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ABSTRACT: The mechanism of Ullmann-type 
biaryl formation between benzo-[1,2-b:4,5-
b’]dithiophene-1,1,5,5-tetraoxide (BDTT) and 
iodobenzene (ArI) was computationally studied in the 
presence of CuI, phenanthroline (Phen), K3PO4 (as a 
base) and Ag2CO3 (as an additive). It is also shown 
that base and additive play critical roles in each steps 
of the reaction, such as: (a) the I-to-base exchange in 
complex (Phen)CuI, (b) substrate deprotonation via 
the acid-base mechanism, and (c) Ar–I activation and 
DBT–Ar coupling. It is shown that: (a) the presence 
of sulfonyl oxygens in DBT is essential – it plays an 
anchoring role and brings substrate and base closer to 
each other. In the presence of K3PO4 and in the 
absence of additive Ag2CO3, the Ph-I activation and 
C-C coupling, occurs via a Cu-mediated nucleophilic 
substitution mechanism, and requires a significant 
free energy barrier. However, the addition of Ag2CO3 
to the reaction mixture, not only accelerates the DBT 
and PhI coupling by reducing the rate-limiting Ph-I 
activation barrier, but also switches the mechanism of 
the reaction from a Cu-mediated nucleophilic 
substitution to a Ag(I)-promoted oxidative addition-
reductive elimination. The findings are important for 
development of the next generation reaction 
conditions for Ullmann-type of coupling reactions. 

 

INTRODUCTION 

Arenes and heteroarenes are commonly used 
compounds in the synthesis of pharmaceuticals and in 
the design of organic electronic devices such as 
organic light emitting diodes (OLEDs), 
photovoltaics, transistors and batteries.1-4 Utilization 
of these aromatic species involves selective 
functionalization of their C(sp2)–H bonds. Currently, 
several synthetic methodologies have been 
established for the functionalization of arene C(sp2)–

H bonds5-10 including Ullmann-type catalytic arene 
arylation and amination reactions.11-15 Recently, 
Nelson and coworkers have applied this strategy to 
the copper catalyzed direct C-H arylation of benzo-
[1,2-b:4,5-b’]dithiophene-1,1,5,5-tetraoxide (BDTT) 
with aryl iodides (Scheme 1).16 This new reaction 
opens a way for the efficient utilization of electron 
poor heterocycles in organic semiconductor design. 
In this work, the authors coupled BDTT as a 
nucleophile with (hetero)aryl iodides as electrophiles 
in the presence of CuI and 1,10-phenanthroline 
(Phen) ligand as a catalyst, K3PO4 as a base, and 
Ag2CO3 as an additive.   

However, a lack of in-depth understanding of 
mechanistic details, role of catalyst, ligand, base, 
additive, nucleophile and electrophile in this reaction 
limits its broader application. In order to overcome 
these shortcomings, more comprehensive studies 
elucidating the intimate mechanistic details of this 
reaction, and identifying the role of the reaction 
components are necessary. 

 

Scheme 1. Copper catalyzed C-H direct arylation of 
benzo-[1,2-b:4,5-b’]dithiophene-1,1,5,5-tetraoxide 
(BDTT) with aryl iodides [17].  

In general, the mechanism of the Ullmann-type 
couplings has long been a subject of numerous 
experimental and computational studies but remains 
a topic of active debates.17-23 It is established that the 
mechanism of these reactions strongly depend not 
only on the nature of the Cu(I)-complex and ancillary 
ligand (phenanthrolines,24-25 bipyridines,26 

diamines,27-29 dipyridylimines,30 amino acids,31 8-
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hydroxyquinolines,32 diketones,33-34  

pyridylketones,35 and others), but also on the nature 
of electrophile, nucleophile, base and additive. In the 
case of widely used neutral and bidentate ancillary 
ligands (LL) such as phenanthrolines, bipyridines, 
and diamines,36-40 an oxidative addition/reductive 
elimination (OA/RE) mechanism (Scheme 2a) that 
starts from the three-coordinated intermediate, 
(LL)Cu(Nu), was proposed. A radical mechanism for 
the reaction of haloarenes with (LL)Cu(Nu) has been 
proposed earlier17 but have been discounted because 
of invalidating negative radical clock experiments 
and lack of inhibition by radical scavengers.41-44  

 
Scheme 2. Previously proposed mechanisms of the 
Ullmann-type Cu(I)-catalyzed C-C coupling with (a) 
neutral (LL) and (b) anionic (LY) ancillary ligands (also, 
see [22]). Here, (c) is a model nucleophile, 4,7-
dimethoxybenzo[b]thiophene 1,1-dioxide (DBT), used in 
the present study. 

