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[Pd(NHC)(allyl)Cl] Complexes: Synthesis and Determination of the NHC
Percent Buried Volume (%Vbur) Steric Parameter
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Complexes of palladium bearing NHC ligands (NHC=N-het-
erocyclic carbene) were synthesized and fully characterized.
The [Pd(NHC)(allyl)Cl] series was obtained by simple cleav-
age of [Pd(allyl)Cl]2 by using either the isolated free NHC or
the in situ generated NHC. The NHC ligand sterics were var-
ied by introduction of groups attached to the C4–C5 carbon
atoms of the NHC backbone. Results of the X-ray diffraction

Introduction

N-heterocyclic carbene (NHC)-containing transition-
metal complexes have attained a special status in organome-
tallic chemistry.[1] Thus, they are now recognized to pro-
mote efficiently various reactions such as ruthenium-medi-
ated metathesis,[2] copper-catalyzed cycloaddition and
hydrosilylation,[3] gold-assisted transformations,[4] cross-
coupling reactions using palladium complexes,[5] among
others. Even if NHC ligands were initially considered as
simple tertiary phosphane mimics in organometallic chem-
istry,[6] there is growing evidence highlighting the fact that
NHC–metal catalysts can surpass their phosphane-based
counterparts in both activity and scope.[1] Recent studies
have described NHCs as being a very versatile class of li-
gands due to their interesting and tunable steric and elec-
tronic properties.[7] These ligands have several advantages
over the commonly used tertiary phosphanes, as they have
been found to greatly stabilize reactive intermediates, dis-
play higher thermal stability, and show good resistance to
dissociation from the metal center. Particularly in the area
of palladium-mediated cross-coupling reactions, NHC-con-
taining Pd catalysts[5] have proven to be an excellent alter-
native to catalytic systems involving tertiary phosphanes.[8]

The σ-donating character of NHC ligands allows the syn-
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study permitted determination of the NHC steric parameters
within this series. It was observed that the NHC backbone
induces variations in its percent buried volume (%Vbur) as a
function of the N-substituents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

thesis of well-defined, air- and moisture-stable NHC-bear-
ing palladium(II). Moreover, NHC ligands provide stabili-
zation of the low-coordinated catalytically active Pd0 spe-
cies, thus minimizing its degradation and side reactions.
This has translated into the development of a number of
structurally diverse NHC–Pd complexes adopting a dimeric
structure,[9] or bearing an allyl,[10] cinnamyl,[11] palladacy-
cle,[12] pyridine,[13] or acetylacetonato (acac)[14] ligand that
exhibits good to excellent catalytic performance in numer-
ous cross-coupling reactions.

In order to develop ever more efficient catalytic systems,
a comprehensive study of the steric and electronic param-
eters (σ-donor and π-acceptor properties) associated with
NHCs appears fundamental. By using the [Ni(NHC)-
(CO)3] system[14] (in a manner analogous to the seminal
work of Tolman on tertiary phosphanes)[16] but also the
[Ir(NHC)(CO)2Cl] complexes,[17] it has been possible to
quantify both the NHC steric parameter θ and an electronic
parameter ν. Little difference between the NHCs themselves
was observed, showing the weak influence of N-substitu-
ents on electronic properties. However NHCs with chlorine
atoms in their backbone or the triphenyltriazolylidene
(TPT) group were found to be significantly less donating;
unfortunately, their steric parameters were not deter-
mined.[17] In order to better define the steric pressure
brought about by the use of NHC ligands, a model was
proposed to measure the steric bulk of the NHC (“percent
buried volume” or %Vbur) defined as the volume of a sphere
with given dimensions that is occupied by atoms comprising
the ligand.[18] This %Vbur is calculated from crystallo-
graphic data. In contrast, through calorimetric studies, it
was shown that electronic and steric effects are intimately
related and difficult to separate.[19] For these reasons, we
thought it was important to explore if changes on the NHC
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backbone, which can lead to effective tuning of electronic
properties, could also influence ligand steric bulk. Here, we
report on the synthesis of a series of new [Pd(NHC)(allyl)-
Cl] complexes that include substitution on the NHC back-
bone. X-ray diffraction studies permit the determination of
the steric parameter, %Vbur, associated with each NHC li-
gand. For convenience, the structures of the NHC ligands
examined in this work are depicted in Figure 1.

Figure 1. Structures of the NHCs investigated in this study.

