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ABSTRACT: The mechanism of the Pd-catalyzed α-arylation of three model enolates is studied focusing on a analysis of their very different 
reactivity. In particular, the low reactivity of nitronates under standard arylation conditions and their high sensitivity to the nature of catalytic 
system is addressed. The three canonical steps for each of the reaction systems are examined and key trends surrounding the stability of inter-
mediates and transition states are delineated. A framework based on molecular orbital analyses and hard soft acid base (HSAB) theory is ad-
vanced to explain the observed reactivity trends. The local softness of the enolates was found to be a key parameter controlling the energy of 
the enolate-catalyst complexes. The low reactivity of the nitroalkane enolates is attributed to slow reductive elimination, a consequence of the 
hard nature of the nitronate. Analysis of reactivity of nitromethane in α-arylation with Pd catalysts containing Buchwald ligands reveals desta-
bilization of the L2Pd species as a major non-enolate specific acceleration mechanism as well as less electron rich ligands accelerating reductive 
elimination as a nitronate specific mechanism. The corresponding energetics and feasibility that favor C-arylation vs O-arylation are outlined.  

 

Introduction 

The Pd-catalyzed 𝛼-arylation of enolates is a widely used and val-
uable reaction.1 Intensive development of this reaction since the late 
1990’s quickly made this transformation a popular C-C bond for-
mation method. The reaction is well studied for enolates derived 
from aldehydes, ketones, esters, malonates, amides and nitriles.2 
Most of these enolates exhibit similar reactivity and some general 
conditions can be identified. Thus, the majority of arylation reac-
tions (Scheme 1A) can be performed by combining appropriate ba-
ses (depending on the pKa of the substrate, amide and carbonate ba-
ses are normally used), BINAP or P(t-Bu)3 as ligands, and aprotic 
low-polar solvents (THF, dioxane and toluene are typical).3	Reports 
by Buchwald and Nakai4 and our own studies,5 summarize ap-
proaches for arylation of various nitro compounds, allowing a range 
of substituted structures to be accessed (Scheme 1B).6 Interestingly, 
nitro compounds are completely unreactive under general arylation 
conditions. Moreover, the transformation exhibits a very tight win-
dow of reactivity with respect to the structure of the ligand. These 
observations prompted our interest in understanding the mecha-
nism of this reaction.  

Quite surprisingly, despite a great number of synthetic papers 
published on the topic, only a few mechanistic studies have been per-
formed7 and, to the best of our knowledge, no computational studies 
have been reported. To gain more insight in the peculiarities of the 
reaction and the effects the nature of the anion has on the efficiency 
and selectivity of transformation, we initiated a computational study 
of the mechanism. In this study, calculations of the nitronates are 
compared to those of enolates derived from ketones and esters to es-
tablish the driving forces behind their highly disparate reactivities. 
Specifically, the anions of acetone, methyl acetate, and nitromethane 
are examined. For the comparative analysis of the reactivity of eno-
lates, P(t-Bu)3 is used as a ligand. To further understand the reactiv-
ity of nitro compounds in the reaction, the performance of the 
XPhos vs t-Bu-XPhos catalytic systems is also analyzed. 
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Scheme 1. (A) Typical reaction conditions for arylation of ketones 
and esters. (B) Examples of conditions for arylation of different 
types of nitro compounds  

Results and Discussion 
Oxidative addition: The first step in the mechanism of these re-

actions is oxidative addition, and establishing the structure of the ac-
tive catalyst is essential to modeling this step. The starting Pd(0) 
species can exist as mono or polyligated species. In general, the equi-
librium favors the more electronically saturated complexes (14, 16, 
or 18 electron) if the ligand is not sterically hindered. However, such 
highly coordinated Pd species exhibit poor reactivity in many com-
mon cross-coupling reactions, which require the formation of mon-
oligated Pd. Thus, the reactivity in such systems is greatly improved 
when the ligand shifts the equilibrium toward the monoligated Pd.8 
Consistent with these ideas, calculations indicate that the oxidative 
addition is much faster starting from the L1Pd species than the L2Pd 
species (See Figure 1). Thus, for trimethyl phosphine, the L1Pd 
complex was calculated to be ~80 times more reactive in oxidative 
addition than the corresponding L2Pd complex. For bulky trialkyl 
phosphines, this situation is even more pronounced with the L2Pd 
being virtually unreactive due to the severe steric interactions be-
tween ligands in the corresponding oxidative addition transition 
state. Therefore, ligand dissociation is an extremely important factor 
contributing to the rate of the process in question.  

