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Regiospecificity of the Protonation Reaction of the Dimethyl
Complexes
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Square planar neutral dimethyl and cationic allyl complexes of palladium with the electronically
nonsymmetric diphenylphosphinomethyl- and pyridyl-N-heterocyclic carbene ligands have been synthesized
and characterized. The products from the protonation of the dimethyl complexes with 1 equiv of acid at
low temperatures are monomethyl cations, the exact nature of which is dependent on the type of ligand;
in pyridine—carbene complexes the PMe bond cleaved igansto the carbene, while for the phosphino
carbene complexes it tsansto the phosphine. Density functional calculations suggest that protonation
in these complexes occurs directly at the methyl ligands and that the site of protonation determines the
selectivity of Pd-Me cleavage. For the pyridinecarbene complexes there is a clear preference for
protonationtrans to the carbene. For phosphinoarbene complexes, however, the site of protonation
depends on the steric bulk of the N-heterocyclic carbene ligand. Protoretitato carbene is favored
with small substituents (H, Me), but the bulky 2,6-R8Hs susbstituent induces protonatitransto the

phosphine, as is seen experimentally.

Introduction

spectroscopic and chemical behavior of other co-ligands. For
example, due to their strongdonation (comparable to that of

The study of N-heterocyclic carbene (NHC) ligands tethered the trialkyphosphines)the NHCs should exert a strofigans
to a classical heteroatom donor via an Organic linker of variable influence (and‘_rans effect) Weakening the ML bondstrans

length and rigidity has attracted intense intefeBhese ligands
of various architectures and denticifiggovide opportunities

to them. Although this view has been explicitly spelled out in
the literaturé it has not been studied in detail.

for the design of new homogeneous Catalysts and the Study of We have recenﬂy reportéthe use of the dipheny|phosphino_
elementary organometallic reactions in precisely tailored elec- functionalized NHC ligand 3-aryl-18E(diphenylphosphino)-
tronic and steric environments. The NHC ligand forming strong  ethylflimidazol-2-ylidene (G-P) (aryl = DiPP, 2,6-PsCgHs;
M~—Curc bonds was originally introduced in order to circumvent  \jes, 2 4,6-trimethylphenyl) for the preparation of a range of
problems of lability and ligand decomposition associated with pd(11) dimethyl complexes of the type%C~P)Pd(CH),. We

the electronically similar and ubiquitous phosphihétowever,

NHC ligands also exhibit unusual reactivity (insertion, reductive

elimination, substitutionj,which must be well understood for

have found that their protonation with 1 equiv of Beted acids

(4) (a) McGuinness, D. S.; Saendig, N.; Yates, B. F.; Cavell, Kl. J.

successful catalyst design. The coordinated NHC should affectAm- Chem. So001, 123 4029. (b) McGuiness, D. S.; Cavell, K. J.; Yates,

* Corresponding authors. E-mail:
s.a.macgregor@hw.ac.uk.

T University of Southampton.

* Heriot-Watt University.

(1) (@) Herrmann, W. AAngew. Chem., IntEd. 2002 41, 1290. (b)
Bourisou, D.; Guerret, O.; Gabbai, F. P; Bertrand, @em. Re. 2000
100, 39.

(2) See for example: (a) Herrmann, W. A.; &wer, C.; Goossen, L. J.;
Artus, G. R. J.Chem—Eur. J. 1996 2, 1627. (b) Danopoulos, A. A,;
Motherwell, W. B.; Winston, SChem. Commur2002 1376. (c) Frankel,
R.; Kniczek, J.; Ponikwar, W.; Noth, H.; Polborn, K.; Fehlhammer, W. P.
Inorg. Chim. Acta2001, 312 23. (d) Hu, X.; Castro-Rodriguez, I.; Meyer,
K. J. Am. Chem. So2004 126, 13464.

(3) van Leeuwen, P. WHomogeneous Catalysis. Understanding the Art
Kluwer Academic Publishers: Dortrecht, 2004; p 295.

adl@soton.ac.uk;

10.1021/0m0608408 CCC: $37.00

B. F.; Skelton, B. W.; White, A. HJ. Am. Chem. So001, 123 8317. (c)
Grundemann, S.; Albrecht, M.; Kovacevic, A.; Faller, J. W.; Crabtree, R.
H. J. Chem. Soc., Dalton Tran2002 2163. (d) Danopoulos, A. A.;
Tsoureas, N.; Green, J. C.; Hursthouse, MCBem. Commur2003 756.

(e) Clement, N. D.; Cavell, K. J.; Jones, C.; Elsevier, Abgew. Chem.,
Int. Ed. 2004 43, 1277. (f) Dorta, R.; Stevens, E. D.; Nolan, S.JPAm.
Chem. Soc2004 126, 5054. (g) Gfmdemann, S.; Kovacevic, A.; Albrecht,
M.; Faller, J. W.; Crabtree, R. H.. Am. Chem. So@002 124, 10473. (f)
Galan, B. R.; Gembicky, M.; Dominiak, P. M.; Jerome, B.; Keister, J. B.;
Diver, S. T.J. Am. Chem. So2005 127, 15702.

(5) (a) Green, J. C.; Scurr, R. G.; Arnold, P. L.; Cloke, F. GQ%em.
Commun1997 1963. (b) Green, J. C.; Herbert, B.Dalton Trans.2005
1214,

(6) Grindemann, S.; Albrecht, M.; Loch, J. A.; Faller, J. W.; Crabtree,
R. H. Organometallics2001, 20, 5485.

(7) Tsoureas, N.; Danopoulos, A. A.; Tulloch, A. A. D.; Light, M. E.
Organometallic2003 22, 4750.

© 2007 American Chemical Society

Publication on Web 12/07/2006



254 Organometallics, Vol. 26, No. 2, 2007

Scheme 1. Synthesis of Neutral Palladium Dimethyl
Complexes
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a Complexes in bold numbers have been structurally characterized.

Ar = 2,6-diisopropylphenyl. Reagents and conditions: (i) 1 equiv
[(CAP)H]Br, 1.1 equiv KN(SiMe),, THF, —78 °C, then 1 equiv
Pd(tmeda)Mg THF, =78 °C to RT. (ii) 1.4 equiv (C-N) (R=H), 1
equiv (C-N)* (R = Me), THF, —78 °C to RT. (iii) 2 equiv (C-N),
THF, RT.

having noncoordinating anions at low temperatures in organic

noncoordinating solvents, followed by trapping of the organo-
metallic intermediate with a ligand L (E pyridine, CHCN,
PMe;, etc.), proceeds with high regioselectivity, leading to the
formal substitution by L of the methytansto the P atom and
not transto the NHC as expected.

In this paper we report (i) the use of the new, smaller bite
angle ligand 3-DiPP-1-[(diphenylphosphino)methyllimidazol-
2-ylidene (C\P) for the synthesis of the analogous complex
(k>-CAP)Pd(CH),, (i) the use of the 3-DiPP-1-(2-pyridyl)-
imidazol-2-ylidene (C-N) and 3-DiPP-1-(2-(3-methyl)pyridylim-
idazol-2-ylidene (CG-N*) for the synthesis of complexes of type
(k2-C—N)Pd(CHp), and (2-C—N*)Pd(CHg)y; (iii) the prepara-
tion of cationic methallyl complexes of the type K®)Pd-
(methallyl)J* and [(?-C—N)Pd(methallyl)t; (iv) the regiose-
lective protonation of the new dimethyl complexes with

Danopoulos et al.

Results and Discussion

Synthesis of the Neutral Dimethyl ComplexesThe syn-
thesis of the new complex{-CAP)Pd(CH),, 1, was carried
out as beforé, i.e., by reacting Pd(tmed)(G) with the
phosphine-functionalized N-heterocyclic carbene R} gener-
atedin situ from the imidazolium salt and KN(SiM# in THF.

The new complex was isolated as a yellow, air-stable powder
in good yields. It was characterized by analytical and spectro-
scopic methods. ThEP{'H} NMR consists of a singlet at 32.7
ppm [cf. 12.45 and 12.24 for the analogous+€) complexes].

Scheme 3. Synthesis of Cationic Palladium Methyl

Complexes
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aComplex in bold number has been structurally characterized. Ar
= 2,6-diisopropylphenyl. (i) 1 equiv [H(OBt] '[BArF4]~, CH,Cl,, —78
°C to —40°C, then 1.1 equiv 4-Bpyridine,—40°C to RT; (ii) 1 equiv
[H(OEL)2] T[BArF4]~, CH,Cl,, —78 to—40°C, then 1.1 equiv pyridine,
—40°C to RT.

The inequivalent Pd-methyls appear as doubléls,(= 8.1

Hz, 3Jpy = 8.2 Hz) almost isochronous to the methyls of Pd-
(tmed)(CH).® but more shielded relative ttis-Pd(P}(CHz),°

(P = tertiary phosphine) and [(NHE)CH;]Pd(CHs),.1° The

low molecular symmetry ofl was also manifested by the
appearance of the Pgroups of DiPP as two doublets. This
observation supports a nonplanar five-membered chelate ring.
The carbene NHC carbon is found@L90.4. The structure of

Bronsted acids having noncoordinating anions; and (iv) attempts 1 was determined crystallographically and is in agreement with

to rationalize the regiospecificity of the protonation reaction with
the aid of density functional calculations.

the spectroscopic data (Figure 1).
As expected, the Pd adopts a square planar coordination

All new complexes and the chemical transformations leading geometry with a bidentate AP ligand. The five-membered

to them are summarized in Schemes3lL

chelate ring is puckered, and the ligand bite angle is 80.39(14)

Scheme 2. Synthesis of Cationic Methallyl Palladium Complexas
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a Complexes in bold numbers have been structurally characterizeg. 26-diisopropylphenyl.



