monoca- C.; Maestro, M. AAngew. Chen2005 117, 1899-1903;Angew. Chem.,

tionic «?-acetates5 (labeled A and B, Figure 2) and their
corresponding dimer&), at the B3PW91/6-3tG** (LANL2DZ
for Pd) level of theory223 The X-ray structure of5a[OTs]),
closely resembles the calculatésij, (Cs symmetry), except
it bears a shorter PePd contact Ga[OTs]), 3.1683(6) A vs

(14)4a (a) Herrmann, W. A.; Schwarz, J.; Gardiner, M. G.; Spiegler,
M. J. Organomet. Chem1999 575 80-86. 4b: (b) Strassner, T.;
Muehlhofer, M.; Zeller, A.; Herdtweck, E.; Herrmann, W. A.Organomet.
Chem.2004 689, 1418-1424. (c) Huynh, H. V.; Le Van, D.; Hahn, F. E.;
Hor, T. S. A.J. Organomet. Chen2004 689, 1766-1770.

(15) Krossing, I.; Raabe, Angew. Chen004 116 2116-2142;Angew.
Chem., Int. Ed2004 43, 2066-2090.

(16) (a) Yakelis, N. A.; Bergman, R. GQrganometallics2005 24,
3579-3581. (b) Brookhart, M.; Grant, B.; Volpe, A. Prganometallics
1992 11, 3920-3922.

(17) This protocolis preferred over the direct use of [A(B4] T[BArF 4 ~.162

(18) The corresponding [(1/timethyl-3,3-methylenediimidazol-2;2
diylidene)Pt(OCOCH)][BArF 4] can be prepared in an analogous manner,
whereas [(1,1dimethyl-3,3-methylenediimidazol-2;2liylidene) Pt(OCOCH]-
[BArF24] cannot be synthesized starting from (icimethyl-3,3-methyl-
enediimidazol-2,2diylidene)Pt(OCOCE),: Slootweg, J. C.; Chen, P.
Unpublished results.

(19) trans[(RsP)Pd(Q:CCH3),: ¢ H (CD.Cly) = 1.84 (R= Cy) and
1.77 (R=iPr) ppm, [(RP)Pd2-O,0'-0,CCH3)][B(C6Fs)4]: 6 H (CDCLs)
= 2.04 (R= Cy) and 2.02 (R= iPr) ppm; see ref 8.

(20) A 13C{'H} NMR of 5gq[OTs] was not obtained due to its poor
solubility in CD.Cl,.

Int. Ed. 2005 44, 1865-1869. (e) Giri, R.; Liang, J.; Lei, J.-G.; Li, J.-J.;
Wang, D.-H.; Chen, X.; Naggar, I. C.; Guo, C.; Foxman, B. M.; Yu, J.-Q.
Angew. Chem2005 117, 7586-7590; Angew. Chem., Int. EQ®005 44,
7420-7424.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery Jr., J. A; Vreven, T.; Kudin, K. N,;
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A;; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J. A.
Gaussian 03Revision D.01); Gaussian, Inc.: Wallingford, CT, 2004; see
Supporting Information.

(23) On the potential energy surface we found a sterically less encum-
bered isomer for dimeri®A ((5A),_anti), in which the two bis-carbene
palladium fragments are orientedtti to each other, that is 1.6 keedol~*
more stable in the gas phase, but not favored in the experiment. For dimeric
5B, only (5B),_anti exists and §B), is not a minimum; see Supporting
Information.

(24) Burk, M. J.; Crabtree, R. H. Am. Chem. S0d.987 109, 8025~
8032.
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Figure 1. Displacement ellipsoid plot o6g[OTs]), with ellipsoids drawn at the 50% probability level. Hydrogen atoms, the two tosylate
anions, and the two water molecules are omitted for clarity. Selected bond lengths [A] and angles [degPd F&IB.1683(6), Pd1015
2.071(4), Pd+021 2.076(4), PdtC2 1.975(5), Pd:C6 1.960(5), Pd18017 2.064(4), Pd1019 2.054(4), Pd:C24 1.953(5), Pdt

C24 1.952(5), 015C16 1.260(7), O17C16 1.272(7), CZN3 1.355(7), C2N13 1.329(7), C4N3 1.441(7), C4N5 1.458(6), C6-N5
1.370(7), C6-N7 1.334(6); O15-Pd1-021 86.67(15), O15Pd1-C6 171.1(2), 023 Pd1-C2 170.4(2), C2Pd1—C6 85.8(2), N3-C2—

N13 104.2(4), N3-C4—N5 109.2(5), N5-C6—N7 105.4(4).