 

Figure 1. Oxidative addition of PhBr to trimethyl phosphine and tris-
tert-butyl phosphine ligated Pd. Free energies and enthalpies (in brack-
ets) are in kcal/mol. Here and further, unless specified otherwise, the 
values are computed using rM06/6-311+G(d,p), Pd, Br: LANL2DZ, 
SMD: toluene // rB3LYP/6-31G(d), Pd, Br:LANL2DZ. 

Oxidative addition places the aryl group trans to the bulky ligand, 
resulting in formation of the T-shaped isomer iso3 (Figure 1). Due 
to the lack of an empty coordination site adjacent to the halogen, this 
isomer is not reactive in transmetallation and needs to first undergo 
isomerization. Two T-shaped adducts can undergo transmetalla-
tion, with iso2 undergoing a low barrier transformation to afford the 
most stable  iso1.  

Transmetallation: Both isomers iso1 and iso2 can be attacked by 
the incoming enolate nucleophile. Our calculations of the model ke-
tone system (sodium enolate of acetone, L = PMe3) indicate that C-
attack of the enolate on both isomers is likely to proceed as a barri-
erless process (Figure 2, top). The energy of the system steadily de-
creases as the Pd-C distance decreases from 4 Å to the correspond-
ing equilibrium value. It is unlikely that an early transition state with 
a Pd-C distance greater than 4 Å occurs given the corresponding Pd-
C distances in the transmetallation product (2.34 Å), the oxidative 
addition complex (1.98 Å), and in the oxidative addition transition 
state (2.02 Å). In a similar fashion, O-attack of the ketone enolate 
provides the product (Figure 2, bottom). Analogous calculations for 
the attack of the enolates derived from the model ester (methyl ace-
tate) and nitro compound (nitromethane) point to the same conclu-
sion. Therefore, it appears that transmetallation does not account for 
the observed differences in reactivity between these systems.  

The immediate products of the transmetallation have a cyclic 
structure as they incorporate a weakly bound NaBr, but converge af-
ter loss of the NaBr to η3-bound enolates. For example, attack by the 
carbon center produces intermediates prod 1k and prod 2k (see Fig-
ures 2 and 3), the form of which is higher in energy due to weaker 
binding of the enolate to the metal center.  
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Figure 2. Energetics of C (red) and O (blue) attacks of the ketone so-
dium enolate on the isomers of PMe3PdPhBr. Curves corresponding to 
the reaction of iso1 are pictured in light color, while those representing 
reactivity of the iso2 are dark. Values computed using relaxed PES scans 
along Pd-C and Pd-O bonds at rB3LYP/6-31G(d), Pd, Br: LANL2DZ 
theory level.  

Correspondingly, attack with the oxygen center of the enolate re-
sults in the formation of nearly degenerate structures prod 3k and 
prod 4k. The binding in these adducts is different from that ob-
served in the prod 1k and prod 2k. With the lone pair of oxygen in-
volved in coordination, these intermediates maintain their initial η3-
binding to the Na atom, while simultaneously binding to the Pd.  

 

Figure 3. Transmetallation adducts and isomeric η3-Pd complexes re-
sulting from the carbon (red) or oxygen (blue) attacks by the ketone 
enolate on the isomers of P(t-Bu)3PdPhBr. Labels for transmetallation 
products and η3-Pd complexes are supplied with indecies k, e and n, 

where k stands for ketone, e for ester and n for nitro compound cases. 
Free energies and enthalpies (in brackets) are in kcal/mol.  

Upon decoordination of the NaBr, all four transmetallation prod-
ucts furnish isomeric η3-complexes, 3_1 and 3_2, Figure 3, both of 
which are slightly more stable than the oxidative addition adducts 
iso1 and iso2 indicating that transmetallation is overall favorable. 
The stability of these adducts is likely defined by the efficiency of the 
orbital overlap. The larger, carbon-centered lobe of the enolate 
HOMO undergoes better overlap when interacting with the larger 
LUMO lobe, located trans to the ligand (Figure 4). As such, the 
η3_1_k complex is considerably more stable than the η3_2_k com-
plex. Notably this trend hold for all three of the enolates considered 
(see below).  Coordination to the position trans to the phosphine is 
stronger for complexes prod 1k and prod 2k regardless of whether a 
C or O atom is present at this site (see bond lengths in Figure 4).  