N-Heterocyclic Carbene Complexes of Palladium

Figure 1. ORTEP representation of the structure loEhowing
50% probability ellipsoids. H atoms are omitted for clarity. Selected
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bond lengths (A) and angles (deg) with estimated standard Figure 2. ORTEP representation of the structure2iif showing

deviations: C(2)-Pd(1) = 2.068(5), P(1}Pd(1) = 2.293(3),
C(30)-Pd(1)= 2.067(5), C(29)-Pd(1)= 2.090(5); C(2)-Pd(1)-
P(1)= 80.39(14), C(30} Pd(1)-P(1)= 98.61(14), C(29} Pd(1)-
P(1) = 176.56(14), C(2YPd(1)-C(29) = 96.17(19), C(30}
Pd(1)-C(2) = 176.0(2), C(30)-Pd(1)-C(29) = 84.82(19).

The Pd-CHjs [trans to the NHC, 2.067(5) Atrans to the
phosphine, 2.090(5) A] and the P&(NHC) [2.068(5) A]

distances are all equal within the observed esd’s. The interplanar
angle between the heterocyclic ring plane and the coordination

plane is 23.5.

In order to gain a better insight into the structures and
reactivity of the palladiuntis-dimethyl complexes supported
by heterobifunctional NHC ligands, we prepared thed®d{—
N)(CHs), and Pd¢2-C—N*)(CH3), complexes,2a and 2b,
respectively, by the reaction of the isolated(g) or (C—N*)11
with Pd(tmed)(CH),. cis-Pd(2-C—N*)(CH3),, 2b, was obtained
in good yields, by careful addition of the ligand to a cotdr@
°C) solution of the organometallic precursor, followed by slow

warming; the same procedure was applied for the synthesis of

2a, but the isolated yields were lower. Mixtures 2d andcis-
Pd!-C—N),(CHs), 3, were obtained when an excess of the
ligand was used and/or by mixing the reagents at room

50% probability ellipsoids. H atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg): C£Bd(1)= 2.038, N(1>
Pd(1) = 2.130, C(22)Pd(1) = 2.017, C(23)Pd(1) = 2.082;
C(22)-Pd(1)-C(2)= 100.7, C(22) Pd(1)-C(23)= 85.1, C(2}
Pd(1)-C(23)=172.2, C(22)-Pd(1)-N(1) = 174.5, C(2)-Pd(1)-
N(1) = 76.8, C(23)-Pd(1}-N(1) = 97.8.

Figure 3. ORTEP representation of the structure Ehowing
50% probability ellipsoids. H atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg) with estimated standard
deviations: C(1)Pd(1)= 2.058(3), C(2)-Pd(1)= 2.064(5), Pd-

temperature. Optimized conditions for the selective preparation (1)—C(7) = 2.101(1), Pd(1)}C(8) = 2.103(5); C(8)-Pd(1)-C(2)

of 2a and 3 are given in the Experimental Section. The
complexe=2a, 2b, and3 were characterized by analytical and
spectroscopic methods. The low symmetry2a and 2b is
manifested by the presence of a pair of two inequivalent Pd
CHjs resonances at 0.12 and 0.01 (foRa) and 0.22 and 0.12
(for 2b), respectively; the downfield peaks were assigned by
NOESY experiments to the methyisnsto the NHC groups.
Compared to the corresponding methyls of tkéG~P)Pd-
(CHg); and ?-CAP)Pd(CH),, the methyls of2a and 2b are
deshielded. ThéH NMR of 3 implies aC, symmetric structure
(one singlet for the PACHj3, four doublets and two septets for
the 0-(CHs;)>,CH of DiPP). The Guc was observed only foB
at 200.1 ppm.

The structures o2b and3 were confirmed crystallographi-
cally and are shown in Figures 2 and 3, respectively.

Even though the quality of the data obtained &fris not

=170.87(11), C(7Pd(1)-C(1) = 171.08, C(1}Pd(1)-C(8) =
87.96(15), C(2)-Pd(1)-C(7) = 87.73(17), C(1)-Pd(1)-C(2) =
101.16(16).

adopts an almost coplanar conformation with the pyridine plane
slightly tilted, in order to accommodate the steric requirements
of the methyl substituent of the pyridine heterocycle. The ligand
bite angle of 76.8 is smaller than the ones observed for
complexes ¥2-C~P)Pd(CH),” and 1.

Complex3 adopts aC, symmetrical conformation, with the
geometry around the metal center being square planarCfhe
rotation axis lies on the coordination plane and bisects the Me
Pd—Me angle. The PdCync bond distances are equal to and
in the same range (within esd’s) as the ones observed for the
bidenate complexesand2b. The same trend is also observed
for the Pd-CHsz bond lengths. The planes of the carbene

suitable for the estimation of bond lengths and angles at the moieties form a dihedral angle of approximately PSfith the
desired accuracy, they establish unambiguously the connectivitycoordination plane. Th€, conformation is possibly adopted

in the complex and allow the extraction of trends in the metrical

due to steric reasons, a fact that is also supported by the large

data. The geometry around the metal center is square planarC(1)—Pd(1)-C(2) angle [101.16(16).

with the (C—N*) ligand occupying twcis positions. The ligand

(8) de Graaf, W.; Boersma, J.; Smeets, W. J. J.; Spek, A. L.; van Koten,
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Chem. Soc., Dalton Tran2002 1386.
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Synthesis of the Cationic Methallyl ComplexesHeterobi-
functional bidentate co-ligands have been used on Pd allyl
complexes in order to promote selective allyl substitution at
one end of the coordinated alkA.The directing effect is
believed to be the electronic differentiation due to the donors

(12) Heumann, A. InTransition Metals for Organc SynthesiBeller,
M., Bolm, C., Eds.; Wiley-VCH: Weinheim, 2004; Vol. 1, p 307.
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Figure 4. ORTEP representation of the cationdrshowing 50%
probability ellipsoids. H atoms and one molecule of ether are
omitted for clarity. Selected bond lengths (&) and angles (deg) with
estimated standard deviations: C{Bd(1) = 2.014(3), C(21}
Pd(1) = 2.165(4), C(22)yPd(1) = 2.160(4), C(23)yPd(1) =
2.096(5), N(1)-Pd(1)= 2.113(4); C(2)y Pd(1)-C(23)= 106.53(18),
C(2)-Pd(1)}-N(1) = 78.44(16), C(23yPd(1)-N(1) = 173.28(15),
C(2)—-Pd(1)-C(22)= 139.74(18) C(23yPd(1}-C(22)= 38.73(17),
N(1)—Pd(1)}-C(22)= 138.40(15), C(2yPd(1)}-C(21)= 172.87-
(18), C(23y-Pd(1)-C(21) = 68.06(18), N(1yPd(1)-C(21) =
106.59(16), C(22yPd(1)}-C(21) = 37.66(17), C(21}yC(22)
C(23)=116.3(4), C(21yC(22)-C(24)= 120.2(4), C(23)-C(22)-
C(24)= 121.8(4).

of the electronically nonsymmetric bidentate ligand. [Pd(NHC)-
(ally)Cl] complexes with monodenate NHCs have been reported
and used for the generation of reactive “monoligated” [Pd(0)-
(NHC)] centers'® In order to probe the electronic differentiation
exerted by the phosphine- and pyridine-functionalized NHC
ligands described above on the allyl group coordinated on Pd,
we undertook the synthesis of the complexes [Pd{}-
(methallyl)]* and [Pd(C-P)(methallyl)}". Complexes [Pd(€
N)(methallyl)](BPh), 4, and [Pd(C-P)(methallyl)](BPh), 5,
were prepared by the reaction of [Pd(methally}Gijth (C—

N) or (C~P). The crude [Pd(EN)(methallyl)]Cl and [Pd-
(C~P)(methallyl)]Cl, which were not isolated, were transformed
to 4 and5 by anion exchange with NaBRHThe NMR spectra

of the new products manifested the lack of any symmetry

element in the cations and evidenced the presence of one isome

in solution. The Prof the DiPP groups as well as the
diastereotopic protons of the termini of the methallyl group
appear as multiplets. We could not observe thgdignal in
the 3C{*H} NMR spectra in any of these complexes. The
structures ot and5 were confirmed crystallographically and
are shown in Figures 4 and 5.

Both 4 and 5 feature bidentate (EN) and (P~C) ligands,
the former adopting a virtually planar conformation (excluding
the DiPP substituent), while in the latter the conformation of

the six-membered chelate ring is best described as half-chair.