Results and Discussion

We have been interested in [Pd(NHC)(allyl)Cl] complexes
2 for a number of reasons. First, these complexes can be
synthesized straightforwardly by using either the free car-
bene by simple cleavage of the dimer [Pd(allyl)Cl]2 (1)
[10a,10b,10d] through silver-mediated transmetallation from
[Ag(NHC)X] 3[20] or by using the imidazolium salt, which
can be deprotonated in situ with a base and then treated
with 1[10c,21] (Scheme 1). Besides the fact that they are ef-
ficient precatalysts in various cross-coupling reactions,[10]

these complexes can also be converted into other Pd-based
complexes (Scheme 1). By protonolysis of the allyl group
with HCl, [Pd(NHC)Cl2]2 complexes 4 can be obtained.[9]

Reduction of [Pd(NHC)(allyl)Cl] with KOtBu generates
[Pd0(NHC)], which can be subsequently trapped by an ad-
ditional ligand L to give [Pd(NHC)(L)] series 5.[22] More-
over, chlorine abstraction by using silver salts leads to the
preparation of cationic complexes [Pd(NHC)(allyl)(S)]X 6
where S = solvent.[23]

The series of [Pd(NHC)(allyl)Cl] 2b, 2e, and 2j complexes
was synthesized in excellent to quantitative yield by using
the free carbene in slight excess and dimer [Pd(allyl)Cl]2 1
(Scheme 2). Complexes 2a, 2d, 2g, 2i, and 2l were obtained
in moderated to good yields by using the in situ protocol
followed by silica gel chromatography, which is a good testi-
mony of the stability of such complexes. The synthesis of
2c, 2f, 2h, and 2k were previously described.[10c] The 1H
NMR spectra of complexes 2b, 2d–e, and 2i–j show the ab-
sence of a low-field resonance around 7 ppm, correspond-
ing to the imidazole protons of the nonsubstituted NHC
ligand analogues such as 2a. Complexes 2g and 2l bearing
NHCs possessing a methyl-substituted saturated backbone
were found to exist in two diastereoisomeric forms with a
cis/trans ratio of 40:60. Of note, for the syntheses of 2g and
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Scheme 1. Syntheses and applications of [Pd(NHC)(allyl)Cl] 2.

2l, imidazolium salts were used as a mixture of dia-
stereomers, and we noticed that the cis/trans ratio was
maintained during the synthesis of the complexes. Unfortu-
nately, these diastereomers could not been separated. The
13C NMR spectra of the unsaturated complexes have a
characteristic resonance for the carbenic carbon atom
around 180–190 ppm, whereas the resonance for the carb-
enic carbon atom of the saturated complexes (2g and 2l) is
found at lower field, around 210 ppm.

Scheme 2. Synthesis [Pd(NHC)(allyl)Cl] 2a–j.

Single-crystal X-ray diffraction was used to unambigu-
ously determine the atom connectivity (Table 3). Ball-and-
stick representations are shown in Figure 2. As depicted by
their solid-state structures, palladium complex 2g was ob-
tained as the cis diastereomer, whereas 2l was obtained as
the trans diastereomer. For those complexes, the expected
distorted square-planar coordination around the palladium
center was observed. Bond lengths and angles in the com-
plexes are rather unexceptional (Table 1). The value of the
NHC–Pd–Cl angle (91–99°) indicates a mutual cis arrange-
ment of the chloride anion and the NHC. The allyl group
binds the palladium in a η3 fashion with Pd–C lengths in
the range 2.10–2.20 Å, which is similar to those reported
for similar complexes.[10c] The longest distance belongs to
the Pd–Callyl bond opposite the carbene; this is due to the
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Figure 2. Ball-and-stick representation of the [Pd(NHC)(allyl)Cl]
complexes. Most hydrogen atoms are omitted for clarity.

Table 1. Selected bond lengths [Å], angles [°], and torsion angles [°] for [Pd(NHC)(allyl)Cl] 2.

2a 2b 2d 2e 2g 2i 2j 2l

Bond lengths [Å]

Pd(1)–C(1) 2.0438(10) 2.0285(12) 2.0306(16) 2.0366(11) 2.003(17) 2.0415(14) 2.0276(13) 2.041(2)
Pd(1)–Cl(1) 2.3734(3) 2.3596(3) 2.3560(4) 2.3556(3) 2.326(5) 2.3492(6) 2.3518(5) 2.3474(8)
Pd(1)-allyl 2.109(2) 2.1084(17) 2.1067(18) 2.1114(14) 2.096(16) 2.117(3) 2.111(2) 2.124(3)

2.1011(14) 2.120(2) 2.1386(19) 2.1505(14) 2.108(18) 2.123(3) 2.119(10) 2.150(4)
2.144(2) 2.1706(17) 2.1943(18) 2.1905(13) 2.170(17) 2.186(2) 2.133(2) 2.196(3)

2.1821(13) 2.180(6) 2.1706(18)

Bond angles [°]

C(1)–Pd(1)–Cl(1) 94.27(3) 95.39(4) 96.21(4) 96.44(3) 99.4(4) 97.99(5) 91.36(4) 92.28(4)
C(1)–Pd(1)–allyl 98.84(5) 96.93(6) 98.46(7) 98.24(5) 97.3(6) 99.27(10) 102.73(7) 103.38(11)

167.15(5) 164.83(7) 166.85(6) 166.63(5) 165.6(6) 168.76(11) 170.10(8) 166.63(12)
N(1)–C(1)–N(2) 103.84(9) 102.80(10) 103.86(13) 104.88(10) 105.1(14) 104.13(12) 104.83(11) 108.02(18)