Similarly, the Ullmann biaryl ether formation 
catalyzed by Cu(I) in the presence of anionic 
bidentate ancillary ligands [H(LY)], such as 8-
hydroxyquinolines32 and diketones,33-34   is proposed 
(see Scheme 2b) to start from the reactive three-
coordinated anionic intermediate [(LY)Cu(Nu)]–: in 
the case of Nu = OPh, this intermediate reacts with 
the iodoarene to form five-coordinated, 
[(Ar)(I)Cu(LY)(PhO)]–, Cu(III) complex, which later 
releases iodide anion and proceeds via the Ar-Nu 
bond formation and re-generation of the Cu(I)-
catalyst.22 Based on the available experimental data, 
the oxidative addition of an iodoarene is proposed to 
be the rate-determining step of the reaction.22 It is 
necessary to emphasize that, this “modified anionic 
mechanism”, proposed by Hartwig and coworkers for 
the reaction of iodobenzene with phenoxides,22 is 
different from that reported for the reaction of 
iodobenzene with the alcohol and amine (of 5-
aminopentanol) in the presence of a similar anionic 
ligand.17-18 The difference between the mechanisms 
of the reactions of phenoxides and those of alcohols 
and amines was rationalized by the greater stability 

of anionic aryloxide-containing complexes 
[(LY)Cu(OAr)]– than its anionic alkoxide 
counterparts. 

However, previous extensive mechanistic studies, 
have generally left unanswered the roles of base and 
additive both in the formation of three-coordinated 
[(LL)Cu(Nu)] and [(LY)Cu(Nu)]– intermediates, and 
in the following aryl-halide bond activation and Nu-
Ar coupling steps. Available experiments on the 
Ullmann-type coupling,45-46 including the recently 
reported reaction by Nelson and coworkers,16 have 
unambiguously demonstrated importance of the base 
and additive. It is conceivable that these metal salts 
not only act as oxidants during the catalyst 
regeneration but also assist other steps of the catalytic 
cycle.23, 47 Recent report of Gurjar and Sharma48 have 
indicated that the CO3

2–/PO4
3– anion may act as a 

chelating ligand in the Cu(I)-catalyzed C-N coupling 
and facilitate the reductive elimination from the 
Cu(III)-intermediate. However, the reported reaction 
mechanism and characterized Cu(III) species are not 
directly applicable and illustrative for the Ullmann-
type catalytic reactions in the presence of base and 
additive because they were performed under 
sequential addition of aryl iodide and carbonate base. 
For example, the following reaction sequence 
illustrates several possible steps:  

{[(LL)CuI(HNNu)]+ + PhI ® 
[(LL)CuIII(HNNu)(Ph)(I)]+ then 
[(LL)CuIII(HNNu)(Ph)(I)]+  +  CO3

2– ®  
[(LL)CuIII(HNNu)(Ph)(CO2)]}.   

Furthermore, as emphasized previously, the nature of 
the nucleophile is also crucial in the Ullmann-type of 
coupling.17, 20 As such, the BDTT reagent used in the 
reaction presented in Scheme 1 was not previously 
explored in mechanistic studies, and possesses 
sulfonyl oxygens, the role of which remains elusive 
in the studied C–C coupling reaction.  

In order to answer these questions, herein, we 
investigate the mechanisms of CuI and 
phenanthroline (Phen) catalyzed, and K3PO4 and 
Ag2CO3 facilitated biaryl formation between BDTT 
and aryl iodides. We expect that the acquired 
knowledge from the proposed research will (a) 
enhance the development of next generation reaction 
conditions for utilization of electron poor 
heterocycles, such as BDTT, in organic semi-
conductor design, and (b) help delineate some of the 
remaining mechanistic issues for Ullmann-type of 
couplings.   