The Pd-Cync bonds ind and5 are similar (within the measured
esd’s) to the corresponding bond length4 emd2. The bonding

of the methallyl group to the metal in both complexes is
nonsymmetrical, with significantly different PdC bonds. Ir4
the Pd-C allyl carbon that igransto the Gxc is 2.165(4) A,
and the ongransto the pyridine is 2.096(5) A. I8 the Pd-C
allyl carbon that igransto the Gyc is 2.154(4) A, and the one
trans to the P donor is 2.168(5) A. The P& (central allyl
carbon) is 2.160(4) A it and 2.202(5) A ir5. The trends in
the magnitute of these P& bond lengths are analogous to

(13) Marion, N.; Navarro, O.; Mei, J.; Stevens, E. D.; Scott N. M.; Nolan,
S. P.J. Am. Chem. So00§ 128 4101.
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Figure 5. ORTEP representation of the cationSrshowing 50%
probability ellipsoids. H atoms are omitted for clarity. Selected bond
lengths (A) and angles (deg) with estimated standard deviations:
C(13)-Pd(1)= 2.039(5); P(1)}Pd(1)= 2.2825(14); C(30)Pd-
(1) = 2.157(5); C(31)Pd(1)= 2.202(5); C(32)-Pd(1)= 2.164(6);
C(13)-Pd(1y-P(1) = 92.56(14); C(13)Pd(1)-C(30) 168.0(2).

those observed with the neutral dimethyl complexes described
previously and may be related to differences in thens
influences of donor groups of the bidentate ligand. The allyl
plane forms an angle of ca. 54.Gn 4) and ca. 53.5(in 5)

with the coordination plane.

Protonation of the Complexes.The reaction of the com-
plexes (?-C~P)Pd(CH), with 1 equiv of acids HA~, A~ =
noncoordinating anion, at low temperatures, followed by trap-
ping of the organometallic intermediate with L & py, PMe;,
MeCN, etc.), has already been reportedthe unexpected
regioselectivity of the reaction (100% substitution of the methyl
that istransto the phosphine) prompted us to explore it in detail
with the other related Pd complexes that were described in the
previous section.

The reaction ofl with 1 equiv of (CR);CHOH or
[H(Et,O)]T[BArFy~ in CH,Cl, or CH,Cly/ether at—78 °C,
followed by addition of 1 equiv of 4-Bpyridine at—40 °C
and warming to room temperature, gave on workup a white,
air-stable solidg. The appearance of one P@H; peak in the
IH NMR spectrum ¢ 0.04, broad singlet) in addition to
resonances due to pyridine, theAR) ligand, and the anion,
and one signal in th&'P{*H} NMR spectrum § 55.3), deshield-
ed relative tdl, support the presence of one isomer in solution.
Even though crystals of this complex suitable for X-ray
giffraction could not be grown, the proposed structure (Scheme

) in which the Bltpyridine istransto the phosphine is based
on comparison of the NMR data with the already structurally
characterized [?-C~P)Pd(CH)(py)]™ analogu€. It is interest-
ing to notice that monitoring the reaction b{H NMR
spectroscopy at low temperatures confirmed that a single species
was formed at lower temperatures exhibiting the same spectrum
as the isolated complex, eliminating the possibility of isomer-
ization in solution prior to the isolation d.

Analogous reaction db with 1 equiv of [H(E£O)]T[BArF4]~
followed by addition of pyridine gave the cationic compléx
as a single isomer, which was characterized analytically,
spectroscopically, and crystallographically. In tHe¢ NMR
spectrum, the single PdCH; resonance  —0.09) of the
cationic7 is shielded relative t@b. The configuration of7 in
solution was established by NOESY NMR spectroscopy and
showed that substitutiamansto the NHC donor has taken place.
Monitoring the reaction at lower temperatures4Q °C) by 'H
NMR shows that the product formed originally at lower
temperatures was identical to that of the isolate@ihe structure
of 7 was determined crystallographically and is in agreement
with the spectroscopic assignments (Figure 6).

The geometry around the Pd center is square planar, with
the pyridine ligand beingransto the NHC and the remaining



N-Heterocyclic Carbene Complexes of Palladium Organometallics, Vol. 26, No. 2, 2Z8Y7

Table 1. Crystallographic Data for the Compounds Described in the Paper

1 2b 3 4 5 7
chemical formula @)H37N2PPd Q3H31N3Pd Q2H52N5Pd QgHsoBN3Pd C57H6()BN2PPd Q9H458F24N4Pd
fw 562.99 455.9 747.30 786.12 921.25 1383.20
cryst syst orthorhombic monoclinic monoclinic triclinic monoclinic monoclinic
space group P21212; P2i/c P2i/n P1 Cc P21/n
alA 10.031(13) 10.408(6) 10.936(14) 13.149(2) 16.070(3) 24.5559(8)
b/A 11.34(2) 12.139(7) 27.06(3) 14.181(2) 16.422(3) 19.7453(7)
c/A 24.499(8) 17.357(11) 13.47(4) 15.6998(17) 19.758(4) 25.285(8)
a/deg 90 90 90 115.110(12) 90 90
Bldeg 90 105.97(4) 107.64(19) 90.856(13) 112.77(3) 97.3400(10)
yldeg 90 90 90 114.148(16) 90 90
z 4 4 4 2 4 8
TIK 120(2) 120(2) 120(2) 120(2) 120(2) 120(2)
wmm-1 0.743 0.892 0.526 0.425 0.458 0.420
no. of data collected 24799 22013 33787 40 241 13505 120 423
no. of unique data 6316 3714 6436 10 833 5433 27 861
goodness of fit orr2 1.028 1.188 1.047 1.056 0.997 1.031
Rint 0.1060 0.1620 0.0674 0.0936 0.0648 0.1433
final R(|F|) for Fo > 20(F,) 0.0483 0.1037 0.0363 0.0680 0.0417 0.0786
final R(F?) for all data 0.0785 0.1204 0.0507 0.0989 0.0618 0.1526

Me grouptransto the pyridine. The angle formed between the Table 2. Computed Pd-Ligand Bond Distances (A) in
pyridine (L) plane and the coordination plane is 74Ehe Pd- (k>-C~P)Pd(CH), and (k*-C—N*)Pd(CHz), Species Using
Cnue and Pd-CHz bonds in7 are shorter than in the corre- Model 1 and Model 2
sponding [(2-C~P)Pd(CH)(py)]* previously reported while (¢-C~P)Pd(CHy), Pd-Cyuc  Pd-P Pd-Cuusc Pd-Cuansr
the Pd-N(pyridine) bonds in the two complexes are equal. Vodel T
Computational Studies.We have employed density func- ReR=H) 2067 2305 2.101 2.096
tional calculations to rationalize the selectivities of the proto- A
nation/substitution reactions and have focused on #fe ( RaP_ )\} Model 2 080 asas 2107 2.0
C~P)Pd(CH),” and (2-C—N)Pd(CH), systems. In particular, Hac/Pd\CH3\R (R =DiPP; R = Ph)
the observation of substitutiotrans to phosphorus upon Experiment
protonation of £2-C~P)Pd(CH), was initially surprising, as R DiPP: R = Ph 2.088(5) 22994(13)  2.098(5)  2.111(5)
the NHC arm of the &P ligand might have been expected to (= DiPe: )
exert a highetransinfluence andranseffect than the phosphine ~ (¢-C-N)Pd(CH), Pd-Cnuc PAN  Pd-Ciasc Pd-Curansy
moiety_G Model 1
. . 2.021 2.187 2.080 2.048
Two model systems were used in the calculations. In model (R=R'=1I)
1 all ligand substituents were replaced by hydrogens, while in Vodel 2
model 2 the full £2-C~P)Pd(CH), and 2-C—N)Pd(CH)> R 2043 2178 2077 2052
molecules were considered. Computed-Rgiand distances are NN (R=DiPP; R =)
compared with those determined crystallographically in Table ~Nn_ )_"‘R Experiment
2 PN ) 2.038 2.130 2.082 2.017
HsC' CHs (R = DiPP; R'= Me)

Model 1 generally provides good agreement with experiment,
although the Pd&N bond length is somewhat overestimated
compared to the crystal data fa®{C—N*)Pd(CHs),. In model
2 inclusion of the full ligand causes the PB bond in &>

a Corresponding distances determined crystallographically are included
for comparison.

C~P)Pd(CH) to lengthen by 0.04 A, but otherwise the-Pd
ligand bond distances are not significantly affected, suggesting
minimal electronic effects arising from the ligand substituents.
Of prime interest are the relative lengths of the-fxH; bonds,

and for (2-C~P)Pd(CH), the calculations find these to be
slightly longer whentrans to carbene, by 0.005 A (model 1)
and 0.013 A (model 2). Experimentally, it is theP@H; bond
transto carbene that is slightly shorter, although the difference
is not significant when the experimental errors are considered.
Both models of #2-C—N)Pd(CH). correctly reproduce the
longer Pd-CHjz; bondtransto carbene seen experimentally, this
being longer by 0.032 A (model 1) and 0.025 A (model 2),
although these differences are somewhat smaller than those
determined experimentally.

