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Abstract. We report that treatment of several 2-
diphenylphosphinoimidazoles with Pd(II) salts generates 
monosubstituted N–H NHC-Pd complexes via insertion into 
the C–P bond. Removal of the N–H proton in situ leads to 
anionic (X-type) or imidazolyl-Pd complexes that are highly 
stable and catalytically active, achieving up to 340,000 
turnovers at 1 ppm catalyst loading in Suzuki-Miyaura 
reactions. DFT-calculated Tolman electronic parameters for 
the sterically small ligands suggest that these ligands are 
significantly more donating than traditional NHCs, which 
provides a rationale for rapid cross-coupling catalysis. 
Excellent reactivity is also demonstrated in Sonogashira 
reactions. 

Keywords: carbenes; catalysis; cross-coupling; palladium; 
Suzuki-Miyaura. 

N-Heterocyclic carbene (NHC) ligands are among the 

most important classes of ligands for transition metals 

because their strong -donating ability leads to highly 

robust and catalytically active metal complexes.[1] For 

imidazole-based NHC ligands, substitution at both 

nitrogens on the rings also enables selective tuning of 

the steric environment around the metal center. 

Monosubstituted or N–H NHCs are a unique and 

potentially powerful class of NHCs because of their 

ability to benefit from H-bonding with substrates 

(Figure 1a).[2] In addition, protic NHCs can be 

deprotonated to generate anionic (X-type) 2-

imidazolyl ligands, where the Lewis basic nitrogen can 

then participate in substrate binding or 

transmetallation.[3] Recent results from the Lindsay 

laboratory suggest that the basic nitrogen on a 

benzimidazolyl ligand can coordinate a boronic ester 

substrate to facilitate faster transmetallation in Suzuki-

Miyaura cross-coupling reactions (Figure 1a).[4] 

Despite these potential advantages, reports on the 

development and use of imidazolyl ligands in 

transition metal catalysis are sparse.[3] 

Traditional methods for the preparation of metal-

NHC complexes involve the deprotonation of the 

acidic imidazolium hydrogen to form the free carbene 

species, followed by addition of the metal salt.[1] This 

preparation method limits the types of carbene 

complexes that can be formed due to rapid 

dimerization of unhindered carbene intermediates. As 

such, methods to prepare monosubstituted imidazole-

based NHC metal complexes are limited and typically 

require multistep synthesis,[5] proceed by oxidative 

addition into a halide-substituted imidazole,[6] or rely 

on the inherent ability of the metal to insert into the C–

H bond at the 2-position of an imidazole precursor 

(Figure 1b).[2a,7] In addition, the majority of known 

monosubstituted NHC metal complexes are either 

multidentate (pincer type) or contain multiple NHC 

ligands, which is a consequence of their ease of 

preparation.[2a]  

In this work, we demonstrate that treatment of 2-

diphenylphosphinoimidazoles with Pd(II) salts leads 

to rapid formation of monosubstituted N-heterocyclic 

carbene palladium complexes via non-oxidative  
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Figure 1. Benefits of and preparation methods for N–H or 

monosubstituted NHC metal complexes. 

insertion between the C–P bond (Figure 1c).[8] While 

the insertion of transition metals into P-aryl bonds is 

known, this mechanistic pathway is typically involved 

in decomposition of metal phosphine catalysts.[9] 

Herein we demonstrate that this approach efficiently 

leads to a variety of monosubstituted NHC-palladium 

complexes and that these isolated complexes have an 

acidic hydrogen atom at the free nitrogen of the NHC. 

Our mechanistic and computational studies also show 

that upon removal of the N–H on the NHC ligand, an 

anionic (X-type) imidazolyl ligand is generated that is 

much more electron donating than traditional NHCs. 

These highly donating X-type imidazolyl ligands 

maintain their role as spectator ligands and do not 

cross couple in the reaction, suggesting that they have 

properties intermediate between NHC and true 

carbanion ligands.4  We also demonstrate that these 

deprotonated Pd(II)-imidazolyl complexes are highly 

active precatalysts for Suzuki-Miyaura and 

Sonogashira cross-coupling reactions and easily 

achieve over 100,000 turnovers at catalyst loadings 

lower than 10 ppm palladium. 

At the outset of our studies, we desired a general and 

high yielding approach to monosubstituted NHC 

palladium complexes that would allow us to 

investigate their reactivity in cross-coupling reactions. 