Scheme 1. Synthesis of the Cationic Palladium Acetate Complexes 5
Me
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Me Me
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Me e Me e
(5a,b[OTs]), (5a,b[BArF4]),

observed, not even at 120C, which was ascribed to the

unfavorable dimerization process that renders the concentration

of the bis-carbene palladium(H)2-acetates to be lo#?
Analysis of the acetate complexBdy ESI-MS shows that

the dimeric structure is not retained in the spray process and

only the monocationic speci&s,b were detected. Interestingly,

Figure 2. Calculated structures of (1;flimethyl-3,3-methylene-
diimidazol-2,2-diylidene)Pd¢?0,0-OCOCH)* (5A) and (1,1
dimethyl-3,3-methylenediimidazol-2,2diylidene)Pdg20,0 -
OCOCR)* (5B) (both Cs symmetry) at B3PW91/6-31G**
(LANL2DZ for Pd). Selected bond lengths [A] and angles [deg]
for 5A [5B]: Pd1-01 2.123 [2.158], Pd1C3 1.978 [1.971], Ot

C1 1.279 [1.264], C£C2 1.491 [1.543], C3N1 1.355 [1.355],
C3—N2 1.348 [1.347], C4N2 1.462 [1.464], C#N1 1.451
[1.450]; O1-Pd1-Ola 62.04 [61.43], OtPd1-C3a 167.98
[167.80], C3-Pd1-C3a 86.06 [85.82], N*C3—N2 105.42 [105.61].

Scheme 2. Dynamic Behavior of Cationic Palladium
Acetate Complexes 5

Me Me T® Me o Me, 2®
i\ 7 N 7 N N
2( pd »R=—=2( po ==( pd P& )
N_\\( o N>\( OYO N>\( 00" YN
A, NS SNk NS
Me Me Me €
k2-5a,b K'-5a,b (5a,b),

in CHxCl, 5a,b[BArF,,4 shows, beside§ab (100%), also a
new complex with the composition [2M BArFz4 ™ (3—10%)
that we attribute to pPd(!-acetate)¢-acetate)PdiB(3,5-
(CR3)2C6H3)4] (6a,b) (L2, = bis-carbene), where the anion is
connected to Pd presumably viasmabond or electrostatic
interactions with a Cggroup. The spectrum changes in &H
CN, but only for5b[BArF24], which bears the labile trifluoro-
acetate ligand? and additionally the cationic bis-carbene
palladium-CgH3(CR3),-3,5 (7) with CH3CN (55%) and without
(100%) is observed, due to transmetalation of the aryl group
from boron to palladium (Scheme %).

It is reported thatm-arene species are intermediates in
transmetalatiod! and also the need for a nucleophile for the

(25) The corresponding Pacetate compléf does not activate benzene
either under these reaction conditions.

(26) Transmetalation from B to Pt in solution: Konze, W. V.; Scott, B.
L.; Kubas, G. JChem. Commurl999 18071808.
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Scheme 3. Transmetalation from B to Pd
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Scheme 4. Synthesis of Cationic Sodium Complexes 8
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transmetalation to proceed is establisA&dhis is indeed what
we observe folbb[BArF,4] in the gas phase when using the
coordinating solvent acetonitrile, where the acetatébrcan

act as an internal nucleophile. One should note that this

phenomenon is not observed in solutiongas only formed in
the gas phase, arih[BArF ] is stable at 80C for at least 24

Slootweg and Chen

Figure 3. Displacement ellipsoid plot @&b[BArF,4] (C-symmetry;
top: full, bottom: core) with, for clarity, ellipsoids drawn at the

h. Nonetheless, it demonstrates that more insight into the poorly 20% probability level. Hydrogen atoms, two @Cl, solvent

understood process of transmetalation, whidhékey process
in all Suzuki-type coupling reactions, can be obtained.
Besides the synthesis 6&,b[BArF,4] using HOTsH,0 and
NaBArF,4, also the direct reaction with NaBAsk by elimina-
tion of sodium (trifluoro)acetate, was investigated Surpris-
ingly, the reaction of the neutral bis-acetatégb!* with
NaBArR46in a 1:1 ratio (CRCl,, 50°C, 1 h) yielded not only
5a,b[BArF24], but also a new specie8)( which according to
ESI-MS consists of a cationic fragment bearing two molecules
of 4 and one Na atom8a [M]* = 825, 8b [M] T = 1041).
Reaction ofda,b with NaBArF,4 in a 2:1 ratio (CHCl,, 50°C,

molecules, and the three water molecules are omitted for clarity.
Selected bond lengths [A] and angles [deg]: N&% 2.323(4),
Na5-06 2.320(4), Na5F29 2.492(4), PdtNa5 3.6679(11), Pdi
02 2.079(4), Pdt08 2.083(4), PdtC9 1.968(5), PdtC13
1.960(6), O2-C3 1.256(6), O4C3 1.199(6), O8C7 1.260(6),
06—C7 1.212(6), C9-N10 1.350(7), C9-N18 1.344(7), C1:N10
1.443(7), C1+N12 1.450(7), C13N12 1.350(7), C13N16
1.342(7); O4Na5-04a 92.3(2), O6Na5-06a 113.7(2), F29
Na5—-F29a 132.0(2), O2Pd1-08 85.56(17), O2Pd1-C9 176.78-
(17), 08-Pd1-C13 179.16(17), COPd1-C13 85.8(2), N16-C9—
N18 105.3(4), N16-C11-N12 109.0(4), N12 C13—N16 104.5(5).