Figure _6. ORTEP repr_esentgtiorj of the structure o_f the_ catior_l in The experimental and computed-P@H; distances provide

7 showing 50% probability ellipsoids. The asymmetric unit consists a basis for estimating theansinfluence of the donor atoms in

of two cations and two anions. The [BA}~ anion and H atoms . . D i :
are omitted for clarity. Selected bond lengths (A) and angles (deg) the C-N and C-P ligands. For the €N ligand both approaches

with estimated standard deviations: G{Bd(1)= 1.964(5), N(4)- ?ndicate that the NHC arm has the significantly_ higlems
Pd(1)= 2.084(4), N(1y-Pd(1)= 2.154(4), C(27-Pd(1)= 2.021- influence. In contrast, for the-€P ligand thetrans influences
(5), C(2)-Pd(1)-C(27)= 96.9(2), C(2}-Pd(1)-N(4) = 172.2(2), of the NI—_|C_ and the alkyldiarylphosphine moieties appear to
C(27)-Pd(1)-N(4) = 87.96(19), C(2)-Pd(1)-N(1) = 78.16(18), be very similar, although the calculations do suggest a slightly
C(27)-Pd(1)-N(1) = 172.1(2), N(4>-Pd(1)-N(1) = 97.65(16). highertransinfluence for the NHC donor in the €P ligand.




258 Organometallics, Vol. 26, No. 2, 2007

= = trans-C =
N NN
O O
NN )hN H NN )+“N‘ - CHy N N
Fd R——~ PR —py’ Pd R
Hoe | CHs CHi{ CH, Py CHs

E=-445

/ E=-13.0
.R .

N = = N
Y Y el
N—"r,, | +.CH3 NN )§N -CHs XN N

I > gt R Spg R
S5 N, N Py VAN
| /N CHs ch/ CH HC  py

4
E=00 trans-N E=-35.1

Figure 7. Key stationary points computed along the protonation/
substitution reaction ofxf-C—N*)Pd(CH;),, with model 1 (R=

R = H). Energies are relative transN [(«2-C—N*)Pd(CH)-
(CHy)]™ set to zero. No local minimum corresponding te?fC—
N*)Pd(CHs),(H)]* could be located.
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If this is the case, however, then it would appear to be
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Figure 8. Relative energies (kcal/mol) of species along the
protonation/substitution reaction af¢C—P)Pd(CH), with model
1 (R= R = H) and (in parenthesis) model 2 (R DiPP; R =
Ph). Energies are relative tans-P [(x2-C~P)Pd(CH)(CH,)]* set
to zero. No local minimum corresponding taf{C~P)Pd(CH),-

inconsistent with the experimental observation of substitution (H)]™ could be located with model 1.

trans to phosphine upon protonation.

We then considered the protonation/substitution reaction of

We therefore turned to consider the protonation and SUbse'(xz-C~P)Pd(Cl-§)2, again initially with model 1 (see Figure 8).

quent CH/py substitution reactions, and our approach is
illustrated in Figure 7 for ®>-C—N)Pd(CH),. Protonation of

this species could occur at the Pd center, to give the five-

coordinate intermediate §-C—N)Pd(CH)(H)]". From this
species &H bond coupling would yield one of two isomers
of the CH, g-complex, [(2-C—N)Pd(CH)(CHg)]™, with CH,4
transto either carbenetrans-C) or pyridine {ransN). Alter-
natively, protonation could occur initially at the methyl groups
to form either of these two CHo-complexes directly. Chpy
substitution would then give thigans-C or transN forms of
the final product, [{?>-C—N)Pd(CH)(py)]*. We shall first
describe our results for the¥C—N)Pd(CH), system for which
thetrans-C product is observed experimentally. An analogous
scheme will then be considered fa?{C~P)Pd(CH)..

With model 1, all attempts to locate the putative five-
coordinate intermediate {{-C—N)Pd(CH)>(H)]* as a local
minimum failed. An approximate geometry and energy for this

As with («3-C—N)Pd(CH), we were unable to locate a stable
species resulting from direct protonation at Pd, and uncon-
strained hydride structures corresponding t8-{{~P)Pd(CH)-
(H)]* all relaxed totransC [(k>-C~P)Pd(CH)(CH4)]*. This
species was found to be 2.7 kcal/mol more stable than the
transP isomer, and this preference was retained in the final
product, [2-C~P)Pd(CH)(py)]*, where thetrans-C isomer
was more stable by 3.3 kcal/mol. G/dy substitution is again
a strongly exothermic process. Most importantly, with model 1
both the initial site of protonation and the energy of the final
product indicate a small preference for reactioans to the
carbene arm of the €P ligand. This is at odds with the
experimental observation of protonation/substitutiamsto the
phosphine arm of the €P ligand in (2-C~P)Pd(CH).. We
therefore extended our study to include the full ligand substit-
uents through use of model 2.

The energies of the species calculated with model 2 are

species were generated by assuming a square pyramidal structurigcluded in parentheses in Figure 8. Unlike model 1, in this

with an axial hydride and with all HPd-ligand angles
constrained to 90 Upon releasing these angular constraints,
however, the axial hydride transferred directly onto the;CH
ligandtransto carbene to form theansC CH, o-complex [Pd-
(k3-C—N)(CHz)(CHa)]*. This o-complex was estimated to be

case we were able to locate a local minimum corresponding to
[(x2-C~P)Pd(CH)2(H)] ", although this remains a very high-
energy structure, which is at least 30 kcal/mol above both
isomers of [(>-C~P)Pd(CH)(CH,)]*. Direct protonation at the
methyl ligands is therefore much more likely, and with model

at least 30 kcal/mol more stable than the constrained-angle2 the trans-P isomer of [(2-C~P)Pd(CH)(CH4)]* in fact

structure of [Pd¢2-C—N)(CHz)2(H)]™. Moreover, thetrans-C
form of [Pd¢?C—N)(CHz)(CH4)]" was 13.0 kcal/mol more
stable than the alternatiteansN isomer (see Figure 7). This
preference was retained in the final product, trems-C form

of [(k3-C—N)Pd(CH)(py)]™ being 9.4 kcal/mol more stable than
thetransN alternative. Thus the calculations employing model
1 indicate a strong preference for direct protonation of the
methyl grouptransto carbene, and this is consistent with the
experimental observation of substitutivansto carbene upon
protonation. This assertion assumes facile/pi substitution

in [Pd(*C—N)(CH3)(CHy4)]*, and this process is certainly

becomes the more favored species, being 2.3 kcal/mol more
stable than th&rans-C isomer. Upon ChHpyridine substitution,
however, the preference swaps again andtitéies-C product
becomes more stable, albeit by only 0.3 kcal/mol. The calcula-
tions therefore suggest that the introduction of the full steric
bulk of the C~P ligand causes a switch in the preferred site of
protonation, fromtrans to carbene in model 1 torans to
phosphine in model 2. The energy differences involved are
small, however, and so to ensure that the computed preferred
site of protonation does indeed equate to the same selectivity
in the final observed products, we have studied the mechanism

extremely exothermic (by more than 30 kcal/mol). Subsequent of CHy/py substitution in both K2-C~P)Pd(CH)(CHy)]*

calculations on the fB-C~P)Pd(CH)(CH4)]* system also
indicated that the barriers associated with Qiy substitution

intermediates.
The two limiting mechanisms for Cffpy substitution in [¢?-

in these systems should be small (see below). The relative C~P)Pd(CH)(CHg)]™ involve either dissociative or associative

energies of the isomers of [R&(C—N)(CHz)(CH4)] ™ and [(*
C—N)Pd(CH)(py)]™ both reflect the highetransinfluence of
the carbene arm of the-N ligand, with the more stable form
in each case having the more weakly bound ligand {@hrt
py, respectivelyXransto the carbene.

displacement, and computed reaction profiles for both isomers
are shown in Figure 9. Dissociation of Gléads to the T-shaped
14e intermediates, F or Tp [(x2-C~P)Pd(CH)] ", of which the
Tpisomer is significantly more stable by 9 kcal/mol. Moreover,
we were able to locate a transition state for Jdblss from
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Figure 9. Computed reaction profiles (kcal/mol) for Gidy substitution in [{?-C~P)Pd(CH)(CH,)]* species to givéransP [(k?-C~P)-

Pd(CH)(py)] T (right) or trans-C [(x>-C~P)Pd(CH)(py)]* (left). Key species for dissociative (blue) and associative substitution (red) are
indicated. See text for details.

transP [(k?-C~P)Pd(CH)(CHg)] ", which corresponds to avery  However, of the two possibilities, C¥#py substitutiortransto

low activation barrier of only 2.2 kcal/mol. In contrast, a reaction phosphine is more accessible than ttiahsto carbene.

profile probing CH loss from transC [(«*>-C~P)Pd(CH)- The key factor in determining the site of protonation appears
(CH4)]* showed the energy to rise steadily to the level of the tg pe the relief of steric strain that occurs upon protonatisn