Figure 4. Left: HOMO of the enolate fragment and LUMO of the 
LPdPh+. Right: structures of the η3 Pd complexes resulting from reaction 
with the ketone enolate.   

The energy diagram for reaction of the ester enolate has a similar 
profile (Figure 5). Notable differences relative to the ketone include 
lower relative stability of the products of the O-attack, prod 3e and 
prod 4e, as well as the intermediate 3_2_e. Overall, the 3_1_e com-
plex is much more stable than the oxidative addition adducts iso1 
and iso2 (Figure 3 vs Figure 5). All told, the net transmetallation of 
the ester enolate is substantially more favorable than for the ketone 
enolate. 

 

Figure 5. Transmetallation adducts and isomeric η3-Pd complexes re-
sulting from the carbon (red) or oxygen (blue) attacks by the ester 
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enolate on the isomers of P(t-Bu)3PdPhBr. Free energies and enthalpies 
(in brackets) are in kcal/mol.  

Unlike the previous two cases, the nitronate exhibits different re-
activity (Figure 6). The ability to involve a second oxygen atom into 
binding allows the existence of the additional η3-complex (3_3_n in 
Figure 6). All of the h3 adducts (3_1_n, 3_2_n, 3_3_n), despite 
having structures almost identical to those for the ketone and ester 
cases, are higher in energy relative to the oxidative addition adducts 
iso1 and iso2 indicating a disfavorable transmetallation and giving a 
hint to the lower reactivity of these systems.  

 

Figure 6. Transmetallation adducts and isomeric η3-Pd complexes re-
sulting from the carbon (red) or oxygen (blue) attacks by the nitronate 
on the isomers of P(t-Bu)3 PdPhBr. Free energies and enthalpies (in 
brackets) are in kcal/mol.  

These observed trends in relative stability of the different inter-
mediates can be reconciled using HSAB theory. The transmetalla-
tion step formally results in the exchange of the counterion for the 
corresponding enolate: the Na atom is replaced by the LPdAr frag-
ment. The relative stability of the discussed adducts would be a di-
rect consequence of the thermodynamics of such an exchange pro-
cess. To provide a measure for this process, we evaluated the global 
and local softness of the corresponding enolates (Figure 7).  

Figure 7. Global (in black) and local (blue for oxygen and red for car-
bon) softness parameters, eV-1. Values computed using rB3LYP/6-
311+G(d,p), Pd, Br: LANL2DZ, IEFPCM: toluene. Global softness was 
calculated as an inverse of hardness9: 𝑆 = 1/𝜂. In turn, global hardness 
was calculated from MO data using finite differences 

approximation10:	𝜂 ≈ (𝐼 − 𝐴)/2. Local softness was obtained from the 
global parameter using the nucleophilic Fukui function as approximated 
by HOMO density11: 𝑠 = 𝑆𝑓1 ≈ 𝑆𝜌3454  

Using these softness parameters, we can explain the relative stabil-
ity of the η3 complexes. Perhaps unsurprisingly, the nitronate anion 
was found to be the hardest of the three, as per both local and global 
parameters, indicating that an exchange of the hard counterion12 
(Na+) for a soft one (LPdPh+) would be the least favorable for this 
enolate. This analysis explains the significant relative destabilization 
of all the Pd-nitronate intermediates. Interestingly, the computed 
parameters indicate that the ester enolate has the softest carbon cen-
ter while the ketone enolate has the softest oxygen. This result pro-
vides a reasoning for the observed stability of the intermediates (Fig-
ure 8): those which are controlled by the energy of Pd-C bond would 
be the most stable for the enolate with softest carbon (ester), while 
Pd-O intermediates are more stable for the enolate with softest oxy-
gen (ketone).13 

Figure 8. Relative stabilities of C-bound and O-bound enolates from 
ketones, esters, and nitroalkanes. 