2 h) leads selectively to the self-assembly of the unique cationic whereas at—50 °C almost no4a or 5aBArF,4 could be

sodium complexe8a,b[BArF,4], which are isolated as crystal-
line products 8a[BArF,4): yellow, 85%;8b[BArF,4]: colorless,
82%; Scheme 4). To our knowledge this is the first example of

a bis-acetate complex that coordinates to a sodium cation.

Alternatively,8a,b[BArF,4] can be constructed by mixirgg,b,
sodium (trifluoro)acetate arsh,b[BArF,4] in a 1:1:1 ratio (CH-
Cly, 60 °C, 0.5 h), which illustrates that sodium complex
8a,b[BArF,] is the thermodynamically favored product.

VT H NMR experiments (CBCl,) show that the isolated
8aBArF,4] is in equilibrium with its factors at ambient
temperature 4a+5a[BArF,4):8a[BArF ] ~1:3; 23 °C),

(27) Siegmann, K.; Pregosin, P. S.; Venanzi, L. ®rganometallics
1989 8, 2659-2664, and references therein.

(28) (a) Suzaki, Y.; Osakada, Krganometallic004 23, 5081-5084.
(b) Pantcheva, I.; Nishihara, Y.; Osakada, Brganometallics2005 24,
3815-3817. (c) Nishikata, T.; Yamamoto, Y.; Miyaura, 8rganometallics
2004 23, 4317-4324.

(29) Treatment of [3-Me-X-C(CsHs)N(CgHs)} -C3H2No]Pt(OAC), with
1 equiv of NaBArFk4 gives [[3-Me-1{ C(CsHs)N(CsHs)} -CsHoN2]Pt(OAC)]-
[BArF24 as the sole product: Slootweg, J. C.; Keller, S. F.; Chen, P.
Unpublished results.

detected. In contrast, the structure of trifluoroacetate analogue
8b[BArF24] is retained in solution over a wide temperature range
(=50 to 50°C). The presence of the sodium atom8s,b-
[BArF24] has a noticeable effect on the NMR features compared
to 5a,b[BArF 4. The acetate-B; group of8a[BArF 4] is shifted
upfield (0 'H = 1.88 ppm) compared t6a[BArF,4] as well as

the acetate-@C resonances of both species in tH€ NMR
(8a[BArF 24 6 13C = 177.8 ppm;8b[BArF24] 0 13C = 162.9
ppm,2)(C,F) = 37.2 Hz), whereas the carbene resonances are
shifted downfield 8a[BArF24] ¢ 13C = 156.3 ppmBb[BArF 24

0 13C = 150.3 ppm). The molecular structure 8H[BArF,4]

was determined unequivocally by single-crystal X-ray analysis
and shows that in the solid staté&{symmetry) the BArk anion
coordinates to sodium via two of its gigroups (Figure 3).
The geometry around Na is a distorted trigonal prism with
typical Na—O bond lengths (Na504 2.323(4) A, Na506
2.320(4) A) and a NaF separation of 2.492(4) . Further-

(30) Pascu, S. I.; Jarrosson, T.; Naumann, C.; Otto, S.; Kaiser, G;
Sanders, J. K. MNew J. Chem2005 29, 80—89.
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more, the PetC bonds inBb[BArF,4] are slightly longer (Pd%
C9 1.968(5) A, Pd+C13 1.960(6) A) than in precursdb4®
(1.954(3) and 1.955(3) A), and the-®d—C angle of8b[BArF 2]

is slightly larger (C9-Pd1—C13 85.8(2); 4b4P 84.25(11}),
whereas the PdO, the G=0, and the GO bonds are almost
identical3!

Conclusions
We have reported a facile synthesis and full characterization

of the novel cationic bis-carbene palladium(ll) acetate com-
plexes. The resulting materials exhibit fluxional behavior in

solution and can undergo dimerization, as was demonstrated

by low-temperaturéH NMR and single-crystal X-ray analysis.