Tc 14e intermediate, and the energy of this species (plus free to the bulky DiPP group. With model <which may be
CHj,) therefore provides a lower limit for the GHlissociation  considered as giving the ideal structure in the absence of steric
barrier of 6.4 kcal/mol, relative tvans-C [(«*>-C~P)Pd(CH)- effects—the computed structure 0k%C~P)Pd(CH); is close
(CHg)]". Overall the calculations indicate that a dissociative tg square planar witrans C—Pd—P andtransC—Pd—C angles
mechanism for Chlpy substitution in [(>-C~P)Pd(CH)- of 175.3 and 178.5, respectively, and the carbene ring is close
(CH4)]* species will be more accessible from trensP rather  to coplanar with the Pd coordination plane<{8—Pd—P =

than thetrans-C isomer. The lower energy of the-Torm of 16°). With model 2, however, a more distorted geometry is seen
[(x>-C~P)Pd(CH)]* appears to be due to an agostic interaction (transC—Pd—C = 173.6, transC—Pd-P = 167.T) and the
between Pd and a -€H bond from one of the isopropyl  carbene ring is forced to rotate out of the Pd coordination plane
substituents (PetH = 2.38 A; C-H = 1.12 A). In contrast ~ (N—C—Pd-P = 29°). Similar distortions are maintained in the
the closest Pd-H contact in theTc isomer is 2.67 A (againto  structure otrans-C [(x>C~P)Pd(CH)(CHJ)]* (transC—Pd—P
an isopropyl hydrogen), although in this case theHCbond is = 168.6; N—C—Pd—P = 37°), where DiPP is stillcis to a
directed toward an axial position and so is poorly oriented to rigid Pd—Me bond. In contrast, itransP [(x2-C~P)Pd(CH)-
participate in agostic bonding. (CH,)]* thetransC—Pd—C angle increases to 176 @hile the

For the associative displacement mechanism the very largecarbene is able to rotate closer to the “ideal” orientation of model
size of the [(>-C~P)Pd(CH)(CH4)]"/py system hampered the 1 (N-C—Pd—-P = 20°, cf. 16°). This is presumably because
location and full characterization of transition state structures. the DiPP group is nowisto a more accommodating GHgand.
Instead we have employed reaction profiles based eni¥gy) It follows from the above that the use of a smaller substituent
distances to estimate the barriers involved. This giVES a value on the carbene should tend to favor reactiamsto the carbene.
of 1.0 kcal/mol for CH/py substitution intrans-P [(«*-C~P)- We have tested this computationally by replacing the DiPP
Pd(CH;)(CH,)]™ while the transition state is estimated to be group in model 2 with Me, and as predicted, the isomers of
about 4 kcal/mol higher in thgans-C isomer (see Supporting  [(x2-C~P)Pd(CH)(CHJ)]* do become closer in energy, although
Information). Subsequently, we were able to locate a transition the trans-P form is still slightly more stable by 0.5 kcal/mol.
state for thetransP pathway, and this corresponded to an unfortunately, we have been unable to test this idea experi-

activation barrier of 0.9 kcal/mol, in good agreement with the mentally, as the reaction of Pd(tmed)(§with the analogue
estimated value. As with the dissociative process modeled above of C~P having a methyl-substituted NHC donor gave mixtures

therefore, CH/py substitution in [{*-C~P)Pd(CH)(CH,)]* via of complexes that were difficult to purify, thus hampering further

an associative process is also kinetically more accessible fromcharacterization. We were, however, able to test the link between

the trans-P rather than thérans-C isomer. trans influence and the nature of the carbene substituent by
The calculations on the full system using model 2 show that computing different models for the structure of{C~P)Pd-

the preferred site of protonation at*(C~P)Pd(CH); is the (2-methylally)T" (see Table 3). For model 1, where all

methyl grouptransto the phosphine arm. The site of protonation substituents were represented by hydrogen, the carbene moiety

will also dictate the regioselectivity of C¥py substitution, as does exert the greateansinfluence, with the PeC bondtrans

the subsequent steps in this process (by either a dissociative oto carbene being longer by 0.025 A. This difference is reduced

an associative mechanism) have minimal activation barriers. to 0.017 A upon introduction of a Me substituent on the carbene
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Table 3. Computed Pd-Ligand Bond Distances (A) in Experimental Section
[(k2-C~P)Pd(y-allyl)] * Complexe$
[(@-C-P)PAGIyDT Pd-Cxic  Pd-P  Pd-Cuamc Pd-Curance General Methods.Elemental analyses were carried out by the
London Metropolitan University microanalytical laboratory. All
Model1 2045 2318 2223 2198 manipulations were performed under nitrogen in a Braun glovebox
(R=R'=R"=H) or using standard Schlenk techniques, unless stated otherwise.
Model 2 Solvents were dried using standard methods and distilled under
sz(;),q:} R M. 2057 . S0 s g;tzjg_egor{)rgr use. The light petroleum used throughout had a bp
Hel | Som R'=R"=H) The starting materials Pd(tmed)MeH(OEL,),] F[BArF,]~ 5 and
7 Model 3 (C—N)* (R = H, R = Me) ligands were prepared according to

a literature procedures. NMR data were recorded on Bruker AV-300

and DPX-400 spectrometers, operating at 300 and 400 MiHig (
respectively. The spectra were referenced internally using the signal
Experiment 2039(5) 22825(14)  2.157(5)  2.164(6) from the residual protiosolventH) or the signals of the solvent
(*3C). 31P{*H} NMR spectra were recorded on a Bruker AV-300,
at 121.44 MHz, and referenced externally relative to 8598®

in D,O. 1°F NMR spectra were recorded on a Bruker AV-300, at
(model 2). The trend is reversed in the computed structure of 282.36 MHz, and were referenced externally relative to GFCI

the full molecule (model 3), with the Pd&C bondtrans to Synthesis of Proligand (A\CH)*Br~. A 3.0 g (10 mmol)
phosphine now being longer by 0.018 A. Thus the relatiaas amount of PEP(O)CHBr'® and 3.5 g (15 mmol) of 3-DiPP-
influences of the carbene and phosphine arms in these mixedmidazole were charged in an ampule, which was sealed under

C~P ligands are clearly a function of the steric bulk of the vacuum. The ampule and its contents were heated af'C4for
carbene substituent. one week in a thermostated oil bath. After the completion of the

reaction, the contents of the ampule were dissolved in dichlo-
romethane. Removal of the volatiles under reduced pressure
produced a brown, sticky solid. This was redissolved in the
The synthesis ofcis dimethyl complexes of palladium  minimum amount of dichloromethane and precipitated by addition
supported by mixed donor N-heterocyclic carbeplosphine ~ of & 4:1 (v/v) mixture of ether/petroleum ether. The hygroscopic
or —pyridine bidentate ligands allowed a detailed comparative Solid was immediately filtered and washed with ethex(80 mL).
study of the ligand effects on structural and reactivity differences 't ¢&n be further purified by dissolving in the minimum amount of
of the methyl co-ligandgransto the NHC and classical donor THF and precipitating with ether. The white solid thus isolated was
respectively. The experimental data show that the N-heterocyclic pure for the next step. Crystalline material was obtained by cooling
: ) s the filtrate of the last precipitation at 8. IH NMR 6 (CDCl):
carbene exerts a strongeansinfluence than the pyridine and 1.01 [6H, d.2Ju; = 6.8 Hz, CH(CH)], 1.12 [6H, .33 — 6.8
promotes selective substitution of the mettrginsto it. These ' LA ‘ L LT

3 =
findings are confirmed by density functional calculations, which Eﬁ %Hg}b):z]’ﬁlégﬁz[zgl’a;?gtgf;'imi g ai(;ilin% Hé%g)z]ll—? fj?j
show the preferred site of protonation is at the methyl group Jun " ’1.7PHHZ J}.-IH — 1.9 Hz. imidazole backbor;e). 701 (éH '

transto the NHC. 3Jyn = 7.7 Hz, aromatic), 7.32 (1H, br s, imidazole backbone),
In contrast, théransinfluence of the NHC compared to the 7 50 (1, t33,, = 7.7 Hz, aromatic), 7.557.63 (6H, m, aromatic),

phosphine is not clear-cut experimentally due to the esd’s of g 22-g.31 (5H, m, aromatic), 10.2 (1H, br dyy = 1.13 Hz,

the crystal structure determinations. However, in this case NCHN). 13C{1H} NMR 6 (CDCL): 24.5 [s, CH(CH),], 24.6 [s,
substitution occurs selectively at the posittoansto phosphine. CH(CHy)2], 28.9 [s, CH(CH)3], 49.5 (d,%Jpc = 64.5 Hz), 124.0
The calculations suggest a slightly hightans influence (s, imidazolium backbone), 124.6 (s, imidazolium backbone), 125.1
compared to phosphine in the NH@hosphine ligands. How- (s, aromatic), 128.3 (diJoc = 19.0 Hz, aromatic), 129.6 (dpc =
ever, the selectivity of protonation depends on the steric bulk 12.6 Hz, aromatic), 130.1 (s, aromatic), 131.9Jg; = 10.3 Hz,

of the carbene substituent: protonation is favareais to the aromatic), 132.4 (s, aromatic), 133.5 (¢ = 2.3 Hz, aromatic),
NHC for small substituents (H, Me) and swaps ttans to 138.3 (sipsoto the imidazole moiety), 145.5 [s, (s, NC(H)N{P-
phosphine for the DiPP substituent used experimentally. Thus{*H} NMR 6 (CDCk): 36.6 (s, PBP(O)CH—imidazolium). High-
agreement with experiment could only be obtained once the resolution ES: 443.2242. Calcd for [6HzNPOJ": 443.2247.