Herein, we show that base and additive play critical 
roles in each steps of the reaction, such as (a) the I-
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to-base exchange in complex (Phen)CuI, (b) substrate 
deprotonation via the acid-base mechanism, and (c) 
Ar–I activation and DBT–Ar coupling. The presence 
of sulfonyl oxygens in DBT is also essential, and 
plays an anchoring role. We demonstrated that, in the 
presence of K3PO4, the reaction proceeds via a Cu-
mediated nucleophilic substitution mechanism, and 
requires significant free energy barrier. However, 
addition of Ag2CO3 to reaction mixture not only 
reduces the rate-limiting Ar–I activation barrier, but 
also switches mechanism of the reaction from the Cu-
mediated nucleophilic substitution to the oxidative 
addition/reductive elimination occurring on the Ag+-
cation of the additive. Thus, the Ag-center of additive 
Ag2CO3 acts as a catalytic active center and 
undergoes an Ag(I)/Ag(III) oxidation. 
 
METHODS 

Computational Details. The presented calculations 
were carried out using the Gaussian 09 suite of 
programs.49 Geometry of all reported reactants, 
intermediates, transition states (TSs) and products 
were optimized without symmetry constraint at the 
B3LYP level of density functional theory (DFT)50-51 
in conjunction with Lanl2dz basis set and 
corresponding Hay-Wadt effective core potential 
(ECP) for Cu, Ag and I atoms.52-53 Standard 6-
31G(d,p) basis sets were used for all remaining 
atoms. Dispersion corrections were included into the 
calculation at the Grimme’s DFT-D3 level of 
theory.54  Below, this approach will be designated as 
[B3LYP-D3]/{Lanl2dz+[6-31G(d,p)]}. Bulk solvent 
effects are incorporated into calculations at the self- 
consistent reaction field polarizable continuum model 
(IEF-PCM) level55-56 by selecting DMF as the solvent 
(eps=36.71, rsolv=2.647, density=0.00778, 
epsinf=1.75).57 The nature of each stationary point 
was characterized by the presence of zero or one 
imaginary frequencies for minima and TSs, 
respectively. The IRC calculations were performed to 
confirm nature of each TSs. The relative enthalpies 
(ΔH) and Gibbs energies (ΔG) are presented as 
ΔH/ΔG, and calculated under standard conditions (1 
atm and 298.15 K). Cartesian coordinates of all 
reported structures are given in the 
Supporting Information.  

Here, for practical reasons, in the presented 
computational studies, we modelled BDTT by 4,7-
dimethoxybenzo[b]thiophene 1,1-dioxide (DBT) (see 
Scheme 2c). 

 
Results and Discussion 

A. Catalyst Activation:  In the presence of PhI and 
base in the reaction mixture, the studied reaction will 
be initiated by interaction of (Phen)CuI (1) with 
either available base/additive (K3PO4/Ag2CO3) or 
electrophile PhI. Computations show that the PhI 
interaction with 1 is thermodynamically less 
favorable than with K3PO4 and Ag2CO3 (see Figure 
S1 of supporting materials). Meantime, the 
interaction of (Phen)CuI (1) with K3PO4, which is 
exergonic by -30.2/-17.2 kcal/mol, initiates the iodide 
removal with only a 0.0/2.1 kcal/mol free energy 
barrier at the transition state TS1a (the ΔE‡ value is 
0.3 kcal/mol) (see Figure 1). Interestingly, at the 
current level of theory, in the product 3a the formed 
KI fragment stays coordinated to the PO4-unit of 
K3PO4: the calculated (Phen)Cu(K2PO4)–(KI) 
bonding free energy is 10.7 kcal/mol.  

Briefly, the interaction of (Phen)CuI with Ag2CO3 is 
found to be stronger (the calculated [(Phen)CuI]–
[Ag2CO3], (2b), bonding energy is -34.3/-21.5 
kcal/mol) than with K3PO4, iodide removal from 2b 
occurs with almost no energy barrier (DG‡ = 0.4 
kcal/mol), and the overall reaction leads to the 
formation of (Phen)Cu[AgCO3(AgI)] intermediate 
(3b) is more exergonic (by -40.1/-27.7 kcal/mol, see 
Figure S2 of Supporting materials).  