These palladium species are not active in the catalytic deutera

tion of benzene, and further studies using lafyesubstituents

Organometallics, Vol. 25, No. 25, 2868

(s, 6H; QCCHj3), 3.72 (s, 6H; NGi3), 6.16 (s, 2H; Gi,), 7.25 (d,
8J(H,H) = 1.87 Hz, 2H; Gi(imid)), 7.53 (d,3J(H,H) = 1.87 Hz,
2H; CH(imid)). *H NMR (299.9 MHz, CBCl,): ¢ 1.88 (s, 6H;
0,CCHj), 3.82 (s, 6H; NEi3), 6.23 (s, 2H; ), 6.82 (d,2J(H,H)
= 1.87 Hz, 2H; G(imid)), 7.50 (d,3J(H,H) = 1.87 Hz, 2H;
CH(imid)). MS (ESI, positive ions, CkCl,) m/z (%): 341 (100)
[M — O,CCHy]*, 743 (20) [2M — O,CCH]*, 1143 (5) [3M —
O,CCH] .
(1,2-Dimethyl-3,3-methylenediimidazol-2,2-diylidene)Pd(O-
COCFs3); (4b).14b 4b was obtained according to Herrmann et“al.
as a white solid in 97% vyield starting from (1-dimethyl-3,3-
methylenediimidazol-2,2iylidene)PdBs and 2 equiv of silver
trifluoroacetate in CECN (60°C, 8 h).H NMR (299.9 MHz, 60
°C, CD,Cly): 0 3.89 (s, 6H; N®3), 6.31 (br s, 2H; €El,), 6.94 (d,
8J(H,H) = 2.0 Hz, 2H; GH(imid)), 7.30 (d,2J(H,H) = 2.0 Hz, 2H;

"CH(imid)). 19F{H} NMR (282.2 MHz, CQCl,): 6 — 74.0 (br s;

CF3). MS (ESI, positive ions, CKCN) n/z (%): 395 (100) [M—

to prevent the unfavorable dimerization process and generaten,ccr,+, 904 (10) [2M— O,CCFRy]*, 1413 (2) [3BM— O,CCR]".

active catalyst species are underway.

Experimental Section

Computations. The density functional theory calculations
(B3PW91) were performed with the Gaussian03 suite of progfams,
using the LANL2DZ basis and pseudopotentials for palladium and
the 6-3G** basis for all other atoms.

General Procedures All experiments were performed under an

atmosphere of argon using standard Schlenk techniques. NMR

spectra were recorded on a Varian Mercury 3840, {3C, and'°F;

CClF) and referenced internally to residual solvent resonances

(CDCly: H: 0 5.32 ppm,'3C{'H}: 53.8 ppm; DMSOds: H:

0 2.49 ppm,13C{1H}: 39.5 ppm). ESI-MS measurements were

performed on either a Finnigan MAT LCQ Deca ion trap or a

Finnigan MAT TSQ Quantum triple-quad mass spectrometer, both

equipped with electrospray sources. Elemental analyses were

performed by the Microanalytical Laboratory of the Laboratorium
fur Organische Chemie, ETH Hah. Melting points were measured
on samples in unsealed capillaries and are uncorrected.

1,1-Dimethyl-3,3-methylenediimidazolium Dibromide 32 1,1-
Dimethyl-3,3-methylenediimidazolium dibromide was prepared
according to Herrmann et &.at 140°C in 84% yield.'H NMR
(299.9 MHz, DMSO¢g): 6 3.90 (s, 6H; ®l3), 6.81 (s, 2H; Eiy),
7.83 (s, 2H; Ci(imid)), 8.13 (s, 2H; Ei(imid)), 9.61 (s, 2H;
NCHN).

(1,2-Dimethyl-3,3' -methylenediimidazol-2,2-diylidene)
PdBr,.33 A DMSO solution (50 mL) of 1,tdimethyl-3,3-meth-
ylenediimidazolium dibromide (1.33 g, 3.93 mmol) and Pd(QAc)
(0.88 g, 3.93 mmol) was stirred at room temperature for 4 h, then
heated at 40C for 14 h and then at 12T for a further 2 h, after

[(1,72'-Dimethyl-3,3 -methylenediimidazol-2,2-diylidene) Pd-
(OAQ)][OTs] (5a[OTs]). (1,1-Dimethyl-3,3-methylenediimidazol-
2,2-diylidene)Pd(OAc) (4a)42 (664 mg, 1.66 mmol) and HOTs
H,0 (315 mg, 1.66 mmol) were dissolved in g, (15 mL), and
the resulting mixture was stirred for 24 h at room temperature.
Subsequent removal of the solvent from the precipitate yielded a
white solid, which was washed with GAI, (1 x 10 mL) and dried
in vacuo to yield5g[OTs] as a white solid (759 mg, 89%). Mp
218°C (dec).H NMR (299.9 MHz, 50°C, CD,Cl,): 6 2.05 (s,
3H; O,CCHj3), 2.35 (s, 3H; ArCi3), 3.60 (s, 6H; NEl3), 6.58 (s,
2H; CHy), 6.99 (s, 2H; Ei(imid)) (22°C: d,3J(H,H) = 2.18 Hz),
7.15 (d,2)(H,H) = 7.9 Hz, 2H; AH) (22°C: m), 7.68 (d2J(H,H)
= 7.9 Hz, 2H; AH) (22 °C: m), 8.00 (s, 2H; Ei(imid)) (22 °C:

d, 3J(H,H) = 2.18 Hz). AC{*H} NMR of 5qOTs] was not
obtained due to its poor solubility in GBIl,. MS (ESI, positive
ions, CHCl,) m/z (%): 341 (100) [M— OTs]*, 855 (12) [2M—
OTsI". Anal. Found: C, 42.03; H, 4.32; N, 10.96. Calcd for
CigH22N4OsPdS: C, 42.15; H, 4.32; N, 10.92. Colorless crystals
suitable for X-ray crystallography were obtained by dissolviatf?
(81.3 mg, 0.20 mmol) and HOT4,0 (38.5 mg, 0.20 mmol) in
CH,Cl, (5 mL) at room temperature.

[(1,1'-Dimethyl-3,3-methylenediimidazol-2,2-diylidene) Pd-
(OCOCF3)][OTs] (5b[OTs]). (1,1-Dimethyl-3,3-methylenediimi-
dazol-2,2-diylidene)Pd(OCOCH, (4b)*b (504 mg, 0.99 mmol)
and HOTsH,O (189 mg, 0.99 mmol) were suspended in/CH
(20 mL), and the resulting mixture was stirred for 17 h at room
temperature. Filtration and removal of the solvent in vacuo yielded
5b[OTs] as a white solid (478 mg, 85%). Mp: 780 °C, pale
yellow wax; =150 °C (dec).'H NMR (299.9 MHz, 50°C, CD,-
Cly): 0 2.37 (s, 3H; ArC3), 3.83 (s, 6H; NEl3), 6.22 (s, 2H;
CHy), 6.87 (d,2J(H,H) = 1.9 Hz, 2H; GH(imid)), 7.18 (d,2J(H,H)

which an orange solution was obtained. Subsequent removal of the= 8.1 Hz, 2H; AH), 7.45 (s, 2H; Ei(imid)), 7.67 (d,*)(H,H) =

solvent in vacuo at 80C yielded a yellowish solid, which was
washed with acetonitrile (% 10 mL) and dried in vacuo to yield
(1,1-dimethyl-3,3-methylenediimidazol-2;diylidene)PdBs as a
white powder (1.68 g, 97%}H NMR (299.9 MHz, DMSO#dg): 6
3.89 (s, 6H; NGi3), 6.26 (s, 2H; El,), 7.32 (d,3J(H,H) = 1.7 Hz,
2H; CH(imid)), 7.58 (d,3J(H,H) = 1.7 Hz, 2H; GH(imid)).
(1,1-Dimethyl-3,3-methylenediimidazol-2,2-diylidene)Pd-
(OAC), (4a)*a4awas obtained according to Herrmann et‘dls
a white solid in 90% vyield starting from (I;dimethyl-3,3-
methylenediimidazol-2;2diylidene)PdB;s and 2 equiv of AOAc
in CH3;CN (60°C, 8 h).*H NMR (299.9 MHz, DMSOs): 6 1.72

(31)4b: Pd—0 (2.078 and 2.084 A), €0 (1.214 and 1.217 A), €0
(1.261 and 1.263 A); see ref 14b.

(32) Muehlhofer, M.; Strassner, T.; Herdtweck, E.; Herrmann, WJ.A.
Organomet. ChenR002 660, 121-126.

(33) Gardiner, M. G.; Herrmann, W. A.; Reisinger, C.-P.; Schwarz, J.;
Spiegler, M.J. Organomet. Chen1999 572 239-247.

