
DOI: 10.1002/chem.200900042

Density Functional Theory Investigation of the Alkyl–Alkyl Negishi
Cross-Coupling Reaction Catalyzed by N-Heterocyclic Carbene

(NHC)–Pd Complexes
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Transition-metal-catalyzed cross-coupling reactions[1] for
the construction of carbon–carbon and carbon–heteroatom
bonds have had a profound effect in organic synthesis. Pd-
based catalysts[2,3] provide convenient routes allowing the
synthetic chemist to access a vast array of complex mole-
cules, drugs, and materials. Even though a number of cross-

coupling reactions of relatively simple substrates can be per-
formed successfully in high yields with various forms of ele-
mental Pd,[4] soluble Pd complexes with organic ligands such
as tertiary phosphanes[1,3,5] or N-heterocyclic carbenes
(NHCs)[6] are necessary for more challenging substrate com-
binations. The traditional mechanism[1] (Scheme 1) of Pd-
mediated cross-coupling reactions involves three discrete
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teraction persists beyond reductive
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tion sphere of the Pd center.
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Scheme 1. The generally accepted mechanism for the Pd-mediated cross-
couplings (outer circle) and the mechanism for alkyl–alkyl Negishi cross-
coupling as calculated in this work (inner circle).
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steps: 1) oxidative addition (OA): insertion of Pd0 into the
carbon–halide bond with Pd0 being oxidized to PdII; 2) trans-
metalation (TM): transfer of the second carbon fragment to
PdII from an organometallic compound concomitant with in-
organic salt formation, which dissociates from the complex;
3) reductive elimination (RE): expulsion of the product hy-
drocarbon with regeneration of the Pd0 catalyst.

The importance of Pd-mediated cross-coupling has led to
numerous computational studies that have revealed impor-
tant insights into the structure and behavior of NHC–Pd[7–9]

and phosphane–Pd[10, 11] catalysts and actual or putative cata-
lytic cycle intermediates as well as the nature of oxidative
addition,[11–13] transmetalation,[14] and reductive elimina-
tion[15] steps. Computational analysis of whole catalytic
cycles[9,16] have been performed much less frequently. In
silico studies also have been used occasionally for ligand
design.[8,17]

Cross-couplings of alkyl substrates are considered to be
particularly challenging due to retardation of both oxidative
addition and reductive elimination (compared to the unsatu-
rated systems), in addition to the existence of a major com-
peting pathway, b-hydride elimination that would lead to
products resembling 5 and 6, for instance, in Table 1.[18] Re-
cently, we discovered that Pd ligated by a bulky NHC, 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) (1
Table 1), prepared either in situ[19,20] or from a well-defined
complex[21,22] efficiently catalyzes the alkyl–alkyl Negishi
cross-coupling of alkylbromides and chlorides possessing b-
hydrogen atoms at room temperature.

A less sterically hindered carbene, (1,3-bis(2,6-dimethyl-
phenyl)imidazol-2-yilidene) (IXy) (Pd–IXy, 2)[14] leads to
predominantly b-hydride elimination (e.g., 5). Although
there are computational studies of oxidative addition of
alkyl halides to Pd,[12] there are no computational studies on
either the complete cycle of any Pd-mediated alkyl–alkyl
coupling or Pd-mediated Negishi reaction.[14f] Aiming to fill
this important void, we present herein a density functional
theory (DFT) in silico examination of the NHC–Pd-mediat-
ed alkyl–alkyl Negishi reaction (Table 1 and Scheme 1) at
the B3LYP[23]/DZVP (a DFT-optimized all-electron basis set

with double-zeta valence+ polarization)[24] level of theory.
Through-space interactions and bond formation/breaking
were also studied by atoms-in-molecules (AIM) electron
density topological analyses.[25] We[20,21] and others[26] have
demonstrated that the steric bulk of the flanking N-substitu-
ents has an immense effect on the reaction (Table 1). To
link computation and experiment, herein we present calcula-
tions of the complete sp3–sp3 cross-coupling cycles (Figure 1)
catalyzed by Pd ligated with IPr (Pd–IPr, 1) or IXy (Pd–IXy,
2)[27] in solution employing the polarizable continuum model
(PCM)[28] method with THF as the solvent (e= 7.58,
298 K).[29] All structures were confirmed as residing at
minima or first-order saddle points on their respective po-
tential energy hypersurfaces (PEHSs). Structures, transition
states and pathways that failed to optimize were re-attempt-
ed multiple times using different geometries, retaining/relax-
ing coordinates and other techniques to eliminate computa-
tional artifacts.