Of the reported approaches to the synthesis of N–H 

NHCs, we believed that insertion into a heteroatom at 

the 2-position of the imidazole would provide the most 

general approach.[8a,10] Hong and coworkers have 

demonstrated that palladium(II) salts can undergo non-

oxidative insertion between the C–P bond in 2-

imidazolylphosphine oxides. This non-oxidative 

reactivity derives from the fact that 2-

phosphinoimidazoles can, upon protonation, be 

thought of as NHC-phosphenium complexes, which 

have been shown to serve as carbene transfer reagents 

(Figure 2a).[8a] Insertion of the palladium into the 

phosphenium intermediate, with concomitant addition 

of methanol to the phosphenium fragment would then 

provide the desired metal NHC complex. While 

Hong’s data confirms that 2-imidazolylphosphine 

oxides can undergo this rearrangement, it was not 

known whether the reaction would proceed with 2-

imidazolylphosphines as starting materials.  

 

Figure 2. Synthesis and crystal structure of monosubstituted 

NHC-Pd(II) complexes. 

Using Hong’s precedent as a starting point, we were 
excited to find that addition of palladium(II) chloride 
in methanol to 2-diphosphinoimidazoles 1 led to 
selective formation of the NHC-Pd(II) complexes (2) 
across a range of substituted imidazole ligands (Figure 
2b). Methanol as solvent was found to be necessary for 
efficient conversion to the NHC complex as methanol 
has been proposed to facilitate migration of the 
palladium to the carbon of the imidazole.[2a] Formation 
of the complex could be easily tracked by 31P NMR 
due to appearance of a characteristic phosphorous peak 
near ~120 ppm that indicates formation of Pd-bound 
P(OMe)Ph2. Using our optimized conditions, a variety 
of substituted NHC-Pd complexes were synthesized in 
good yield, including those containing N-aryl (2a–2c), 
and N-alkyl (2d) substituents. Other N-substitutions, 
including mesityl, benzyl, methyl, and tert-butyl 
efficiently formed the N–H NHC complexes with 
PdCl2. However, purification proved challenging and 
these complexes could not be obtained in analytically 
pure form for catalytic studies. To confirm the 
structure of these new NHC-Pd complexes, we grew 
X-ray quality crystals of 2a and obtained an X-ray 
crystallographic structure (Figure 2c). Unlike other N–
H NHC metal complexes, palladium complexes 
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formed in this fashion crystallize in monomeric and 
not dimeric form (Figure 2c). 

One intriguing structural characteristic of these new 
Pd-NHC complexes is the potential to remove the N–
H of the imidazole and create an anionic NHC or 
imidazolyl-type ligand.[3] Grotjahn and coworkers 
have previously demonstrated that deprotonation of 
the N–H on a monosubstituted Ru-NHC complex led 
to formation of an anionic NHC ligand with high 
nucleophilicity at the imidazole nitrogen.[10] We 
wondered whether deprotonation in this manner would 
lead to a more donating NHC ligand that could 
enhance the reactivity of the transition metal in 
catalysis. Indeed, anionic complexes of palladium 
have been implicated as highly active species in cross 
coupling catalysis.[11] The 1H NMR spectrum of 
complex 2a contains an acidic proton near 12 ppm, 
which exchanges for deuterium when D2O is added to 
the sample in CDCl3. When complex 2a was treated 
with excess Et3N or under the reaction conditions 
(95:5 C6D6:MeOH, Cs2CO3, rt), deprotonation of the 
imidazole was evident due to disappearance of the N–
H peak in the 1H NMR spectrum (see supporting 
information). We are not sure, however, whether this 
deprotonation leads to an anionic Pd-imidazolyl 
complex or a neutral complex where one of the 
chlorides dissociates.  

To evaluate the electron donor propensity of N–H 
versus anionic NHC-Pd species, we performed DFT 
calculations in Gaussian 16[12] to estimate the Tolman 
electronic parameter (TEP = CO (A1) of 
Ni(CO)3(NHC)). We used the mPW1PW91/6-
311+G** methodology and procedure of Gusev  to 
optimize and verify a minima for the Ni complex with 
carbene ligand (Figure 2d).[13] This showed that upon 
deprotonation of the N–H of the NHC complex 2a, the 
ligand (ImNDip-anion) became much more donating, 
greatly increasing the electron density at the metal  

 

Figure 3. Electron Donor properties (TEP) of N-H and 

anionic NHC ligands. See supporting information for full 

ligand abbreviation list. 

center and shifting the CO value by >40  cm-1. This 
increase in the donor ability of the ligand would not 
only make the metal more electron rich to accelerate 
oxidative addition type processes, it would also 
increase the strength of the NHC-M interaction, 
increasing the stability and lifetime of the catalyst. 