In sum, the calculations indicate upon loss of NaBr after 
transmetallation, the monophosphine Pd(II) adducts favor η3 coor-
dination over k1-modes.  Further, the favorability of transmetallation 
differs substantially across the series and is driven by hard/soft inter-
actions. 

C-C Reductive elimination: Reductive elimination of both, the 
3-membered and the 5-membered transition states, were examined. 
The 5-membered transition states corresponding to the acetate sys-
tems described by Sanford14 were found to be unfavorable. Closer 
examination of the geometries of the 5-membered transition states 
involving acetate suggests that electrons involved in the process are 
not a part of the allylic system; namely, the orthogonal lone pairs are 
utilized (Figure 9, left). In the case here, the enolate is only nucleo-
philic via the π-system. For nucleophilic attack to take place via a 5-
membered transition state, twisting of the π-system is required 
which is not favorable (Figure 9, right). 
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Figure 9. Orientation of orbitals for 5-membered reductive elimination 
transition states. 

 
Calculations of the three types of coupling partners reveal that re-

ductive elimination proceeds via the same type of three-membered 
transitions states in all cases in accord with reported analyses of  
monoligated Pd complexes.15 The preorganization of the different 
Pd η3-complexes described above dictates the outcomes of the re-
ductive eliminations. Isomer 3-1 undergoes C-C reductive elimina-
tion, while only C-O elimination is possible for 3_2 (Figure 10). 

 

 

Figure 10. Energy profiles for C-C reductive elimination transition 
states. L = P(t-Bu)3. Free energies and enthalpies (in brackets) are in 
kcal/mol.  

For the nitro system, the energy of the corresponding reductive 
elimination transition states is much higher relative to those of the 
ketone and ester. This trend is in line with the relative local softness 
of the carbon centers in corresponding enolates. Based on this reac-
tivity pattern, it appears that slow reductive elimination contributes 

to the low reactivity of nitro compounds under standard α-arylation 
conditions. Plotting the energy profiles on the same diagram high-
lights the difference between the three systems (Figure 11). De-
pending on the exact identity of the nitro species, reductive elimina-
tion can be a rate-limiting step altering the reactivity pattern to the 
extreme. 

   

Figure 11. Overall energy profiles for the α-arylation of model ketone, 
ester and nitrocompound. Free energies and enthalpies (in brackets) are 
in kcal/mol.  

We further analyzed the reactivity of nitronates in α-arylation by 
computing key parts of the pathway for the reactions catalyzed by 
Buchwald ligands XPhos and t-Bu-XPhos (see Scheme 1 above). 
Together with P(t-Bu)3, the performance of these two ligands in ni-
tronate α-arylation has been studied experimentally in our labora-
tory.5a Notably, the identity of the ligand had a profound influence 
on the outcome with the XPhos ligand being the optimal for α-ary-
lation of nitromethane. In contrast to trends seen for many other 
transformations, moving from this bis-cyclohexyl ligand to t-Bu-
XPhos in this case resulted in significant drop in the efficiency of 
transformation.  

Comparison of the computed t-Bu-XPhos and P(t-Bu)3 profiles 
(Figure 12) reveals that both are very similar: reductive elimination 
is the rate-limiting step while the oxidative addition is slightly lower 
in energy. The main difference between the two ligands is the nature 
of the starting Pd species. Extreme steric repulsion between t-Bu-
XPhos ligands prevents the formation of L2Pd species, resulting in 
LPd being the only available form of Pd0. For the P(t-Bu)3 the for-
mation of L2Pd is favorable. The different starting point for t-Bu-
XPhos positions the entire reaction profile significantly lower on the 
energy diagram, making the corresponding transitions states much 
more accessible. Therefore, destabilization of bisligated Pd species 
is one of the main acceleration mechanisms contributing to high re-
activity of Buchwald ligands. This finding is not enolate-specific and 
implies high reactivity of these ligands with both ketones and esters, 
which is indeed the case.16  
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Figure 12. Energy profiles for the α-arylation of nitromethane using 
P(tBu)3, XPhos and t-Bu-XPhos ligands. In calculations we used model 
ligands where para-isopropyl group on the bottom ring is permuted to 
hydrogen. Free energies and enthalpies (in brackets) are in kcal/mol.  