This study finds that whereas the general mechanism is
followed (Scheme 1), introducing the bulky NHC ligand
causes significant differences. In the active catalyst, a mono-
ligated NHC–Pd complex (Figure 2),[20,27, 30] the NHC ligand
occupies one of the six Pd-coordination trajectories. The
ortho-alkyl substituents force the phenyl rings perpendicular
to the NHC-ring plane, creating a “steric wall” that differen-
tiates the remaining five trajectories as “side” (two), “top”
(two), and “front” with respect to the Pd–NHC bond as it
lies in the plane of the NHC ring, with “top” and “side” ap-
proaches being more sterically hindered than “front”. Be-
sides the expected (NHC)C2–Pd interaction, AIM analysis
revealed four weak (1b = 0.004 au each) agostic iPr-H-Pd in-
teractions from each of the isopropyl groups in 1, shown on
the two-dimensional Laplacian (Figure 2 b, gray circles) for
the electronic density of the NHC-bound Pd atom taken in
the plane of the Pd–NHC bond (Figure 2 a, blue). The only
NHC–Pd interaction in 2 is with the carbene carbon (C2,
Figure 2 c). Such weak interactions were also observed
throughout the whole catalytic cycle (Figure 3, green dashed
lines) for 1, but not for 2.

Importantly, whereas DH�0
298 and DH0

298 values are very
close for both NHCs in every step of the cycle (Figure 1), 1
has a higher entropy contribution (�TDS0) arising from low-
energy motions of the iPr substituents. These motions
permit up to 4 out of the 24 methyl hydrogen atoms from
the iPr group to form weak interactions with Pd. These in-
teractions appear and disappear during the various station-
ary points in the cycle, and they appear to coordinatively
saturate Pd. These interactions change the energetic land-
scape of the process, destabilizing intermediates more than
transition states, “something that makes for a better cross-
coupling cycle”.[10b] Whereas 2 yielded products arising from
cross-coupling (4 ; 0.7 %), b-hydride elimination (5 and 6 ;
78.0 % total), and reduction (7; 21.3 %), the use of 1 resulted
in quantitative cross-coupling (Table 1). It should also be
noted that control experiments performed with PdCl2, or
with no catalyst at all, resulted in a quantitative recovery of
3. These experiments confirm that both catalysts oxidatively

Table 1. The Negishi alkyl–alkyl cross-coupling reaction mediated by
mono-ligated NHC–Pd complexes (calibrated GC-MS yields). Model
substrates used in silico are shown for comparison.

NHC Ar 4 [%] 5+6 [%] 7 [%]

IPr (1) 2,6-iPr2Ph 100.0 0 0
IXy (2) 2,6-Me2Ph 0.7 78.0 21.3
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insert very effectively, so oxidative addition is not rate-limit-
ing for either one of them. This can be observed experimen-
tally as the reactions with both catalysts produce a noticea-
ble exotherm. While the origin of this ligand chemoselectivi-
ty is not completely clear, we hypothesize that the weak
(iPr)H–Pd interactions aid in suppressing b-hydride elimina-
tion through coordinatively saturating Pd.