full ligand substituents were incorporated into the computational ~ The phosphine oxide (2.0 g, 4 mmol) was placed in a three-
model. The computed results suggest that the selectivity of theneck 1 L flask (tap adapter, double jacket condenser, and a
protonation/substitution reaction can be controlled by judicious Pressure-equalizing dropping funnel) and was dissolved in 110 mL
choice of ligand substituent. Such subtle effects may arise from ©f dried-degassed chlorobenzene by heating to the reflux temper-

the unique shape of the NHC ligand and must be taken into ature under a nitrogen atmosphere. The temperature was then
consideration when using them as phosphine substitutes inmaintained at 120C, and excess trichlorosilane was added in small

. trions (10 mL, 72 mmol, 19-fold excess). After completion of
homogeneous catalysis. po " ; !
Finally, cationic Pe-allyl complexes with the same hetero- the addition the reaction mixture was heated at AG@or 3 h and

bifunctional bidentate ligands show P&.. bond trends in then cooled to room temperature. After addition of 100 mL of
X 9 >0 TRl . dichloromethane, the excess SiHGlas quenched by careful

agreement with the above classification of the NHC, phosphine, dropwise addition of degassed 10% (w/v) NaOH(aq) 4E0The

and pyridine donors. Computation of the-R@,y bond lengths

shows that they are dependent on the substitution of the P and (14) Brookhart, M.; Grant, B.: Volpe, A. Forganometallics1992 11

NHC donors in line with the dimethyl complexes described 3920. T T T ’

above. (15) Tsevtkov, E. N.; Tkachenko, S. E.; Yarkevitc, A.Bull. Soc. Chim.

; ) : o Fr. 1988 2, 339.
Further work involving extensions to Pt and other transition (16) Hooft, R.COLLECT Nonius BV: The Netherlands, 1992000,

metals and aiming at the understanding of the metiC Otwinoski, Z.; Minor, W.SCALEPACKDENZQ Methods Enzymol997,
bonding in relation to observed reactivity is in progress. 276, 307.

(R = DiPP; 2.061 2.333 2.196 2214

R'=Ph, R" = Me)

aCorresponding distances determined crystallographically5fare
included for comparison.

Conclusions




N-Heterocyclic Carbene Complexes of Palladium Organometallics, Vol. 26, No. 2, 2817

organic phase was separated, and the aqueous phase was washadomatic), 147.2 (spso carbon of the aryl group). Anal. Found:
with dichloromethane (% 50 mL). The combined organic extracts C, 59.55; H, 6.59; N, 9.31. Calcd for,&1,0N3:Pd: C, 59.79; H,
were dried over MgS@and filtered, and the volatiles were removed 6.61; N, 9.51.

under reduced pressure. The resulting white solid was washed with  (C—N*)Pd(CH 3),, 2b. This was prepared by a method analogous
ether (2 x 150 mL) and dried under vacuum overnight. The tg 2a from 0.080 g (0.317 mmol) of Pd(tmeda)Mand 0.101 g
imidazolium salt was further dried azeotropically with toluene and (0.317 mmol) of free carbene. Yield: 0.100 mg (81%).NMR
was stored in the glovebox. Yield: 1.0 g (51.6%j NMR o 0 (CD,Cly): 0.12 (3H, s, PdE), 0.22 (3H, s, PdB3), 1.12 (6H,
(CDCls): 1.03 [6H, d,3Ju = 6.8 Hz, CH(CH)], 1.15 [6H, d, d, 3Jyu = 6.9 Hz, CH(GH3),), 1.31 (6H, d,3Jyy = 6.9 Hz, CH-
3Jun = 6.8 Hz, CH(CH),], 2.01 [2H, septetiJuy = 6.8 Hz, CH- (CH3)2), 2.71 (2H, sept3Jyy = 6.9 Hz, GH(CH,),), 2.91 (3H, s,
(CHa)2], 5.77 (2H, d,2Jpy = 6.4 Hz, PAPCH,—imidazole), 6.91  3.CHg-pyridine), 6.92 (1H, s, ylidene backbone), 7.31 (3H, m,
(IH, t, 334y = 1.7 Hz, aromatic), 7.08 (2H, &y = 7.7 Hz, aromatic), 7.41 (1H, br t, aromatic), 7.72 (1H, br dd, aromatic),
aromatic), 7.3+7.38 (6H, m, aromatic), 7.41 (1H, ¥Yun = 7.7 8.07 (1H, d,3Jyy = 2.5 Hz, aromatic), 8.61 (1H, &)y = 5 Hz,

Hz, aromatic), 7.51 (1H, €Jyy = 1.7 Hz, aromatic), 7.587.77 aromatic).23C{*H} NMR 6(CD.Cl,): —0.2 (s, P€Hs), 0.0 (s,

(4H, m, aromatic), 10.5 (1H, Jun = 1.5 Hz, NCHN).23C{H} PACH3), 19.8 (s, 3€Hs-pyridine), 21.7 (s, CHEH3),), 22.8 (s, CH-
NMR ¢ (CDCl): 23.1 [s, CH(CH)], 23.3 [s, CH(CH)J], 27.6 (CHa)), 26.9 (s,CH(CHs),), 115.9 (s, ylidene backbone), 120.4
[s, CH(CHy)2], 47.7 (d,"Jpc = 19.52 Hz, PBPCH,—imidazolium), (s, ylidene backbone), 120.8 (s, aromatic), 122.1 (s, aromatic), 122.5

121.44 (d,Jpc = 5.1 Hz, aromatic), 122.6 (s, imidazolium, (s, aromatic), 128.3 (s, aromatic), 141.5 (s, aromatic), 143.8 (s,
backbone) 123.6 (s, imidazolium backbone), 128.23td,= 7.6 aromatic), 144.1 (s, aromatic), 144.5 (s, aromatic), 147.5¢s
Hz, aromatic), 129.1 (s, aromatic), 129.3 (s, aromatic), 130.8 (s, carbon of the aryl group). Anal. Found, C, 60.33; H, 6.56; N, 9.13.
aromatic), 131.6 (dJpc = 11.5 Hz, aromatic), 132.6 (dpc = 20.3 Calcd for GaHaiNsPd: C, 60.59; H, 6.85; N, 9.22. Yellow crystals
Hz, aromatic), 138.2 (3psoto the imidazolium moiety), 144.3[s,  were grown by layering a toluene solution of the complex with
NC(H)N]. 3P{1H} NMR: o (CDCl): —10.0 (s, PBPCH— light petroleum ether.
imidazolium). (C—N)2Pd(CH3), 3. In the glovebox 80 mg (0.317 mmol) of
(PAC)PA(CHg)2, 1. This was prepared following a previously — Pd(tmeda)Mg was placed in a Schlenk. A second Schlenk was
reported procedufdrom 0.080 g (0.317 mmol) of Pd(tmeda)Me  charged with 194 mg (0.636 mmol) of free carbene. The contents
0.161 g of [(MC)H]"Br~ (1 equiv), and 0.070 g of KN(SiMg of the two Schlenks were dissolved in dry-degassed THF, and the
(1.1 equiv). Yield: 0.130 g (73%}H NMR 6 (CD,Cl,): —0.53 solution of Pd(tmeda)Mgwas transferred at room temperature via

(3H, d, 3Jpy = 8.1 Hz, PdGi3), —0.32 (3H, d,%Jpy = 8.2 Hz, cannula to the solution of the free carbene. The reaction mixture
PdCH3), 1.06 [6H, d,2Jy = 6.9 Hz, CH(QH3),], 1.23 [6H, d,3Jny was stirred overnight, volatiles were removed, and the pale yellow
= 6.9 Hz, CH(GH3)], 2.55 [2H, sept3Juy = 6.9 Hz, GH(CH3)2], solid was washed with light petroleum ether. The compound is air