In line with experimental observations, our calculations indicate 
higher activity of the Pd-XPhos catalyst vs the Pd-t-BuXPhos cata-
lyst (Figure 12). The reaction profiles between the two are very sim-
ilar, with the main difference originating in the energy of association 
of the LPd with the starting PhBr. For XPhos the association process 
is more exothermic, presumably due to lesser distortion of the steri-
cally smaller XPhos upon binding of the LPd complex to PhBr. The 
distortion value is ~4 kcal/mol higher for t-BuXPhos, accounting for 
nearly all the difference in the energetics of association (see SI for 
distortion interaction analysis). As the structures of the adducts are 
virtually identical (see Figure 13), the starting ligand geometry plays 
a key role. Specifically, the geometry of XPhos in the starting PdL is 
closer to that found in the coordination complex.  

 

Figure 13. Geometries of coordination complexes of PdL with PhBr 
(pre-oxidation intermediates).  

Another significant difference between two ligands is the energy 
of reductive elimination. Even when the energy of association with 
PhBr is taken into account, the reductive elimination is still consid-
erably faster for XPhos. This ligand is less electron rich than t-Bu-
XPhos, which facilitates reductive elimination.   

C-O Reductive elimination: Transmetallation can result in for-
mation of the significantly less stable η3_2 intermediates. Those are 
preorganized to undergo C-O reductive elimination. Interestingly, 
for all three systems, η3_2 intermediates are less stable than corre-
sponding C-C reductive elimination transition states. The high en-
ergy of the η3_2 intermediates is significant and contributes to the 
difficulty observed for concerted C-O coupling.17 As discussed ear-
lier, destabilization of η3_2 is likely a result of poor orbital overlap 
between the enolate and the LPdh fragment. This outcome can be 
improved by altering the electronics of the latter: electron-poor lig-
ands should stabilize η3_2 intermediates, facilitating C-O coupling. 
This trend is indeed observed experimentally for C-O reductive 
eliminations.18 This alteration, however, is likely to significantly af-
fect other steps of the mechanism, thereby changing the energetics 
of the overall process. In particular, oxidative addition may become 
problematic19. 

Analyzing C-O coupling, we found that eliminations via both 3 
and 5-membered transitions states are possible. Consistent with the 
findings reported by Sanford, 5-membered transition states are more 
favorable (Figure 14). For the nitromethane system, however, the 
opposite is found (3-membered transition state are lower in energy), 
presumably due to the extremely low nucleophilicity of the nitronate 
oxygen. The general reactivity follows the same trend as that estab-
lished for C-C couplings: enolates with softer centers (oxygen atom 
in this case) react faster.  In all cases, C-O coupling is significantly 
higher in energy that the corresponding C-C coupling (c.f. Figure 
10). 
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Figure 14. Energy profiles for C-O reductive elimination transition 
states. L = P(t-Bu)3. Free energies and enthalpies (in brackets) are 
in kcal/mol.  
Concluding Remarks 

To summarize, the reactivity of three enolate types in Pd-cata-
lyzed arylations have been examined. The local softness of the eno-
late is instrumental in determining the relative energies of key inter-
mediates and transition states. Soft centers provide the most favora-
ble binding with Pd, and stabilize the corresponding structures. The 
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Enolate Complex. J. Am. Chem. Soc., 1997, 119, 12382-1238. (d) Kawa-
tsura, M.; Hartwig, J. F. Simple, Highly Active Palladium Catalysts for Ke-
tone and Malonate Arylation: Dissecting the Importance of Chelation and 
Steric Hindrance. J. Am. Chem. Soc., 1999, 121, 1473-1478. (e) 

hardness of the nitronate anion dictates its low reactivity under 
standard arylation conditions. Buchwald ligands accelerate the cou-
pling of all enolate types by destabilizing the L2Pd species. The 
higher activity of XPhos, compared to t-BuXPhos, in nitromethane 
arylation arises from less distortion of the XPhos ligand upon coor-
dination of the aryl halide to the initial PdL complex. This lack of 
distortion combined with the less electron rich character of XPhos, 
contributes to its higher overall reactivity. It is expected that a de-
tailed understanding of these systems and their trends will set the 
stage for rational ligand selection in related systems. For example, 
more substituted enolates will be softer which will offset the loss of 
reactivity from more hindered centers. 
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