Torsion angle [°]

N(1)–C(2)–C(3)–N(2) 0.28(15) –1.25(15)[a] 0.47(17) 0.07(14) –4(3) 0 2.04(16) –35.8(5)

[a] For 2b, C(2) is replaced by N(3).
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strong trans effect of the NHC ligand. For all NHC ligands,
the Pd–C carbenic bond length is included in the narrow
2.00–2.04 Å range. Because it has been reported that IM-
esCl, IPrCl, and TPT exhibit a lower donating ability on the
NHC scale,[17b] we expected more important differences. It
is interesting to note that neither the nature of the N-sub-
stituents[10] nor the substitution of the NHC backbone
seems to alter the Pd–NHC bond length. Noteworthy, a
significant tilt of the aromatic N-substituents of the NHC
was observed only for complexes 2a and 2b, that is, those
containing the weakly congested phenyl groups.

In order to gain insight into the NHC geometry and into
the NHC steric parameter, we examined more closely the
planarity of the imidazolidene ring, that is, the N(1)–C(2)–
C(3)–N(2) torsion angle (Table 1). As anticipated, the un-
saturated NHC ligand showed a negligible degree of devia-
tion due to the presence of sp2 carbon or nitrogen atoms.
Although SIMesMe also presented good planarity, SIPrMe

was found particularly distorted (35°, and only 20° for
SIPr). We believe the difference between SIMesMe and
SIPrMe is more a result of the cis/trans diastereomer found
for these complexes than any influence of the N-substitu-
ents.

To measure the steric factors characterizing these NHC
ligands, we calculated the volume of a sphere, centered on
the metallic center, occupied with atoms of the NHCs. This
value we refer to as %Vbur. The volume of this sphere repre-
sents the potential coordination sphere space around the
metal that can be occupied by ligands. Consequently, the
more-crowded NHCs would have a greater %Vbur value. We
examined the DFT-optimized geometries of the free ligands
by using software developed by Cavallo and co-workers,
which is now available online as a user-friendly version.[24]

Crystallographic information files (CIF) were easily trans-
formed into Cartesian files (such as Crystalmaker
Chem3D) by keeping only the atomic coordinates of ele-
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ments belonging to the NHC ligand. These were used as
raw data for %Vbur calculations with a distance of 2 Å for
the metal–ligand bond. A compilation of %Vbur values is
presented in Table 2.

Table 2. Steric parameter buried volume (%Vbur) calculated for the
NHC in [Pd(NHC)(allyl)Cl] complexes.

Entry Complex NHC %Vbur

1 2a IPh 28.1
2 2b TPT 27.0
3 2c IMes 26.5
4 2d IMesMe 27.0
5 2e IMesCl 27.0
6 2f SIMes 27.5
7 2g SIMesMe 27.7
8 2h IPr 26.1
9 2i IPrMe 25.8
10 2j IPrCl 30.1
11 2k SIPr 33.0
12 2l SIPrMe 32.4

Burial volumes of the studied NHCs span the range from
25.7 to 33.0%. The triazolylidene TPT (Table 2, Entry 1)
was found to be slightly larger than IPh, bearing the same
N-phenyl groups (Table 2, Entry 2). The substituted back-
bone of TPT might hinder the distortion observed for the
phenyl rings observed for IPh. Surprisingly, no effect on
buried volumes for mesityl-containing NHCs was calcu-
lated (Table 2, Entries 3–7), showing a weak influence of
backbone substitution on the NHC steric parameter. In
contrast, calculations performed on 2,6-diisopropylphenyl–
NHC revealed noticeable fluctuations (Table 2, Entries 8–
12). Whereas introduction of methyl groups led to un-
changed values of %Vbur for IPr, chlorine atoms demon-
strated a noticeable increase in the value of Vbur by 4%.
Furthermore, the values obtained for SIPr and SIPrMe

point to a larger steric bulk of saturated NHCs and methyl-
ation of the backbone shows little influence.

Conclusions

In summary, we described the synthesis and structural
characterization of a series of palladium complexes of the
general formula [Pd(NHC)(allyl)Cl]. To gain insight into
the steric factors governing NHC ligands, with special at-
tention to NHC backbone substituents, the NHC ligands
we employed in this study incorporate methyl and chlorine
groups in the backbone or nitrogen in the ring structure
(triazolylidene carbene). Analysis of the principal bond
lengths in the various Pd–NHC complexes examined reveal
very slight or no variations in ligand sterics. To quantify
the steric factors characterizing these NHCs, calculations
were conducted on the basis of structural data, leading to
steric values measured as %Vbur. Interestingly, the NHC
backbone was found to have an influence on the ligand bur-
ied volume, but only as a function of N-substituents. To
shed light on the NHC buried volume influence on cataly-
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sis, we are presently performing catalytic studies in cross-
coupling reactions in order to establish a structure–activity
relationship. These results will be disclosed in due course.