Having developed an efficient synthesis of these 
new NHC-Pd complexes, we next investigated their 
catalytic potential in Suzuki-Miyaura reactions. As 
seen in Table 1, our monosubstituted Pd complexes are 
highly active in the Suzuki reaction when compared to 
other NHC-Pd complexes (entries 1–4). In particular, 
complexes 2a–2d (entries 1, 5–7) performed as well or 
better than the IPr carbene (1,3-bis(2,6-
diisopropylphenyl)imidazolium-2-yl, entry 2), the 
state-of-the-art PEPPSI catalyst (entry 3),[14] and the 
N-benzylthiazolium-2-yl carbene (entry 4).[15] Further 
optimization studies showed that as little as 0.001 
mol% catalyst (10 ppm) was sufficient to provide high 
yields of the cross-coupling product (entries 8–12). 
When the reaction was run on just 1 ppm catalyst 2a,  

  
Table 1. Optimization of Suzuki-Miyaura cross-couplings. 

 

entry[a] catalyst mol% Pd time % 

conv[b] 

1 2a 1 1 h 96 

2[c] IPr-PdCl2-

PPh3 

1 1 h 35 

3[c] IPr-PdCl2- 

3-Clpyr 

1 1 h >99 

4[d] Thiaz-

PdBr2-py 

1 1 h 25 

5 2b 1 1 h 89 

6 2c 1 1 h 89 

7 2d 1 1 h 89 

8[e] 2a 1 20 min 97 

9[e] 2a 0.1 2.5 h 95 

10[e] 2a 0.01 2 h >99 

11[e] 2a 0.001 4 h 99 

12[e] 2a 0.0001 36 h 34% 

13[e] 1a -- 16 h 0 

14[e,f] 1a, PdCl2 0.1 30 min >99 

15[e,g] 2a 1 30 min >99 

[a]Reaction run on 0.5 mmol bromide, 0.75 mmol boronic 

acid, 1.0 mmol Cs2CO3, and 1 mol% catalyst in toluene 

(0.2M) at 100 C for 1 h. [b]Determined by 1H NMR analysis 

of the crude reaction mixture by comparison to an internal 

standard. [c]IPr = 1,3-bis(2,6-diisopropylphenyl)-imidazol-2-

yl.  [d]Thiaz = 3-benzylbenzo[d]thiazol-2-yl. [e]Run at 1M in 

95:5 toluene:MeOH. [f]In situ catalyst formation with 0.1 

mol% PdCl2 and 0.1 mol% 2a. [g]Reaction conducted under 

air. 
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34% isolated yield was obtained, indicating that our 
catalyst is capable of up to 340,000 turnovers (entry 
12). The addition of 5 vol% MeOH to the latter 
reactions was found to be beneficial to catalysis, 
presumably by helping drive the equilibrium for 
catalyst formation via C–P insertion (entries 10–15). 
Under the same conditions, and with ligand 1a and no 
palladium catalyst, no product was observed (entry 13). 
In addition, formation of the active catalyst in situ via 

a prestir with the ligand and palladium source in 

methanol led to the same reactivity (entry 14), which 

greatly expands the opportunities for using these 

complexes in optimization and screening studies. Our 

catalyst also appears to be relatively air stable; when 

conducted under air, there was no apparent loss in 

reactivity (entry 15). 

We also performed studies to test for the formation 
of nanoparticles, which are known to perform cross 
couplings at very low catalyst loadings.[16] First, we 
followed the reaction by 31P NMR and found that a 
substantial amount of the active catalyst was still 
present in the reaction as the reaction progressed. 
Second, we performed the mercury drop test in an 
attempt to deactivate the reaction if nanoparticles were 
present. The addition of a drop of mercury only slightly 
impacted the overall rate of the reaction (87% 
conversion, 30 min with Hg vs 100% conversion, 20 
min without Hg). Thus, we do not believe that Pd 
nanoparticles are participating to a great extent in this 
reaction, but this effect cannot be ruled out completely 
(see supporting information for full details).  

Our optimal reaction conditions using complex 2a 
were next screened against a variety of substituted 
bromoarene substrates (Figure 4). With as little as 0.1 
mol% Pd catalyst, high yields could be consistently 
obtained with high functional group tolerance. In 
particular, aryl halides containing electron donating 
and electron withdrawing substituents at the ortho, 
meta, or para positions all reacted in high yield (4a–
4p). We were especially interested in substrates that 
were sterically hindered, due to the unhindered nature 
of our palladium carbene catalyst. We found that 
hindered substrates, such as mesityl bromide (4s) and 
ortho-substituted aryl halides (4b, 4k, 4t) performed 

 

Figure 4. Substrate scope of Suzuki-Miyaura reaction. See 

supporting information for detailed procedures. 

very well in the reaction. The reaction is also easily 
scalable using our standard conditions: with 0.001 
mol% Pd (10 ppm) and on 11 mmol scale, 1.59 g of 
product 4a (80% yield) was obtained after 14 hr. Aryl 
chlorides also participate in the reaction, but have 
much lower reactivity (4-chlorobenzaldehyde, 54% 
conv, 9h with 1 mol% catalyst at .75M in 95/5 
toluene/MeOH).  