Nowhere is the entropic effect of the weak (iPr)H–Pd in-
teractions more apparent than during oxidative addition,
where the entropy contribution originating from IPr stabiliz-
es the transition state for the “syn” approach and destabiliz-
es the resulting intermediate, effectively avoiding the “anti-
trap” that befalls catalyst 2 (vide infra). During oxidative
addition, the alkyl bromide approaches Pd following
“front”, “top”, or “side” trajectories (Figure 3, TS1) forming
a three-center transition state comprising of Pd, Br, and the
a-carbon of Et1. “Top” and “side” approaches lead to two
conformers of the syn-oxidative addition intermediate (9
and 11; Figure 4). syn and anti are defined by the (NHC)C2-
Pd-Br1 bond angle values of �908 and �1808, respectively.
The (Et1)C2-Pd-Br1 angle is always �908. Dihedral angles
for Br1-Pd-C2 ACHTUNGTRENNUNG(NHC)-N1/3 ACHTUNGTRENNUNG(NHC) are �2.28/1768 and �858/
1008 in “top” syn and “side” syn conformers, respectively.
For IPr–Pd (1), these conformers interconvert with very low

Figure 1. Relative enthalpy (DH0
298), entropy (TDS0) at 298 K and free-energy (DG0

298) values (kJ mol�1) calculated at the B3LYP/DZVP level, for the
alkyl–alkyl Negishi cross-coupling reaction (Scheme 1) mediated by IPr–Pd (1, right) and a less sterically hindered analogue, IXy–Pd (2, left).

Figure 2. a) Reactant approaches to IPr-Pd (1) from “side”, “top”, and
“front” directions with respect to IPr–Pd bond lying in the plane of the
NHC ring. 2D-Laplacians generated from the wavefunctions of the
B3LYP/DZVP-optimized IPr–Pd (1, b) and IXy–Pd (2, c) structures
taken in the plane of NHC–Pd bond (a), blue plane). Interactions identi-
fied by AIM analyses are shaded in gray.
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barriers via rotation of the Pd–C2 ACHTUNGTRENNUNG(NHC) bond (DG�0
298 =

4.0 and 5.6 kJ mol�1, for “side!top” and “top!side”, re-
spectively), and therefore are considered as one (9). Surpris-
ingly, for catalyst 2, “side” approach resulted in a large in-
crease of energy, and the corresponding oxidative addition
intermediate conformer and transition state both failed to
optimize, suggesting a non-homogeneous boundary shape
for 2 (not shown). Therefore, only the “top” approach leads
to syn-oxidative addition intermediate (11). Importantly, the
“front”-approach (leading to the anti-oxidative intermediate
10) has a higher barrier than the “side” and “top” ap-
proaches (DG�0

298 =89.4 versus 85.3 kJ mol�1) for 1, but

lower than “top” (“side” being unavailable) for 2 (DG� =

68.2 versus 78.4 kJ mol�1). anti-Oxidative addition intermedi-
ates (8 and 10) are the most energetically favorable for both
NHC ligands due to Coulombic repulsion between the NHC
and Br1 (DG0

298 =�53.9 and �63.4 kJ mol�1 for 1 and 2, re-
spectively, Figure 1). Interestingly, our repeated attempts at
finding a transmetalation transition state starting from the
anti-PdRX intermediate for both 1 and 2 failed due to a
rapid increase in energy resulting from the steric clash be-
tween the incoming, Zn-bound Et2 fragment and the NHC
ligand in the associative transmetalation transition state. As
for 2, the anti-intermediate is both more stable and forms
more easily; the oxidative addition intermediate becomes
effectively “trapped” in the anti-configuration. For 1, the
syn-adduct resulting from “side” approach (9), forms faster
than the anti-adduct (8, DG�0

298 =85.3 versus 89.4 kJ mol�1)
and is the least stable (DG0

298 =�12.5 versus
�53.9 kJ mol�1); therefore, it is being most activated for
transmetalation in a catalytic cycle that is under kinetic con-
trol.