Experimental Section
General Considerations: All reagents were used as received. Tetra-
hydrofuran (THF) was dispensed from a solvent purification sys-
tem from Innovative Technology. Syntheses of complexes were per-
formed in an MBraun glove box containing dry argon and less
than 1 ppm oxygen or on a Schlenk line. NHC ligands were synthe-
sized by following literature procedures.[25] 1H and 13C NMR spec-
tra were recorded with a Bruker Avance 400 Ultrashield NMR
spectrometer. High-resolution mass spectroscopy (HRMS) analyses
were performed at the ICIQ with a Waters LCT Premier spectrome-
ter or a Waters GCT spectrometer. Elemental analyses were per-
formed at the Universidad Complutense de Madrid. X-ray data see
Table 3.

[Pd(IPh)(allyl)Cl] (2a): A Schlenk flask was charged with a stirring
bar, 1 (293 mg, 0.8 mmol), the imidazolium salt IPh·HBF4 (616 mg,
2 mmol), and KOtBu (270 mg, 2.4 mmol). Three purge–vacuum–
refill cycles were performed before adding dry THF (20 mL). The
resulting mixture was stirred at room temperature for 6 h. The reac-
tion mixture was concentrated, loaded directly onto a silica gel col-
umn, and purified by flash chromatography (ether). The complex
was then recrystallized from dichloromethane (DCM)/pentane to
afford a white solid (380 mg, 59% yield). 1H NMR (400 MHz,
CDCl3): δ = 7.98 [d, 3J(H,H) = 7.7 Hz, 4 H, HAr], 7.50 [t, 3J(H,H)
= 7.9 Hz, 4 H, HAr], 7.45–7.41 (m, 4 H, HAr and HIm), 4.90–4.84
(m, 1 H, Hallyl), 4.11 [dd, 3J(H,H) = 7.4 Hz, 4J(H,H) = 1.8 Hz, 1
H, Hallyl], 3.01 [d, 3J(H,H) = 13.5 Hz, 1 H, Hallyl], 2.95 [d, 3J(H,H)
= 6.6 Hz, 1 H, Hallyl], 1.77 [d, 3J(H,H) = 11.8 Hz, 1 H, Hallyl] ppm.
13C NMR (100 MHz, CDCl3): δ = 182.2 (C, N-C-N), 140.2 (C,
CPh), 129.2 (CH, CHPh), 128.4 (CH, CHPh), 124.9 (CH, CHPh),
122.4 (CH, CHIm), 114.1 (CH, Callyl), 71.6 (CH2, Callyl), 48.8 (CH2,
Callyl) ppm. HRMS (ESI): calcd. for C18H17ClN2NaPd [M + Na]+

425.0013; found 425.0017. C18H17ClN2Pd (403.21): calcd. C 53.62,
H 4.25, N 6.95; found C 53.48, H 4.21, N 6.97.

[Pd(TPT)(allyl)Cl] (2b): In a glove box, a scintillation vial was
charged with a stirring bar triazolylidene (2.67 g, 9.0 mmol), dry
THF (20 mL), and 1 (1 g, 2.7 mmol), and the mixture was stirred
at room temperature for 2 h. Outside of the glove box, the solvent
was evaporated in vacuo, and the remaining solid was triturated
with pentane and collected by filtration through a sintered frit in
air. The complex was then recrystallized from DCM/pentane to
afford a white solid (3.25 g, 85% yield). 1H NMR (400 MHz,
CDCl3): δ = 8.41 [d, 3J(H,H) = 7.7 Hz, 2 H, HAr], 7.66 (s, 4 H,
HAr), 7.52 [t, 3J(H,H) = 7.7 Hz, 2 H, HAr], 7.48–7.44 (m, 7 H, HAr),
7.36 [d, 3J(H,H) = 7.4 Hz, 2 H, HAr], 4.98–4.96 (m, 1 H, Hallyl),
4.19 [d, 3J(H,H) = 7.1 Hz, 1 H, Hallyl], 3.15 [d, 3J(H,H) = 6.1 Hz,
1 H, Hallyl], 3.07 [d, 3J(H,H) = 13.5 Hz, 1 H, Hallyl], 3.15 [d,
3J(H,H) = 11.4 Hz, 1 H, Hallyl] ppm. 13C NMR (100 MHz, CDCl3):
δ = 187.0 (C, N-C-N), 153.6 (C, CAr), 139.6 (C, CAr), 137.2 (C,
CAr), 130.8 (CH, CHAr), 129.6 (CH, CHAr), 129.4 (CH, CHAr),
129.0 (CH, CHAr), 128.9 (CH, CHAr), 128.7 (CH, CHAr), 128.6
(CH, CHAr), 127.6 (CH, CHAr), 124.8 (C, CAr), 123.2 (CH, CHAr),
114.6 (CH, Callyl), 72.1 (CH2, Callyl), 50.6 (CH2, Callyl) ppm. HRMS
(ESI): calcd. for C23H20N3Pd [M – Cl]+ 444.0692; found 444.0692.
C23H20ClN3Pd (480.30): calcd. C 57.52, H 4.20, N 8.75; found C
57.20, H 4.32, N 8.57.