 

Figure 1. Reactants, intermediate, transition state and 
product of the reaction of (Phen)CuI with K3PO4, along 
with their relative energies (in kcal/mol) and important 
geometry parameters (distances in Å and angles in degree). 
The calculated DE values of structures 2a, TS1a and 3a are 
-31.1, -30.8 and -32.0 kcal/mol, respectively.  

At the next stage, in the presence of substrate (DBT) 
and PhI, intermediate 3a (or 3b) may participate in 
two competing processes. One of them, called as “the 
Ar–I activation first”, starts by the ArI coordination 
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and proceeds via the Ar–I bond activation. Then, the 
resulting complex coordinates DBT nucleophile, 
activates its C–H bond, and leads to the C–C coupling 
product. Calculations show that this process requires 
high energy barriers (see Figures S3a and S3b of 
Supporting Materials) and cannot compete with the 
alternative, “the substrate C–H activation first”, 
pathway.  

B. Mechanism of the “Substrate C-H activation 
first” pathway: This pathway of the reaction starts by 
the substrate (DBT) coordination to complex 3a and 
formation of the adduct 
[(Phen)Cu][K2PO4(KI)](DBT), 4a, with -20.9/-4.3 
kcal/mol free energy. As shown in Figure 2, one of 
the stabilizing factors in the resulting complex 4a is 
an interaction between one of the sulfonyl oxygens 
(namely, O3-center) of DBT and the cation K2 of the 
coordinated [K2PO4(KI)]– ligand. Other stabilizing 
factors could involve the interaction of Cu with C1, 
hydrogen bonding between the substrate C1–H1 bond 
and O1-center of base, and p-p interaction between 
the phenanthroline ligand and aromatic ring of the 
DBT substrate.  

 

Figure 2. Pre-reaction complex 4a, substrate C-H 
activation transition state TS2a and the C-H activated 
product 5a, alone with their relative energies (in kcal/mol) 
and important geometry parameters (distances in Å and 
angles in degree). The calculated DE values of TS2a and 
complex 5a are 3.9 and 1.1 kcal/mol, respectively.  

Thus, the presence of sulfonyl oxygens in DBT is 
essential for the substrate C-H bond activation: it 
interacts with the counter-cation of the coordinated 
base, brings the reactive C1–H1 bond of the substrate 
and the accepter O-center of the base closer to each 
other, and, consequently, facilitates the substrate C-
H bond activation. 

From the complex 4a, the targeted reaction may 
proceed via either KI dissociation or C1–H1 bond 

activation pathways. The former process requires 
14.8 kcal/mol free energy and cannot compete with 
the C1–H1 bond activation which requires only a 0.8 
kcal/mol free energy barrier at the transition state 
TS2a and is almost thermoneutral.  

Close analyses of TS2a and product complex 5a 
show that the reaction 3a + DBT ® 4a ® TS2a ® 
5a is an acid-base process and occurs via proton 
removal by the coordinated [K2PO4(KI)]– ligand. 
During this process, mainly, the C1–H1 bond of 
substrate is broken and the O1–H1 bond of base is 
formed. As shown in Figure 2, there is no evidence of 
either Cu–C1 or Cu–O2 bond formation (i.e. 
shortening of these bonds). Another strong support 
for this conclusion comes from the negative charge 
accumulation on the substrate during the reaction. 
The calculated total NBO charge of DBT’ fragment 
(here and below DBT’ stands for the deprotonated 
derivative of DBT) changes from 0.20 |e| to -0.12 |e| 
and -0.84 |e| in complex 4a, TS2a and product 5a, 
respectively. Thus, the role of the transition metal 
center (i.e. Cu) in this step of the reaction also is to 
bring substrate and base closer to each other and 
facilitate C–H deprotonation.  