8.1 Hz, 2H; AH). B3C{H} NMR (75.4 MHz, CQCly): ¢ 21.3 (s;
ArCHg), 37.5 (s; NCHg), 62.5 (s;CHy), 115.7 (q,XJ(C,F) = 286.3
Hz; CR3), 122.2 (br s=CH), 123.3 (br s;=CH), 126.0 (s;m-Ar),
129.1 (s;0-Ar), 140.9, and 141.6 (££SO;~, andCMe), 148.5 (br
s; NCN), 160.4 (br s2J(C,F) = unresolved; @O). 1°F{H} NMR
(282.2 MHz, 50°C, CD,Cly): ¢ —75.0 (br s; &3). MS (ESI,
positive ions, CHCl,) m/z (%): 395 (100) [M— OTsJ".
[(1,1'-Dimethyl-3,3-methylenediimidazol-2,2-diylidene) Pd-
(OAC)][BAIF 24 (5a[BArF »4)). A mixture of 5a{OTs] (393 mg,
0.77 mmol) and NaBArg® (679 mg, 0.77 mmol) was suspended
in CH,Cl, (10 mL) and stirred for 0.5 h at @C and then for 0.5 h
at room temperature. The resulting suspension was filtered, to
remove the precipitated NaOTSs, yielding a pale yellow solution.
Then, the solvent was removed in vacuo to yiBHBArF,4 as a
white solid (769 mg, 83%). Mp: 7478 °C, pale yellow waxz 95
°C (dec).!H NMR (299.9 MHz, CDBCl,): 6 2.05 (s, 3H; QCCHy),
3.56 (br s, 6H; NEl3), 5.88 (br s, 2H; El,), 6.91 (d,2J(H,H) =
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2.18 Hz, 2H; CGi(imid)), 7.16 (d, %J(H,H) = 2.18 Hz, 2H;
CH(imid)), 7.56 (br s, 4H;p-ArH), 7.73 (br s, 8H;0-ArH). 13C-
{H} NMR (75.4 MHz, CQCly): 6 24.0 (s; QCCHg), 36.8 (s;
NCHs3), 63.0 (s;CHy), 117.8 (br s;p-Ar), 121.9 (s;=CH), 124.7
(s;=CH), 124.8 (q,*J(C,F)= 271.6 Hz;CF5), 129.1 (br g2J(C,F)
= 31.1 Hz; CCR;), 135.0 (s;0-Ar), 149.8 (s; NCN), 161.9 (q,
1J(C,B) = 49.6 Hz;ipso-Ar), 184.0 (s; GCO). *F{H} NMR (282.2
MHz, CD,Cl,): 6 — 62.12 (s, 24F; €3). MS (ESI, positive ions,
CH,Cl,) m/z (%): 341 (100) [M— BArF,4 ™", 1547 (10) [2M—
BArF,4 . MS (ESI, positive ions, CECN) m/z (%): 341 (82) [M
— BArFy*, 1547 (3) [2M— BArF,,*. Anal. Found: C, 42.95;
H, 2.49; N, 4.72. Calcd for gH,/BF.4N,O,Pd: C, 42.86; H, 2.26;
N, 4.65. Reactinglal*2(11.8 mg, 29.4imol) directly with 1 equiv
of NaBArF,41¢ (26.1 mg, 29.4/mol) in CD,Cl, (0.7 mL) at 50°C
for 1 h gives a mixture of5aBArF,4 and sodium complex
8a[BArF 2.
[(1,1'-Dimethyl-3,3-methylenediimidazol-2,2-diylidene)Pd-
(OCOCF3)|[BArF 4] (Sb[BArF 24]). A mixture of 5b[OTs] (239
mg, 0.42 mmol) and NaBA#® (365 mg, 0.42 mmol) was
dissolved in CHCI, (8 mL) and stirred for 0.5 h at C and then
for 1 h atroom temperature. The resulting suspension was filtered,
to remove the precipitated NaOTSs, yielding a pale yellow solution.
Then, the solvent was removed in vacuo to yighljBArF,,] as a
white solid (410 mg, 77%). Mp: 7080 °C, gives pale yellow wax;
>124°C (dec).'H NMR (299.9 MHz, 50°C, CD,Cl,): ¢ 3.77 (br