[Pd(IMesMe)(allyl)Cl] (2d): A Schlenk tube was charged with a stir-
ring bar, 1 (176 mg, 0.5 mmol), the imidazolium salt IMesMe·HBF4
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Table 3. Crystallographic data for the [Pd(NHC)(allyl)Cl] complexes.

2a 2b 2d 2e

Chemical formula C18H17ClN2Pd C23H21ClN3Pd C26H33ClN2Pd C24H27Cl3N2Pd
Fw 403.19 481.28 515.39 556.23
Space group P21/n P212121 P212121 P212121

Crystal system monoclinic orthorhombic orthorhombic orthorhombic
a [Å] 12.5911(3) 6.5033(2) 9.9528(3) 9.9696(6)
b [Å] 7.7151(2) 16.3290(4) 14.4363(5) 14.2759(9)
c [Å] 16.7517(14) 19.2449(4) 16.6477(6) 16.5092(11)
α [°] 90 90 90 90
β [°] 95.9000(10) 90 90 90
γ [°] 90 90 90 90
Z 4 4 4 4
Dcalcd. [gcm–3] 1.654 1.564 1.431 1.572
µ (Mo) [mm–1] 1.308 1.052 0.902 1.145
F(000) 808 972 1064 1128
θ range [°] 2.91 to 39.35 3.41 to 37.73 2.77 to 39.81 3.20 to 39.28
No. of reflections collected 27646 23551 32904 22055
No. of unique reflection / Rint 8679 / 0.0205 10018 / 0.0251 13619 / 0.042 11492 / 0.0307
No. of parameters / restraints 209 / 0 263 / 0 279 / 0 297 / 0
Final R indices [I�2σ(I)] R1 = 0.0225, wR2 = 0.0602 R1 = 0.0240, wR2 = 0.0605 R1 = 0.0353, wR2 = 0.0763 R1 = 0.0228, wR2 = 0.0578
R indices (all indices) R1 = 0.0251, wR2 = 0.0616 R1 = 0.0261, wR2 = 0.0615 R1 = 0.0410, wR2 = 0.0788 R1 = 0.0237, wR2 = 0.0581
Goodness-of-fit on F2 1.062 0.932 0.999 1.061
Peak and hole [eÅ–3] 1.326 and –0.902 0.855 and –0.4451 1.897 and –0.526 1.394 and –0.668

2g 2i 2j 2l

Chemical formula C26H35ClN2Pd C32H45ClN2Pd C30H39Cl3N2Pd C32H47ClN2Pd
Fw 517.41 599.55 640.38 601.57
Space group Pccn Pnma P21/c Pna21

Crystal system orthorhombic orthorhombic monoclinic orthorhombic
a [Å] 34.136(3) 17.9634(7) 12.8409(15) 22.7172(10)
b [Å] 16.2802(13) 17.4086(5) 12.3222(14) 8.6445(5)
c [Å] 8.8230(7) 9.8961(3) 19.284(2) 15.3732(8)
α [°] 90 90 90 90
β [°] 90 90 96.907(5) 90
γ [°] 90 90 90 90
Z 8 4 4 4
Dcalcd. [gcm–3] 1.402 1.287 1.404 1.342
µ (Mo) [mm–1] 0.881 0.707 0.898 0.725
F(000) 2144 1256 1320 1264
θ range [°] 2.69 to 25.35 3.28 to 40.00 3.26 to 36.62 2.85 to 36.27
No. of reflections collected 34412 41868 31920 29675
No. of unique reflection / Rint 4473 / 0.1206 8886 / 0.0288 14188 / 0.0351 9881 / 0.0271
No. of parameters / restraints 278 / 0 180 / 0 343 / 0 1344 / 31
Final R indices [I�2σ(I)] R1 = 0.1404, wR2 = 0.2815 R1 = 0.0354, wR2 = 0.0913 R1 = 0.0385, wR2 = 0.1031 R1 = 0.0347, wR2 = 0.0878
R indices (all indices) R1 = 0.1500, wR2 = 0.2860 R1 = 0.0444, wR2 = 0.0961 R1 = 0.0466, wR2 = 0.1079 R1 = 0.0419, wR2 = 0.0919
Goodness-of-fit on F2 1.178 1.061 1.0428 1.042
Peak and hole [eÅ–3] 1.380 and –2.612 1.904 and –0.909 2.333 and –1.799 1.504 and –0.710