4.21 [2H, d,2Jpy = 3.3 Hz, (PPhCH.-ylid)PdMey], 6.84 (1H, s, stable and soluble in dichloromethane, toluene, and ether. Yield:
ylidene backbone), 7.32 (4H, br d, aromatic), 7.44 (6H, br s, 201 mg (85%)1H NMR ¢ (dg-toluene): —0.11 (6H, s, Pd€El5),
aromatic), 7.62 (4H, m, aromatidfC{*H} NMR 6 (CD,Cl,): —0.4 0.82 (6H, d,3Jyy = 6.9 Hz, CH(CH5),), 0.98 (6H, d,3Jyy = 6.7
(d, 2Jpc = 18.2 Hz, P€H3), 0.2 (d,?Jpc = 19.2 Hz, P€H3), 22.4 Hz, CH(CH3),), 1.09 (6H, d3Jyy = 6.7 Hz, CH(QHs)y), 1.42 (6H,
[s, CH(CHa)2], 23.7 [s, CHCHa)2], 27.5 [s, CH(CHs)2], 51.9 (d, d, ¥y = 6.7 Hz, CH(GHy),) 2.62 (2H, sept3uy = 6.7 Hz,
Jpc = 24.5 Hz, [PPBCH,-ylid)PdMey], 117.9 (s, ylidene back- CH(CHz),), 3.12 (2H, sept3lyy = 6.7 Hz, (H(CHy),), 6.45 (1H,
bone), 122.6 (s, ylidene backbone), 123.8 (s, aromatic), 127.8 (d,d, 3Jyy = 1.9 Hz, ylidene backbone), 6.51 (1H, & = 1.6 Hz,
Jrc = 8.85 Hz, aromatic), 128.1 (s, aromatic), 128.3 (s, aromatic), aromatic), 6.55 (1H, dJuy = 1.4 Hz), 6.63 (1H, dddJyy = 1.1,
129.4 (s, aromatic), 131.7 (dpc = 26.1 Hz, aromatic), 132.3 (d, 4.9, and 7.1 Hz), 6.83 (2H, ¥J4 = 7.8 Hz, aromatic) 6.85 (1H,
Jpc = 13.5 Hz, aromatic), 144.9 (#gsocarbon of the aryl group), d, 3Jun = 1.9 Hz, ylidene backbone), 6.92 (3H, m, aromatic), 7.03
190.4 (s, NCN). 3P{H} NMR 6 (CD;Cly): 32.7 [s, PPhCH;- (1H, br s, aromatic), 7.09 (1H, dyy = 1.6 Hz, aromatic), 7.11
ylid)PdMey]. Anal. Found: C, 63.71; H, 6.38; N, 4.75. Calcd for  (1H, m, aromatic), 8.14 (2H, ddyy = 1.1 Hz, 3.8 Hz, aromatic),
CsoHz7/NoPPd: C, 63.99; H, 6.62; N, 4.98. X-ray-quality crystals 8.42 (2H, d,Juy = 2.2 Hz, aromatic), 9.33 (2H, dpyy = 8.2 Hz,
were grown by slow diffusion of petroleum ether into a THF aromatic).3C{*H} NMR ¢ (dg-toluene): —0.4 (s, P€Hs), 22.1
solution of the complex. (s, CHCHz3),), 24.1 (s, CHCHa),), 26.5 (s, CHCH3),), 27.3 (s,
(k*-C—N)Pd(CHa),, 2a.To a solution of 0.080 g (0.317 mmol)  CH(CH3)), 28.6 (s,CH(CHa)z), 28.8 (s,CH(CHg)y), 117.1 (s,
of Pd(tmeda)Mg in 30 mL of THF at—78 °C was added a  Ylidene backbone), 119.1 (ylidene backbone), 121.3 (s aromatic),
precooled solution of 0.135 g (0.443 mmol, 1.4 equiv) of the free 123.8 (s, aromatic), 124.7 (s, aromatic), 125.2 (s, aromatic), 130.7
carbene in the same solvent (10 mL). The reaction mixture was (S, aromatic), 138 (s, aromatic), 138.9 (s, aromatic), 145.7 (s,
allowed to reach room temperature slowly overnight. After removal aromatic), 147 (s, aromatic), 148.6 (s, aromatic), 152.2 (s, aromatic),
of the volatiles under reduced pressure the pale yellow solid residue200.1 (s, XEN). Anal. Found: C, 67.61; H, 7.16; N, 11.01. Calcd
was washed with light petroleum (10 mL) and cold ethe8( °C, for CsHs:NePd: C, 67.50; H, 7.01; N, 11.25. Colorless crystals
5 mL) to give the product. Yield: 0.050 g (42%). The product Were grown, by cooling a saturated solution of the compound in
deposits Pd black after prolonged exposure to toluene or dichlo- toluene to 5°C.

romethane!H NMR ¢ (CD.Cly): 0.01 (3H, s, Pd€3), 0.12 (3H, [(C—N)Pd(methallyl)](BPhy), 4. A precooled 78 °C) solution
s, Pd®3), 1.09 (6H, d,3Juy = 6.9 Hz, CH(GH3),), 1.21 (6H, d,  of (C—N) (61 mg, 0.20 mmol) in THE was added to a cotd78
3Jun = 6.9 Hz, CH(GHg),), 2.73 (2H, sept3Jyy = 6.9 Hz, °C) solution of 40 mg (0.10 mmol) of Pdf-methallyl)CI} in the

CH(CHy),), 6.91 (1H, d,2Jun = 1.5 Hz, ylidene backbone), 7.22  same solvent. The mixture was allowed to reach room temperature
(2H, distorted dddJun = 5.7, 5.4, and 7.6 Hz, pyridine), 7.31 (2H, and stirred for 20 min, and then solid NaBR&8 mg, 0.20 mmol)

d, 3Jyn = 7.9 Hz, aromatic), 7.52 (1H, ¥Juy = 7.9 Hz, aromatic), was added in one portion. After stirring for an additional 15 min
7.92 (1H, distorted dddlyy = 1, 0.7, and 8.2 Hz, pyridine), 8.06  the volatiles were removed under reduced pressure and the solid
(1H, d,3J4ny = 1.5 Hz, ylidene backbone), 9.18 (br dt, 1H, pyridine). residue was dissolved in GHEI, and filtered through Celite. The
13C{H} NMR 0 (CD,Cly): —0.1 (s, P€Hs3), 0.0 (s, P€H3), 21.7 organic filtrate was evaporated to dryness. Yield: 110 mg (69%).
(s, CHCHa)2), 22.2 (s, CHCH3)2), 26.9 (s,CH(CHzs),), 118.9 (s, Colorless X-ray-quality crystals were obtained by layering &-CH
ylidene backbone), 120.4 (s, ylidene backbone), 121.4 (s, aromatic),Cl, solution with light petroleum!H NMR ¢ (CD,Cl): 1.11-
122.1 (s, aromatic), 123.7 (s, aromatic), 128.3 (s, aromatic), 141.51.23 (12H, m, CH(®l3),), 1.82 (3H, s, CHCCH3CH,), 2.01-2.41

(s, aromatic), 143.8 (s, aromatic), 144.1 (s, aromatic), 145.5 (s, (4H, br m, GH(CHjs), and (H,CCH;CH,), 3.25 (1H, s, CHCCH;-
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CHH), 4.12 (1H, s, CHCCH;CHH), 6.84 (2H, tt,Jyy = 1.3 Hz,
8.5 Hz, aromatic), 7.09 (4H, two coinciding @4 = 7.4 Hz, 7.5
Hz, aromatic), 7.12 (1H, &)y = 2.1 Hz, ylidene backbone), 7.35
(12H, br m, aromatic), 7.55 (1H, br t, aromatic), 8.17 (4H, m,
aromatic), 8.45 (1H, d3Jyy = 2.1 Hz, ylidene backbone), 8.51
(1H, ddd,Jyy = 0.8 Hz, 1.7 Hz, 5.4 Hz, aromatic®C{1H} NMR

0 (CD.Cly): 22.? (s, CHCH3),), 22.1 (s, CHCHz3),), 22.4 (s,
CH,CCH3CHy), 23.8 (s, CHCHz3),), 24.1 (s, CHCHz),), 27.2 (s,
CH(CHa),), 27.3 (s,CH(CHa),), 48.1 (s,CH,CCH;CH,), 52.5 (s,
CH,CCH;CHy), 118.1 (s, ylidene backbone), 119 (ylidene back-
bone), 121.3 (s aromatic), 123.7 (s, aromatic), 124.8 (s, aromatic),

Danopoulos et al.

H(OERL){ B[(3,5-CR),CeH2]4} (92 mg, 1 equiv), and dert-bu-
tylpyridine (9 uL, 1 equiv). Yield: 110 mg (68%)*H NMR 0o
(CD,Cl,): —0.09 (3H, d3Jpy = 2.6 Hz, PdC13), 0.92 (6H, d2Jun
= 6.8 Hz, CH(CH3)2), 1.01 (6H, d,sJHH = 6.8 Hz, CH(CH3)2),
1.22 (9H, s, 4Bu-pyridine), 2.30 (2H, septiyy = 6.7 Hz,
CH(CHg),), 4.93 (2H, d2Jpy = 6.6 Hz, [PPRCH,-ylidene]PdMe-
(4-tBu-py)"), 7.01 (4H, m, aromatic), 7.33 (2H, m, aromatics), 7.46
(10H, m, aromatics), 7.79 (11H, m, aromatics), 8.01 (2Hxgd,=
4.5 Hz, aromatics)3C{*H} NMR 6 (CD,Cl,): 1.9 (s, P€Hy),
23.2 (S, CHCHg)z), 25.1 (S, CHcHg)z), 28.6 (S, 4-@H3)3—
pyridine), 30.2 (sCH(CHy),), 53.6 (d,.Jpc = 48.9 Hz, [PPHCH,-

125.3 (s, aromatic), 125.7 (s, aromatic), 126.3 (br s, aromatic), 127.2ylidene]PdMe(4-tBu-py)), 117.8 (s, ylidene backbone), 122.7 (s,

(s, aromatic), 127.9 (s, GECH;CH,), 128.8 (s, aromatic), 132.5
(s, aromatic) 138.1 (s, aromatic), 139.2 (s, aromatic), 145.7 (s,
aromatic), 146.6 (s, aromatic), 149.4ifsoaromatic to aryl group).
Anal. Found: C, 73.11; H, 6.19; N, 5.21. Calcd farg8soN3;BPd:
C, 73.33; H, 6.41; N, 5.35.