We also investigated a variety of boronic acid 
substrates and found that all boronic acids tested 
reacted in high yield (Figure 5). Both electron-rich 
(5a–5d) and electron-poor (5e–5g) boronic acids 
reacted with good to excellent yields. Since 
transmetallation of the boronic acid can often be rate 
limiting in Suzuki cross-coupling reactions, we wanted 
to measure the efficiency of reactions with sterically 
hindered boronic acids compared when catalyst 2a was 
used. As seen with products 5a, 5j, 5k, and 5l, our N–
H NHC catalyst provides good to excellent yields with 
a variety of ortho-substituted aryl boronic acids. We 
believe that this effect may be due to faster 
transmetallation with a less hindered NHC ligand,[4] 
but further studies are needed to confirm this effect.  

 

Figure 5. Boronic acid substrate scope. See supporting 

information for detailed procedures. 

Finally, we investigated the activity of our catalyst 
in Sonogashira reactions under copper free conditions 
(Figure 6).[17] Without additional optimization, we 
found that our standard conditions provided the cross-
coupling product in high yield for a variety of aryl 
iodide coupling partners (6a–6e). Aryl iodides 
containing a variety of electron donating and electron-
withdrawing substituents performed very well in the 
cross coupling, with electron-withdrawing substituents 
providing higher yields overall. These final results 
suggest that our monosubstituted NHC-Pd complexes 
can find broad application in a variety of Pd-catalyzed 
cross-coupling reactions. 

 

Figure 6. Substrate scope for Sonogashira reaction. 
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In conclusion, our results presented here provide 

an expeditious route to N–H NHC complexes of 

palladium that are highly active precatalysts for 

Suzuki-Miyaura and Sonogashira cross-coupling 

reactions. Under optimized conditions, catalyst 

turnover numbers over 100,000 are achieved while 

maintaining high yields of product. In addition, our 

computational studies provide insight into the 

donating ability of these unique carbene structures, 

which surpasses that of traditional NHCs. These 

results complement previous work with anionic 

imidazolyl palladium catalysts for cross-couplings[4] 

and provide useful insights to the potential utility of 

this class of ligands for transition metal catalysis. Our 

continuing studies on this powerful class of NHC 

ligands is focused on the application to other transition 

metals including nickel. 

Experimental Section 

General procedure for the synthesis of palladium 
catalysts. In a glove box, the phosphinoimidazole ligand 
(1a-1d, 0.100 mmol, 1 eq.) and palladium(II) chloride (17.7 
mg, 0.100 mmol, 1 eq.) were dissolved in methanol (0.17 
mL) and the mixture was stirred for 7-72 hours. The solvent 
wsa then removed under vacuum and the resulting product 
was dissolved in CH2Cl2 and passed through a silica gel 
plug. The solvent was then removed to provide the clean 
product. 

General procedure for Suzuki-Miyaura coupling. In a 
N2-filled glovebox, complex 2a (0.67 mg, 0.0011 mmol), 
cesium carbonate (702 mg, 2.15 mmol), aryl halide (1.08 
mmol), add boronic acid (1.62 mmol) were dissolved in 
toluene/methanol (95/5, 1.4 mL).  The solution was then 
heated to 100 °C for 2-24 h until complete consumption of 
starting material was observed by 1H NMR.  The reaction 
was then cooled to room temperature. Water was added and 
the mixture was extracted 3 times with dichloromethane.  
The combined organic layers were dried with sodium sulfate 
and the solvent removed.  Purification was accomplished on 
a silica gel column with 1:1 hexane:DCM as eluent. 

General procedure for Sonogashira coupling. In a N2-
filled glovebox, complex  2a (3.0 mg, 0.0048 mmol), 
cesium carbonate (628 mg, 1.93 mmol), aryl iodide (0.965 
mmol), and phenylacetylene (120.7 mg, 1.16 mmol) were 
dissolved in toluene/methanol solution (95/5. 1.9 mL).  The 
reaction was then stirred at 40 °C for 16-24 h until complete 
consumption of starting material was observed by 1H NMR.    
The reaction was then cooled to room temperature. Water 
was added and the mixture was extracted 3 times with 
diethyl ether.  The combined organic layers were dried with 
sodium sulfate and the solvent removed.  Purification was 
accomplished on a silica gel column with cyclohexane as 
eluent. 
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