(500 mg, 1.2 mmol), and KOtBu (168 mg, 1.5 mmol). Three vac-
uum–backfill cycles were performed before adding dry THF
(20 mL), and the mixture was stirred at room temperature for 6 h.
The reaction mixture was concentrated, loaded directly onto a sil-
ica gel column, and purified by flash chromatography (diethyl
ether/pentane, 1:1 to 1:0). The complex was then recrystallized
from DCM/pentane to afford a white solid (240 mg, 48% yield).
1H NMR (400 MHz, CDCl3): δ = 6.97 (s, 4 H, HMes), 4.87–4.77
[m, 1 H, Hallyl], 3.83 [dd, 3J(H,H) = 7.4 Hz, 4J(H,H) = 2.0 Hz, 1
H, Hallyl], 3.21 [d, 3J(H,H) = 6.6 Hz, 1 H, Hallyl], 2.77 [d, 3J(H,H)
= 13.3 Hz, 1 H, Hallyl], 2.33 (s, 6 H, CH3

Mes), 2.18 (s, 6 H, CH3
Mes),

2.15 (s, 6 H, CH3
Mes), 1.90 (s, 6 H, CH3

Mes), 1.88 [d, 3J(H,H) =
11.9 Hz, 1 H, Hallyl] ppm. 13C NMR (100 MHz, CDCl3): δ = 179.8
(C, N-C-N), 138.5 (C, CMes), 135.9 (C, CMes), 135.8 (C, CMes), 134.3
(C, CMes), 129.1 (CH, CHMes), 129.0 (CH, CHMes), 126.0 (C,
CNHC), 114.0 (CH, Callyl), 72.3 (CH2, Callyl), 48.7 (CH2, Callyl), 21.2
(CH3, CMes), 18.3 (CH3, CMes), 18.2 (CH3, CMes), 9.2 (CH3, CNHC)
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ppm. HRMS (ESI): calcd. for C26H33N2Pd [M – Cl]+ 479.1678;
found 479.1702. C26H33ClN2Pd (515.43): calcd. C 60.59, H 6.45, N
5.43; found C 60.28, H 6.35, N 5.40.

[Pd(IMesCl)(allyl)Cl] (2e): In a glove box, a scintillation vial was
charged with a stirring bar, IMes carbene (1.72 g, 5.67 mmol), dry
THF (15 mL), and dry CCl4 (3 mL). The reaction mixture was
stirred 3 h at room temperature before adding 1 (1 g, 2.7 mmol),
and the mixture was stirred at room temperature for 2 h. Outside
of the glove box, the solvent was evaporated in vacuo, and the
remaining solid was triturated with pentane and collected by fil-
tration through a sintered frit in air. The complex was then recrys-
tallized from DCM/pentane to afford a white solid (2.9 g, 97%
yield). 1H NMR (400 MHz, CDCl3): δ = 7.00 (s, 4 H, HMes), 4.91–
4.82 (m, 1 H, Hallyl), 3.91 [dd, 3J(H,H) = 7.4 Hz, 4J(H,H) = 1.8 Hz,
1 H, Hallyl], 3.31 [d, 3J(H,H) = 5.6 Hz, 1 H, Hallyl], 2.83 [d, 3J(H,H)
= 13.4 Hz, 1 H, Hallyl], 2.35 (s, 6 H, CH3

Mes), 2.23 (s, 6 H, CH3
Mes),
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2.21 (s, 6 H, CH3

Mes), 1.88 [d, 3J(H,H) = 12.0 Hz, 1 H, Hallyl] ppm.
13C NMR (100 MHz, CDCl3): δ = 185.7 (C, N-C-N), 139.9 (C,
CMes), 136.1 (C, CMes), 136.0 (C, CMes), 132.9 (C, CMes), 129.3 (CH,
CHMes), 129.2 (CH, CHMes), 118.1 (C, C-Cl), 114.7 (CH, Callyl),
72.6 (CH2, Callyl), 50.8 (CH2, Callyl), 21.2 (CH3, CMes), 18.3 (CH3,
CMes), 18.2 (CH3, CMes) ppm. HRMS (ESI): calcd. for
C24H27N2Cl2Pd [M – Cl]+ 519.0586; found 519.0571.
C24H27Cl3N2Pd (556.26): calcd. C 51.82, H 4.89, N 5.04; found C
51.45, H 4.93, N 5.14.

[Pd(SIMesMe)(allyl)Cl] (2g): A Schlenk tube was charged with a
stirring bar, 1 (183 mg, 0.5 mmol), the imidazolium salt
SIMesMe·HBF4 (506 mg, 1.2 mmol), and KOtBu (168 mg,
1.5 mmol). Three vacuum–backfill cycles were performed before
adding dry THF (15 mL), and the mixture was stirred at room
temperature for 6 h. The reaction mixture was concentrated, loaded
directly onto a silica gel column, and purified by flash chromatog-
raphy (ether). The complex was then recrystallized from DCM/pen-
tane to afford a white solid (350 mg, 68% yield). 1H NMR
(400 MHz, CDCl3): δ = 6.92 (s, 4 H, HMes), 4.76–4.71 (m, 1 H,
Hallyl), 4.53–4.45 (m, 1 H, CH-CH3), 4.40–4.34 (m, 1 H, CH-CH3),
3.79 [dd, 4J(H,H) = 2.1 Hz, 3J(H,H) = 7.5 Hz, 1 H, Hallyl], 3.23 [d,
3J(H,H) = 8.6 Hz, 1 H, Hallyl], 2.71 [d, 3J(H,H) = 13.4 Hz, 1 H,
Hallyl], 2.43 (s, 12 H, CH3