[(C~P)Pd(methallyl)](BPhs), 5. A precooled solution of the
ligand PAC generated from 212 mg (0.41mmol) of KB)H]*Br-
and 89 mg (0.45 mmol) of KN(SiMg, as described above was
added to a solution of 80 mg (0.20 mmol) of Pgfmethallyl)-
Cl], in THF. After completion of the addition the reaction mixture
was allowed to reach room temperature and stirred for 1 h. Addition
of solid NaBPRh (137 mg, 0.40 mmol) was followed by removal

ylidene backbone), 123.1 (s, aromatic), 124.3 (s, aromatic), 126.3
(s, aromatic), 126.8 (br s, aromatic), 128.9 (s, aromatic), 129.2 (s,
aromatic), 129.5 (s, aromatic), 129.8 §dc = 15.2 Hz, aromatic),
130.3 (s, aromatic), 130.9 (s, aromatic), 132.8 (s, aromatic), 133.5
(d, Jpc = 20.0 Hz, aromatic), 135.2 (s, aromatic), 145.6 (s,
aromatic), 150.1 (s, aromatic), 163.1 {dcr = 49.9 Hz,CF3 s).
31P{1H} NMR 6 (CD.Cly): 53.8 (s, PPhCH,-ylidene]PdMe(4-
tBu-py)"). ¥F{H} NMR ¢ (CD,Cly): —63.1 (s, &3). Anal.
Found: C, 54.25; H, 3.22; N, 2.50. Calcd forg8ssN3F.4.BPPd:
C, 54.51; H, 3.59; N, 2.72.

[(C—N*Pd(CH3)(py)] T[BAr 4], 7. This was prepared follow-
ing the general method starting from 0.080 g (0.18 mmol2imf

of the volatiles under reduced pressure extraction of the residue in0-1659 (1 equiv) of [H(OE)] T{B[(3,5-CF3)2CsHz]4} ~, and 15uL

CH,ClI,, filtration through Celite, and evaporation of the solvents
from the organic filtrates. Yield: 90 mg (90%). Colorless X-ray-
quality crystals were grown by layering a @El, solution with
ether.!H NMR 6 (CD,Cl,): 0.71-0.89 (12H, m, CH(El3),), 1.35
(3H, s, CHCCH3CH,), 2.28-2.37 (2H, m, GZ{HCCH;CH, and
CH(CHgy),), 2.43 (1H, septilyy = 6.8 Hz, GH(CHy),), 2.91-3.09
(3H, m, CHHCCHCH, and [(PPhCH,CH,ylid)Pd(;3-methal-
lyD] "), 3.12 and 3.73 (each 1H, br s, GECH,CH,), 4.82 (2H, m,
[(PPRCH,CH,ylid)Pd@z3-methallyl)["), 6.91 (1H, s, ylidene back-
bone), 7.1+7.33 (6H, m, aromatic), 7.35 (5H, br d, aromatic),
7.52 (12H, br s, aromatic), 7.617.72 (10H, m, aromatic), 8.17
(1H, s, ylidene backbone®C{H} NMR ¢ (CD.Cl,): 21.9 (s, CH-
(CHa),), 22.5 (s, CHCH3),), 22.3 (s, CHCCH3CH,), 23.9 (s, CH-
(CH3)2), 24.2 (S, CHCHg)z), 26.5 (d,lJpC: 27.9 Hz, [(PPIECHz-
CHy-ylid)Pd(@3-methallyl)]CI), 27.4 (s, CH(CHs)2), 27.6 (s,
CH(CHg)y), 47.? (sCH,CCHsCHy), 62.5 (d,2Jpc = 9.1 Hz, [(PPh-
CH,CHy-ylid)Pd(73-methallyl)]), 68.4 (d,Jpc = 30.3 Hz, CH-
CCH;CHy), 117.6 (s, ylidene backbone), 122.8 (s, ylidene back-
bone), 123.1 (s, aromatic), 124.2 (dc = 3.6 Hz, aromatic), 125.8
(s, aromatic), 127.7 (s, GECH3;CH,), 127.9 (s, aromatic), 128.2
(d, Jpc = 11.7 Hz, aromatic), 128.6 (br s., aromatic), 129.9 (s,
aromatic), 130.3 (dJpc = 8.6 Hz), 131.2 (br s, aromatic), 133.2
(s, aromatic), 134.4 (br s, aromatic), 134.9 (s, aromatic), 135.2 (s,
aromatic), 149.6 (spsoaromatic to aryl group**P{H} NMR ¢
(CDClp): 22.3 (s, [PPhCH,CH,-ylid)Pd(3-methallyl)["). Anal.
Found: C, 74.05; H, 6.28; N, 2.89. Calcd fogHeN-BPPd: C,
74.31; H, 6.56; N, 3.04.

General Method for the Synthesis of the Cations 6 and 7.
Two separate Schleck tubes were charged undewith 1 equiv
of the dimethyl complex and the acid [H(GEt{B[(3,5-
CFRs)2CeH2]4} ~. The solids were dissolved in GAI,, the solutions
were cooled to—-78 °C, and the acid was added dropwise to the
dimethyl complex. Upon addition, the color changed from yellow
to almost colorless. The reaction mixture was allowed to warm to
—40 °C, when 1.1 equiv of dry-degassed pyridine derivative was
added by means of a microsyringe. Then the mixture was allowed
to reach room temperature slowly and stirred for 30 min. Removal
of the volatiles under reduced pressure and washing of the solid
residue with petroleum ether gave the pure cation, which was dried
under vacuum.

[(CAP)Pd(CHz)(But-py)] [BAr F4]~, 6. This was prepared fol-
lowing the general method starting frol(55 mg, 0.098 mmol),

(1.1 equiv) of pyridine. Yield: 0.200 g (82%3H NMR 6 (CD,-

Cly): —0.09 (3H, s, PdChH), 1.01 (6H, d,3J4y = 6.9 Hz, CH-
(CHg)p), 1.09 (6H, d )y = 6.9 Hz, CH(CH),), 2.61 (2H, sept,
8Jun = 6.9 Hz, CH(CH),), 2.74 (3H, s, 3-Chlpyridine backbone),
7.13 (1H, d,%J4y = 2.2 Hz, ylidene backbone), 7.20 (1H, m,
aromatics), 7.33 (3H, m, aromatics), 7.53 (6H, br s, aromatics),
7.71 (9H, br s, aromatics), 7.86 (1H, dihy = 1.0 Hz, 7.7 Hz,
aromatic), 7.91 (1H, br s, aromatic), 8.07 (1H2d,4 = 2.2 Hz,
ylidene backbone), 8.54 (2H, dd,y = 1.5 Hz, 6.2 Hz, aromatic).
13C{1H} NMR 6 (CD,Cly): 7.7 (s, PdCH), 21.5 (s, CH(CH)y),

23.8 (s, 3-CH pyridine backbone), 25.2 (s, CH(GH), 29.4 (s,
CH(CHg),), 118.2 (s, ylidene backbone), 119.8 (s, ylidene back-
bone), 121.3 (s, aromatic), 124.0 (s, aromatic), 124.2 (s, aromatic),
124.6 (s, aromatic), 125.0 (s, aromatic), 126.7 (s, aromatic), 127.2
(s, aromatic), 129.8 (¢Jcr = 30.2 Hz), 131.7 (s, aromatic), 135.1
(s, aromatic), 135.6 (s, aromatic), 139.8 (s, aromatic), 145.5 (s,
aromatic), 145.8 (s, aromatic), 146.1 (s, aromatic), 151.8 (s,
aromatic), 162.3 (quart)cr = 49.7 Hz, CR s). 1%{1H} NMR ¢
(CD.Cly): —62.8. Anal. Found: C, 51.02; H, 3.12; N, 3.92. Calcd
for CsgHasN4F24BPd: C, 51.23; H, 3.28; N, 4.05. Colorless crystals
of 8 were grown by slow diffusion of petroleum ether in an ether
solution.

X-ray Crystallography. A summary of the crystal data, data
collection, and refinement for compountis2b, 3, 4, 5, and7 are
given in Table 1.

All data sets were collected on a Enraf-Nonius Kappa CCD area
detector diffractometer with an FR591 rotating anode (Mo/Ka
radiation) and an Oxford Cryosystems low-temperature device
operating inw scanning mode withy andw scans to fill the Ewald
sphere. The programs used for control and integration were Collect,
Scalepack, and Den26The crystals were mounted on a glass fiber
with silicon grease, from Fomblin vacuum oil. All solutions and
refinements were performed using the WinGX packéged all
software packages within. All non-hydrogen atoms were refined
using anisotropic thermal parameters, and hydrogens were added
using a riding model.

Computational Details. All calculations employed the Gaussian
98 progran® and used DFT calculations with the BP86 functional
throughout. The same approach was used for both models 1 and 2.

(17) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 83.
(18) Frisch M. J.; et alGaussian 98Revision A.11.4; Gaussian, Inc.:
Pittsburgh, PA, 2001.
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Pd and P centers were described using the Stuttgart RECPs andC~P)Pd(CH)(py)]". Transition states located with model 2 were,
the associated basis s&t§or P an extra set of d-orbital polarization  however, fully characterized and show one unique imaginary
functions was added;{ = 0.387)?° 6-31G** basis sets were used  frequency.

for C, N, and H atom3! For model 1 all stationary points were

characterized as minima by computation of the Hessian matrix (all - Acknowledgment. We thank Johnson Matthey Catalysts, the
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