s, 6H; N(H3) (22 °C: 3.74 and 3.87, br s), 5.92 (br s, 2HHE,
6.93 (d,%J(H,H) = 1.7 Hz, 2H; GH4(imid)), 7.18 (d,3J(H,H) = 1.7
Hz, 2H; CH(imid)), 7.56 (br s, 4Hp-ArH), 7.73 (br s, 8Hp-ArH).
1H NMR (299.9 MHz, 50°C, CD;CN): 6 3.83 (s, 6H; NGiy),
6.11 (s, 2H; Gly), 7.09 (d,3J(H,H) = 1.87 Hz, 2H; Gi(imid)),
7.37 (d,3J(H,H) = 1.87 Hz, 2H; Gi(imid)), 7.64-7.74 (m, 12H;
ArH). 13C{1H} NMR (75.4 MHz, CQCl,): 0 37.6 (s; NCH3), 63.1
(s;CHy), 115.5 (q,N(C,F)= 286.3 Hz; QCCF3), 117.9 (br sp-Ar),
122.4 (s;=CH), 124.9 (q,XJ(C,F) = 271.6 Hz; ACF3), 125.4 (s;
=CH), 129.2 (br q2J(C,F)= 31.1 Hz; AICCR), 135.1 (s;0-Ar),
145.0 (s; NCN), 162.0 (q,XJ(C,B) = 49.8 Hz;ipso-Ar), 167.4 (br
g, 2J(C,F) = 41.5 Hz; GCO). **F{H} NMR (282.2 MHz, CDO-
Cly): 6 —62.3 (s, 24F; €3), —73.7 (S, 3F; G3). F{H} NMR
(282.2 MHz, CQXCN): 6 —61.8 (s, 24F; €3), —73.5 (br s, 3F;
CF3). MS (ESI, positive ions, CkCly) m/z (%): 395 (100) [M—
BArF24", 1655 (10) [2M— BArF,4*. MS (ESI, positive ions, CH
CN) Mz (%): 395 (82) [M— BArF,4", 495 (100) [bisNHCP¢
CsH3(CFs),2-3,5]", 536 (55) [bisNHCPe CgH3(CFs),-3,5 + CHs-
CN]*, 1655 (7) [2M— BArF,4*. Anal. Found: C, 41.14; H, 1.73;
N, 4.25. Calcd for GsH24BF,7N4,O,Pd: C, 41.03; H, 1.92; N, 4.45.
In CDsCN, 5b[BArF,,] is stable at 80C for at least 24 h. Reacting
4b'* (26.2 mg, 51.5umol) directly with NaBArk4® (45.6 mg,
51.5umol) in CD,Cl, (0.7 mL) at room temperaturerfd h gives
a mixture of 5b[BArF,,] and sodium comple8b[BArF,,].
[{(1,1-Dimethyl-3,3-methylenediimidazol-2,2-diylidene)Pd-
(OACc)2} 2Na][BArF 24 (8a[BArF 24]). A mixture of 4a'42(251 mg,
0.63 mmol) and NaBArg¢ (278 mg, 0.31 mmol) in CkCl, (8
mL) was reacted at 50C for 2 h. After filtration, yielding a brown
solution, the solvent was removed in vacuo to yi@iBArF,,] as
a beige-yellow solid (445 mg, 85%). Yellow crystals were grown
from a concentrated C}&l, solution at—20 °C. Mp: 124-128
°C, yellow wax; =185 °C (dec).’H NMR (299.9 MHz, 50°C,
CD,Cly): 6 1.88 (s, 12H; GQCCHg), 3.88 (s, 12H; NEi3), 6.18 (br
s, 4H; H,) (—20°C: 5.60, 5.64, 6.98, and 7.02, AB-tygd(H,H)
= 12.6 Hz), 6.84 (d3J(H,H) = 2.0 Hz, 4H; GH4(imid)), 7.10 (d,
3J(H,H) = 2.0 Hz, 4H; GH(imid)), 7.56 (br s, 4H;p-ArH), 7.73
(br s, 8H;0-ArH). 13C{1H} NMR (75.4 MHz, CQ,Cl,): o 24.0 (s;
0,CCHg), 37.35 (s; NCH3), 37.39 (s; NCH3), 63.0 (s;CHy), 117.8
(br s;p-Ar), 120.8, and 122.9 (s=CH), 124.9 (q,XJ(C,F)= 272.0
Hz; ArCFR3), 129.1 (br q2J(C,F)= 31.1 Hz;CCF), 135.1 (Sp-Ar),
156.3 (s; NCN), 162.0 (q,1J(C,B) = 49.8 Hz;ipso-Ar), 177.8 (s;
OCO). F{*H} NMR (282.2 MHz, CQCl,): 6 — 62.3 (s, 24F;