Mes), 2.27 (s, 6 H, CH3
Mes), 1.88 [d,

3J(H,H) = 11.9 Hz, 1 H, Hallyl], 1.31–1.29 (m, 3 H, CH-CH3), 1.21–
1.20 (m, 3 H, CH-CH3) ppm. 13C NMR (100 MHz, CDCl3): δ =
210.9 (C, N-C-N), 137.7 (C, CMes), 137.66 (C, CMes), 137.6 (C,
CMes), 135.0 (C, CMes), 134.7 (C, CMes), 129.6 (CH, CHMes), 129.5
(CH, CHMes), 129.3 (CH, CHMes), 129.1 (C, CMes), 129.0 (C, CMes),
114.5 (CH, Callyl), 72.8 (CH2, Callyl), 66.3 (CH, CH-CH3), 61.9
(CH, CH-CH3), 49.3 (CH2, Callyl), 21.0 (CH3, CMes), 19.6 (CH3,
CMes), 18.5 (CH3, CMes), 13.5 (CH3, CH-CH3), 12.7 (CH3, CH-
CH3) ppm. HRMS (ESI): calcd. for C26H35N2Pd [M – Cl]+

481.1835; found 481.1842. C26H35ClN2Pd (517.44): calcd. C 60.35,
H 6.82, N 5.41; found C 60.22, H 6.84, N 5.36.

[Pd(IPrMe)(allyl)Cl] (2i): A Schlenk tube was charged with a stir-
ring bar, 1 (220 mg, 0.6 mmol), the imidazolium salt IPrMe·HBF4

(773 mg, 1.5 mmol), and KOtBu (200 mg, 1.8 mmol). Three vac-
uum–backfill cycles were performed before adding dry THF
(20 mL), and the mixture was stirred at room temperature for 6 h.
The reaction mixture was concentrated, loaded directly onto a sil-
ica gel column, and purified by flash chromatography (ether/pen-
tane: 1:1). The complex was then recrystallized from DCM/pentane
to yield a white solid (360 mg, 50% yield). 1H NMR (400 MHz,
CDCl3): δ = 7.44 [t, 3J(H,H) = 7.7 Hz, 2 H, HAr], 7.33 [d, 3J(H,H)
= 7.7 Hz, 4 H, HAr], 4.86–4.76 (m, 1 H, Hallyl), 3.90 [d, 3J(H,H) =
7.4 Hz, 1 H, Hallyl], 3.10–2.89 [m, 5 H, Hallyl + CH(CH3)2], 2.84 [d,
3J(H,H) = 13.4 Hz, 1 H, Hallyl], 1.97 (s, 6 H, CH3

NHC), 1.36 [br. s,
13 H, Hallyl + CH(CH3)2], 1.13 [br. s, 12 H, CH(CH3)2] ppm. 13C
NMR (100 MHz, CDCl3): δ = 182.7 (C, N-C-N), 146.5 (C, CAr),
134.6 (C, CAr), 129.7 (CH, CAr), 127.4 (C, CNHC), 124.8 (C, CAr),
124.2 (C, CAr), 113.7 (CH, Callyl), 73.5 (CH2, Callyl), 50.3 (CH2,
Callyl), 28.3 [CH, CH(CH3)2], 25.1 [CH3, CH(CH3)2], 25.0 [CH3,
CH(CH3)2], 24.8 [CH3, CH(CH3)2], 24.1 [CH3, CH(CH3)2], 10.7
(CH3, CH3

NHC) ppm. HRMS (ESI): calcd. for C32H45N2Pd [M –
Cl]+ 563.2617; found 563.2643. C32H45ClN2Pd (599.59): calcd. C
64.10, H 7.56, N 4.67; found C 63.72, H 7.49, N 4.76.