Briefly, similar results were obtained if Ag2CO3 was 
used as a base. Data presented in Supporting 
Materials (see Figure S4) show that substrate 
coordination to the complex 3b is only 16.9/2.2 
kcal/mol exergonic, which is 4.0/2.1 kcal/mol less 
than that obtained for K3PO4. However, surprisingly, 
deprotonation of substrate by Ag2CO3 requires larger 
free energy barrier than K3PO4 (11.9/12.4 kcal/mol vs 
0.7/0.8 kcal/mol).  Furthermore, product complex 5b 
is highly unstable and transforms to the pre-reaction 
complex 4b with almost no energy barrier. 
Comparison of these findings for K3PO4 and Ag2CO3 
show that in the presence of both K3PO4 and Ag2CO3 
in the reaction mixture, the K3PO4 will act as a more 
effective base than Ag2CO3. 

C. Aryl-iodide Coordination: Thus, in the presence 
of both K3PO4 and Ag2CO3, the product of the DBT 
C–H bond activation is the complex 
[(Phen)Cu][K2PO3(OH)(KI)](DBT’), 5a. In order for 
the reaction to proceed, this complex should 
coordinate aryl iodide and activate the C–I bond. 
Comprehensive calculations show that this step of the 
reaction will be initiated by substitution of 
K2PO3(OH)(KI) with either K3PO4 or Ag2CO3 before 
the PhI addition. This substitution-addition reaction 
could proceed via either stepwise (i.e. dissociative) or 
concerted pathways.  

The stepwise mechanism includes several elementary 
reactions (see Scheme 3 and Figures 3 and 4). 
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Scheme 3. Elementary reactions involved in the stepwise 
(a) K2PO3(OH)(KI) ® K3PO4 and (b) K2PO3(OH)(KI) ®  
Ag2CO3 substitution and then ArI addition. 

 

Figure 3. Intermediates 5_1, 5_2as, 5_2bs, 5_3as and 
5_3bs with their important geometry parameters (distances 
in Å and angles in degree) of the stepwise K2PO3(OH)(KI)-
to-K3PO4 (left) and K2PO3(OH)(KI)-to-Ag2CO3 (right) 
substitution and then ArI addition processes. Presented 
reaction energies (in kcal/mol) are for each specific step.  

The “s” and “c” (see below) stand for the structures 
formed via stepwise and concerted substitution 
pathways, respectively. 

Calculations show that the first step of the stepwise 
substitution processes involve the K2PO3(OH)(KI) 
dissociation from 5a to form 5_1, requires 31.6/13.9 
kcal/mol free energy (See Figure 3). However, the 
following step, namely, coordination of K3PO4 and 
Ag2CO3 to intermediate 5_1 that leads to 
intermediates 5_2as and 5_2bs, respectively, is 

exergonic by 21.3 and 23.5 respectively (whereas the 
coordination of PhI is only 2.1 kcal/mol exergonic). 

Thus, we conclude that the complexes 5_2as and 
5_2bs are the direct analogs of the previously 
reported22 three-coordinated active (LL)Cu(Nu) 
intermediate in the presence of K3PO4 and Ag2CO3, 
respectively. 

At the next step, intermediates 5_2as and 5_2bs 
coordinate aryl-iodide to form 
[(Phen)Cu][K3PO4](ArI)(DBT’), (5_3as) and 
[(Phen)Cu][Ag2CO3](ArI)(DBT’), (5_3bs) with -1.4 
and -0.5 kcal/mol coordination free energies, 
respectively. Thus, overall, the stepwise formation of 
5_3as and 5_3bs from 5, PhI, K3PO4 and Ag2CO3 is 
exergonic by 8.8 and 10.1 kcal/mol, respectively, and 
occurs via 13.9 kcal/mol free energy barrier. 

 

Figure 4. Intermediates 5_2ac, 5_2bc, 5_3ac and 5_3bc 
with their important geometry parameters (distances in Å 
and angles in degree) of the concerted substitution of 
K2PO3(OH)(KI) either by K3PO4 or Ag2CO3 in complex 
5a, respectively, and followed by the ArI addition.  