Transmetalation from the syn-PdRX intermediate had the
highest free energy of activation (DG�0

298 = 103.0 and
109.2 kJ mol�1 for 2 and 1, respectively), becoming the rate-
determining step for the catalytic cycle of both catalysts
(Figure 1). Geometrically, in TS2 for 1, Et2 is being trans-
ferred to Pd at the vacant “top” position, whereas Br1 is
starting to bond to Zn from its “syn” position (Figure 5 a).
AIM analyses also provided evidence for this in the form of
additional, unexpected interactions between Zn and Pd
(1b = 0.033 au, 2.725 �) and iPr(H)–Et2(H) (1b =0.006 au,
2.347 �) that help to guide the organozinc partner into posi-
tion. In INT, BCPs show both Pd and Zn to be three-coordi-
nate (Figure 5 b). The Pd–Zn interaction is broken in 1 due
to steric crowding in the highly entropically disfavored INT
structure (+ 115.3 kJ mol�1 contribution from entropy), lead-

Figure 3. Optimized structures calculated at B3LYP/DZVP level of theory for the alkyl–alkyl Negishi cross-coupling reaction (Scheme 1) mediated by
IPr–Pd (1). Weak guiding (iPr)H–Pd interactions are shown (green dashed lines).

Figure 4. Optimized structures for the oxidative addition intermediates
(for detailed description see text) calculated at B3LYP/DZVP level of
theory. For IPr (1), only the “side” syn-conformer is shown for simplicity.
Selected weak (iPr)H–Pd interactions are shown (green dashed lines).
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ing to temporary loss of all weak (iPr)H–Pd interactions as
well. By comparison, in the less crowded 2, Pd–Zn strength-
ens (1b = 0.046 au, 2.547 �) retaining the TS2-like geometry.
In TS3 (Figure 5 c), Et2 moves away from “top” and pulls
Et1 outwards and away from the Zn atom, which now re-

enters the coordination sphere of Pd (1b =0.053 au,
2.491 �). TS3 is less crowded, and iPr-H-Pd interactions
appear again to assist in pushing away the product molecule.
The presence of ZnBr2 in the coordination sphere of the Pd
atom during and beyond the reductive elimination provides

Figure 5. Molecular graphs of the wavefunctions (left) and structures (right) of the B3LYP/DZVP geometry-optimized TS2 (a), INT (b), TS3 (c) for IPr–
Pd (1). Orange, green, and purple spheres highlight Pd, Zn, and Br atoms, respectively. Blue triangles highlight the C atoms of Et1 and Et2 that interact
with Pd. Bond and ring critical points are shown in red and yellow, respectively. Dashed yellow lines show weak interactions identified by AIM analyses.
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additional steric interactions that may aid the expulsion of
the cross-coupling product, contrary to the accepted mecha-
nism (Scheme 1), which requires ZnBr2 to dissociate prior to
commencement of reductive elimination, and suggests that
these processes may not be discrete steps. The Pd–Zn inter-
action (1b =0.059 au, 2.426 � and 1b = 0.058 au, 2.438 �, for
2 and 1, respectively) persists even after the departure of
the cross-coupling product. The adduct between the highly
electron-rich NHC–Pd0 and the Lewis acidic ZnBr2 is ob-
served as an additional intermediate in the cycle (CPL).[31]

In conclusion, the first computational study of the com-
plete catalytic cycle for the Pd-mediated alkyl–alkyl Negishi
reaction revealed that the bulky NHC ligands introduce im-
portant differences into the traditionally accepted mecha-
nism. First, transmetalation and not oxidative addition,
which is considered to be slow in comparison with that for
aryl halides,[18] was found to be the rate-determining step for
the whole cycle. Second, the inorganic salt by-product
(ZnBr2) was found not to dissociate prior to reductive elimi-
nation, as suggested in the traditional mechanism. This in-
creased steric crowding during transmetalation helps to re-
lease the product (n-butane). The complex between the
highly electron-rich IPr–Pd0 and the Lewis acidic ZnBr2 per-
sisted even after the cross-coupled product was formed.
Third, four (iPr)H atoms from the two N-(2,6-diisopropyl-
phenyl) substituents in 1 were found to form fleeting weak
interactions with Pd that appeared and disappeared during
the various stages of the cycle, depending on the steric
crowding around Pd. We propose that these interactions fa-
cilitate the molecular mechanism that results in the high ac-
tivity of IPr-ligated 1. They change the free energy land-
scape through increasing the entropy term (�TDS0) in the
free energy, destabilizing intermediates more than transition
states, leading to higher turnover frequency and coordina-
tively saturate Pd throughout the cycle. Although the exact
molecular mechanism by which the structure of the IPr
ligand helps steer the course of the reaction to cross-cou-
pling or b-hydride elimination remains unsolved at this time,
this study has shed light on some of the ligand effects gov-
erning the product ratio resulting from the two competing
pathways. Finally, it is important to note that the use of
truncated computational models, for example, using the di-
methylimidazolium analogue of diarylimidazolium-based 1,
failed to reveal any of the aforementioned subtle interac-
tions between the isopropyl substituents of the NHC ligand
and the reacting metal center that are responsible, and in
fact critical for directing 1 down a productive path in the
catalytic cycle.[32]