[Pd(IPrCl)(allyl)Cl] (2j): In a glove box, a scintillation vial was
charged with a stirring bar, IPr (2.2 g, 5.67 mmol), dry THF
(15 mL) and dry CCl4 (3 mL). The reaction mixture was stirred for
2 h at room temperature before adding 1 (1 g, 2.7 mmol), and the
mixture was stirred at room temperature for 3 h. Outside of the
glove box, the solvent was evaporated in vacuo, the remaining solid
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was triturated with pentane, and the solids were collected by fil-
tration through a sintered frit in air. The complex was then recrys-
tallized from DCM/pentane to yield a white solid (3.1 g, 95%
yield). 1H NMR (400 MHz, CDCl3): δ = 7.50 [t, 3J(H,H) = 7.8 Hz,
2 H, HAr], 7.33 [d, 3J(H,H) = 7.8 Hz, 4 H, HAr], 4.87–4.80 (m, 1
H, Hallyl), 3.97 [d, 3J(H,H) = 6.5 Hz, 1 H, Hallyl], 3.17 [d, 3J(H,H)
= 5.7 Hz, 1 H, Hallyl], 3.08–3.01 [m, 2 H, CH(CH3)2], 2.87–2.79 [m,
3 H, Hallyl + CH(CH3)2], 1.66 [d, 3J(H,H) = 12.0 Hz, 1 H, Hallyl],
1.42 [d, 3J(H,H) = 6.6 Hz, 6 H, CH(CH3)2], 1.37 [d, 3J(H,H) =
6.6 Hz, 6 H, CH(CH3)2], 1.26 [d, 3J(H,H) = 6.8 Hz, 6 H, CH(CH3)
2], 1.18 [d, 3J(H,H) = 6.6 Hz, 6 H, CH(CH3)2] ppm. 13C NMR
(100 MHz, CDCl3): δ = 189.1 (C, N-C-N), 146.8 (C, CAr), 146.7
(C, CAr), 133.0 (C, CAr), 130.8 (CH, CAr), 124.6 (CH, CAr), 124.3
(C, CAr), 119.7 (C, C-Cl), 114.5 (CH, Callyl), 73.4 (CH2, Callyl), 51.9
(CH2, Callyl), 28.7 [CH, CH(CH3)2], 28.6 [CH, CH(CH3)2], 25.2
[CH3, CH(CH3)2], 24.9 [CH3, CH(CH3)2], 24.3 [CH3, CH(CH3)2],
23.7 [CH3, CH(CH3)2] ppm. HRMS (ESI): calcd. for
C30H39Cl2N2Pd [M – Cl]+ 603.1525; found 603.1553.
C30H39Cl3N2Pd (640.42): calcd. C 56.26, H 6.14, N 4.37; found C
56.21, H 6.08, N 4.60.

[Pd(SIPrMe)(allyl)Cl] (2l): A Schlenk tube was charged with a stir-
ring bar, 1 (183 mg, 0.5 mmol), the imidazolium salt SIPrMe·HBF4

(603 mg, 1.2 mmol), and KOtBu (168 mg, 1.5 mmol). Three vac-
uum–backfill cycles were performed before adding dry THF
(15 mL), and the mixture was stirred at room temperature for 6 h.
The reaction mixture was concentrated, loaded directly onto a sil-
ica gel column, and purified by flash chromatography (diethyl
ether/pentane: 1:1). The complex was then recrystallized from
DCM/pentane to yield a white solid (400 mg, 67% yield). 1H NMR
(400 MHz, CDCl3): δ = 7.34 [t, 3J(H,H) = 7.6 Hz, 2 H, HAr], 7.22
[d, 3J(H,H) = 7.6 Hz, 4 H, HAr], 4.81–4.66 (m, 1 H, Hallyl), 4.49–
4.35 (m, 1 H, CH-CH3), 4.12–3.99 (m, 1 H, CH-CH3), 2.89 [dd,
3J(H,H) = 7.4 Hz, 4J(H,H) = 2.8 Hz, 1 H, Hallyl], 3.53–3.44 [m, 3
H, CH(CH3)2], 3.29–3.26 [m, 3 H, CH(CH3)2], 3.08 [d, 3J(H,H) =
6.4 Hz, 1 H, Hallyl], 2.79 [t, 3J(H,H) = 12.8 Hz, 1 H, Hallyl], 1.52–
1.21 (m, 30 H, CH3), 1.01 [d, 3J(H,H) = 11.8 Hz, 1 H, Hallyl] ppm.
13C NMR (100 MHz, CDCl3): δ = 213.3 (C, N-C-N), 148.5 (C,
CAr), 146.7 (C, CAr), 134.7 (C, CAr), 128.8 (CH, CAr), 124.6 (CH,
CAr), 124.5 (CH, CAr), 124.4 (CH, CAr), 114.6 (CH, Callyl), 73.1
(CH2, Callyl), 67.5 (CH, CH-CH3), 63.2 (CH, CH-CH3), 51.1 (CH2,
Callyl), 28.9 [CH, CH(CH3)2], 28.2 [CH3, CH(CH3)2], 26.7 [CH3,
CH(CH3)2], 26.0 [CH3, CH(CH3)2], 25.4 [CH3, CH(CH3)2], 23.9
[CH3, CH(CH3)2], 20.1 (CH3, CH3

NHC) ppm. HRMS (ESI): calcd.
for C32H47N2Pd [M – Cl]+ 565.2774; found 565.2766.
C32H45ClN2Pd (599.59): calcd. C 63.89, H 7.87, N 4.66; found C
63.70, H 7.54, N 4.67.

CCDC-711197 (for 2e), -711198 (for 2j), -711199 (for 2i), -711200
(for 2l), -711201 (for 2a), -711202 (for 2b), -711203 (for 2d),
-711204 (for 2g) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Detailed procedures for the synthesis of the imidazolium salts.
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