We were not able to determine the transition state 
structures for the concerted substitution of 
K2PO3(OH)(KI) either by K3PO4 or Ag2CO3. 
However, we have located products of these 
processes, complexes 5_2ac and 5_2bc (see Figure 
4).  As shown in Figure 4, in 5_2ac and 5_2bc, (in 
contrast to their 5_2as and 5_2bs stepwise 
counterparts) DBT’ is only weakly coordinated to the 
Cu-center with the Cu-C1 bond distances of 2.167 and 
2.288 Å, respectively. However, in these complexes, 
the DBT’ fragment, interacts with the K+/Ag+ cations 
of the base/additive via its C1–center. In the presence 
of electrophile PhI, intermediates 5_2ac and 5_2bc 
react with PhI to form 5_3ac and 5_3bc with -2.3 and 
-1.7 kcal/mol coordination free energies, respectively. 
Calculations show that the concerted substitution 
reactions 5a + PhI +  K3PO4 ® 5_3ac + 
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[K2PO3(OH)(KI)] and 5a + PhI  +  Ag2CO3 ® 5_3bc 
+ [K2PO3(OH)(KI)] are exergonic by 1.2 and 16.3  
kcal/mol, respectively. 

At the next stage, we investigated the Ph–I bond 
activation and C-C coupling initiated from all of these 
four complexes. Inspired by the available 
knowledge23, 58 and based on our comprehensive 
analyses, we proposed multiple mechanistic 
scenarios. In order to simplify our discussion, below 
we only present the most favorable mechanisms of 
the reactions, while the less favorable reaction 
pathways, including the single-electron transfer 
(SET), iodide atom transfer (IAT), various metathesis 
mechanisms, are given in the Supporting Materials. 
To make our discussion chronologically coherent, at 
first, we analyze mechanisms of the Ph–I bond 
activation and C-C coupling initiated from the 
complexes 5_3as and 5_3ac involving base K3PO4 
and without additive Ag2CO3. 

D. Base (i.e. K3PO4) assisted PhI Activation. 
Calculations show that in 5_3as, the Ph–I activation 
occurs by as low as 34.5 kcal/mol free energy barrier 
via the transition state TS3as (see Figure 5, see also 
Figure S7). At this transition state iodide interacts 
with the K1 cation of base, while Ar interacts with the 
Cu-center and, possibly, with the C1-center of DBT’. 
The performed IRC calculations from TS3as 
connects pre-reaction complex 5_3as with the C-C 
coupled product [(Phen)Cu][K2PO4(KI)(Ar-DBT’)], 
5_4as. In the other words, the oxidative addition 
intermediate with the CuIII-center is metastable and 
Ph-I activation at the TS3as leads to the C-C coupling 
product 5_4as. Overall reaction 5_3as ® TS3as ® 
5_4as is exergonic by 55.4 kcal/mol. 

As mentioned previously, for K3PO4, the concerted 
substitution product 5_3ac is less stable than stepwise 
one 5_3as by DG = 7.6 kcal/mol. In addition, we 
found that it requires, about 30.9 kcal/mol of free 
energy barrier (i.e. 38.5 kcal/mol, relative to the 
5_3as) for the Ph-I activation at the transition state 
TS3ac. A close analysis of the geometry of TS3ac 
indicates that the Ph–I activation, similar to that in the 
5_3as, occurs simultaneously with the C–C coupling. 
Thus, the Ph–I activation and C–C coupling in the 
complexes 5_3as and 5_3ac with K3PO4 can be 
characterized as a Cu-mediated nucleophilic 
substitution reactions rather than an oxidative 
addition-reductive elimination as it was previously 
reported in the base-free studies.22 However, these 
reactions require large free energy barriers. 34.5 and 
38.5 kcal/mol, respectively, for Ph–I bond cleavage. 

 
Figure 5. Transition states TS3as and TS3ac, and products 
5_4as and 5_4ac of the Ar–I activation and C-C coupling 
initiated from 5_3as and 5_3ac with K3PO4 base, alone 
with their relative energies (calculated relative to 
complexes 5_3as and 5_3ac (in italic), respectively, in 
kcal/mol) and important geometry parameters (distances 
are in Å, but angles are in deg.). 