Experimental Section

Cross-coupling experiments : The following cross-coupling protocol was
used for both catalyst 1 (Pd–PEPPSI–IPr) and 2 (Pd–PEPPSI–IXy). In
air, a vial was charged with Pd–PEPPSI–IPr (3.4 mg) or Pd–PEPPSI–IXy
(3.0 mg) (1 mol %) and under an inert atmosphere, LiBr (139.0 mg,
1.6 mmol), and a stir bar were added. The vial was then sealed with a
septum and purged with argon after which THF (1.6 mL) was added and

the suspension was stirred until the solids dissolved. After this time, n-bu-
tylzinc bromide (0.8 mL, 1.0 m in DMI, 0.8 mmol) and 3-phenyl-1-bromo-
propane (3) (0.5 mmol) were added. The septum was replaced with a
Teflon-lined screw cap under an inert atmosphere and the reaction was
stirred for 2 h at room temperature. After this time, GC/MS analysis was
conducted by removing a 2 mL aliquot of the reaction mixture and dilut-
ing with distilled hexane (1 mL). The resulting solution was then filtered
through a plug of celite and analyzed. GCMS analysis of product ratios
was conducted (in triplicate) on a Varian Series GC/MS/MS 4000 System
using undecane as an internal standard. The above experiment (for each
catalyst system) was conducted twice and the averaged yield is reported
in Table 1. The spectra obtained for products 4–7 were consistent with
that reported in the literature.[22]

Computational methods : The Gaussian 03 (G03) program package[33] was
used for all computations in this work. Analytical frequencies were com-
puted on the geometry-optimized structures to ensure the identity of
each structure as residing at minima or first-order saddle points on the
PEHSs of the systems. Zero-point energy (ZPE) and the thermodynamic
parameters required to quantify the free energy (DG) of each structure
were also extracted from these frequency evaluations.

An established numeric and modular description of all molecular struc-
tures was used in the generation of inputs for geometry optimizations.[34]

This allowed for novel Perl and shell-based UNIX/Linux scripting to be
continuously built-up and refined, to facilitate file construction, job sub-
mission, data storage/extraction, tabulation and automation. Accurate in
silico determinations are highly dependent upon accurate initial starting
structures.

Geometry optimizations were carried out with density functional theory
(DFT) using the B3LYP[23a,c] method, employing the DZVP basis set[24]

with a self-consistent reaction field polar continuum (solvent) model
(SCRF-PCM =THF).[28a–c]

In regard to the atoms-in-molecules (AIM) approach, critical points
(CPs) of rank 3 were identified in the electron densities; these include
bond critical points (BCPs), ring critical points (RCPs), and cage critical
points (CCPs). The existence of a BCP between two atoms in an equilib-
rium molecular geometry is the necessary condition for two atoms to be
defined as being bound to one another. The pairs of gradient paths that
originate at a BCP and terminate at neighboring neclei, define a line
through which electron distribution, 1(r), is a maximum with respect to
any lateral displacement.

B3LYP/DZVP wavefunctions, generated with G03, were used to obtain
molecular graphs and BCP properties using the AIM2000 program.[35, 36]
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