Slootweg and Chen

CF3). MS (ESI, positive ions, CKCl) nm/z (%): 341 (100)
[bisNHCPdOACcT, 743 (70) [M— NaOAc — BArF,4*, 825 (76)
[M — BArFy4*. Anal. Found: C, 41.46; H, 3.07; N, 6.57. Calcd
for C53H4gBF24NgNaQsz: C, 41.28; H, 2.87; N, 6.64. Alterna-
tively, 8a[BArF,4] can be prepared by reactifg[BArF,,] (51.0
mg, 42.3umol) with NaOAc (3.5 mg, 42.2mol) and4al42(17.0
mg, 42.3umol) in CD.Cl, (1 mL) at 60°C for 0.5 h.

[{(2,1-Dimethyl-3,3-methylenediimidazol-2,2-diylidene)Pd-
(OCOCFy3),} 2Na][BArF 24 (8b[BArF 24]). A mixture of 4b140 (308
mg, 0.61 mmol) and NaBAHz'¢ (268 mg, 0.30 mmol) in CkCl,

(8 mL) was reacted at 50C for 2 h. After filtration, yielding a
pale yellow solution, the solvent was removed in vacuo to yield
8b[BArF,4 as a white solid (473 mg, 82%). Colorless crystals
suitable for X-ray crystallography were grown from &,. Mp:
72—78 °C, colorless waxz166 °C (dec).*H NMR (299.9 MHz,
50°C, CD,Cly): 6 3.87 (s, 12H; N€i3), 6.19 (br s, 4H; Ei,) (—50
°C: 5.57,5.62, 6.76, and 6.80, AB-typd(H,H) = 13.2 Hz), 6.88
(s, 4H; H(imid)), 7.14 (d,3J(H,H) = 1.87 Hz, 4H; G(imid)),
7.56 (s, 4H;p-ArH), 7.73 (br s, 8Hp-ArH). 13C{'H} NMR (75.4
MHz, CD,Cl,): ¢ 37.5 (s; NCH3), 37.6 (s; NCH3), 63.4 (s;CH>),
116.4 (q,X)(C,F)= 288.9 Hz; QCCF3), 117.9 (br sp-Ar), 121.40
(s;=CH), 121.44 (s=CH), 123.8 (br s=CH), 124.9 (q,XJ(C,F)

= 271.6 Hz; ACF3), 124.9 (br g,2J(C,F) = 31.1 Hz; AICCRy),
135.1 (s;0-Ar), 150.3 (s; NCN), 162.0 (g,1J(C,B) = 49.8 Hz;ipso-
Ar), 162.9 (q,2J(C,F) = 37.2 Hz; CCO). ¥F{'H} NMR (282.2
MHz, CD,Cl,): 6 —62.3 (s, 24F; €3), —74.3 (s, 12F; €3). MS
(ESI, positive ions, CBCl,) miz (%): 395 (10) [bis-NHCPdO-
COCFR]*, 676 (35) [M— 2 OCOCFKR — NaOCOCHk — BArF,4 ",
905 (20) [M — NaOCOCRF — BArFz]*, 1041 (100) [M —
BArF,4". Anal. Found: C, 36.88; H, 2.01; N, 5.72. Calcd for
CsgH3sBF3eNgNaGsPdh: C, 36.60; H, 1.91; N, 5.89. Alternatively,
8b[BArF,4 can be prepared by reactirip[BArF,, (122.4 mg,
97.0umol) with NaOCOCKE (13.2 mg, 97.Qemol) and4b0 (49.5
mg, 97.0umol) in CH,CI, (5 mL) at 60°C for 0.5 h.

Crystal structure determination of compound (5a[OTs]):
CaoH30NgO4P - 2C/H/03S-2H,0, fw = 1057.7, colorless cut frag-
ment, 0.15x 0.14 x 0.13 mn¥; monoclinic crystal system, space
groupP2,/c. Cell parametersa = 14.2381(5) Ab = 22.7148(7)

A, c =14.3902(4) Ao = 90.00, B = 114.763(2), y = 90.00,

V =4226.1(2) B, Z = 4, p = 1.662 g/cr8; 12 511 reflections
were measured on a Bruker-Nonius KappaCCD (graphite mono-
chromator, Mo ki, A = 0.7107 A) at a temperature of 200 K;
8087 reflections were uniquérf; = 0.0518). The structure was
solved by direct metho&sand refined by full-matrix least-squares
analysig® including an isotropic extinction correction. All non-
hydrogen atoms were refined anisotropically (H atoms isotropic,
whereby H-positions are based on stereochemical considerations).
Final R(F) = 0.0486,wR(F?) = 0.1110 for 594 parameters and
5761 reflections witH > 20(l) and6 < 26.3T.

Crystal structure determination of compound 8b[BArF »4):
CsgH3zeBF3eNgNaGsP - 2CD,Cly*3H,0, fw = 2121.4, colorless cut
fragment, 0.21x 0.18 x 0.16 mn¥; monoclinic crystal system,
space grougc2/c. Cell parametersa = 21.0620(4) Ap = 21.4351-

(6) A, c=21.2069(6) Ao = 90.00, 8 = 110.104(1), y = 90.00,

V = 8990.8(4) B, Z = 4, p = 1.567 g/cri; 15 263 reflections
were measured on a Bruker-Nonius KappaCCD (graphite mono-
chromator, Mo ki, A = 0.7107 A) at a temperature of 173 K;
8765 reflections were uniquérf; = 0.0543). The structure was
solved by direct methodband refined by full-matrix least-squares
analysig® including an isotropic extinction correction. All non-
hydrogen atoms were refined anisotropically (H atoms isotropic,
whereby H-positions are based on stereochemical considerations).

(34) Altomare, A.; Burla, M.; Camalli, M.; Cascarano, G.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.Appl.
Crystallogr. 1999 32, 115-119.

(35) Sheldrick, G. MSHELXL-97 Program for crystal structure refine-
ment; Universita Gottingen: Germany, 1997.
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Final R(F) = 0.0637,wR(F?) = 0.1652 for 559 parameters and portion of Scheme 4 was missing. The version of this scheme
6545 reflections with > 20(I) andf < 26.02. The drawings were  that now appears is correct.
made with the program PLATORS.
) Supporting Information Available: Cartesian coordinates (A)
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