 

However, the available experiments show that 
addition of Ag2CO3 to the reaction mixture, as an 
additive, substantially increases yield of the 
reaction,16 and  the calculations demonstrate that the 
formation of the complexes 5_3bs and 5_3bc with 
Ag2CO3 is more favorable (the formation of these 
species from 5a, Ag2CO3 and PhI are exothermic by 
10.1 and 16.3 kcal/mol, respectively) than their 5_3as 
and 5_3ac analogs with K3PO4 (the formation of 
which from 5a, K3PO4 and PhI are exothermic only 
by 8.8 and 1.2 kcal/mol, respectively). We therefore 
also analyzed mechanism of the Ph–I bond activation 
and C-C coupling initiated from the complexes 5_3bs 
and 5_3bc with Ag2CO3. (see also Figure S8). 

E. Additive (i.e. Ag2CO3) assisted ArI Activation. At 
first, we investigated the nucleophilic substitution 
reaction initiated from the intermediates 5_3bs and 
5_3bc. We found that the reaction initiated by 5_3bs 
proceeds with a 27.8 kcal/mol Ph–I activation free 
energy barrier at the transition state TS3bs (see 
Figure 6 and Figure S8), leads to the C–C coupled 
product, 5_4bs, and is highly exergonic (by 69.7 
kcal/mol). Since intermediate 5_3bs is less favorable 
than its 5_3bc isomer by 6.2 kcal/mol, the overall 
energy barrier, calculated from the lowest 5_3bc, is 
34.0 kcal/mol at the transition state TS3bs (see Figure 
6). Whereas, the nucleophilic substitution reaction, 
initiated from the energetically most favorable isomer 
5_3bc, proceeds via the transition state TS3bc and 
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requires even larger, 38.9 kcal/mol, free energy 
barrier. 

Thus, the above presented data for the reactive 
complexes with K3PO4 and Ag2CO3 show that the Ph–
I bond activation and the following C–C coupling 
proceeding via the Cu-mediated nucleophilic 
substitution mechanism require high energy barrier 
for the Ph–I addition transition state.   

 

Figure 6. Transition states TS3bs and TS3bc, and product 
5_4bs/5_4bc of the Ar–I activation and C-C coupling 
initiated from 5_3bs and 5_3bc, along with their relative 
energies (calculated relative to complexes 5_3bc and 
5_3bs (in italic), respectively, in kcal/mol) and important 
geometry parameters (distances are in Å, but angles are in 
deg.). 

 

The large energy barriers for the both base and 
additive assisted nucleophilic substitution reactions 
brought our attention to the idea of Ph–I oxidative 
addition to Ag+ (Ag1 in Figure 4). Here, we wish to 
mention that in recent years several Ag(I)/Ag(III) 
catalytic cycle for C-C and C-O cross-coupling 
reactions were reported and even some aryl-Ag(III) 
complexes were synthesized. 59  

Silver-assisted oxidative addition: Gratifyingly, we 
found that the oxidative addition of Ph–I to Ag+-
center of 5_3bc (which is energetically the most 
stable active intermediate with additive Ag2CO3) 
requires 24.2 kcal/mol activation barrier (ΔG‡) at the 
transition state TS3bc_ox. This energy barrier is 
almost 9.8 kcal/mol smaller than that required for Cu-
mediated nucleophilic substitution. As shown in 
Figure 7, in TS3bc_ox: (i) the activated Ph–I bond is 
elongated to 2.573 Å from 2.150 Å in 5_3bc, (ii) the 
nascent Ag1–C2(Ar) and Ag1–I bonds are 2.262 and 

2.812 Å, respectively, and (iii) the Ag1–C1(DBT’) 
and Ag1–O4 bond distance are only slightly changed. 
These geometrical features are consistent with the 
oxidative addition nature of TS3bc_ox. 
Consequently, the performed IRC calculations from 
the TS3bc_ox connected pre-reaction complex 5_3bc 
and two-electron, Ag(I)/Ag(III), oxidation product 
5_4bc_ox. Overall the Ag(I)/Ag(III) oxidation 
process, i.e. reaction 5_3bc ® TS3bc_ox ® 
5_4bc_ox, is calculated to be endergonic by 9.3 
kcal/mol.   

 

Figure 7. Transition states TS3bc_ox, TS4bc_ox and the 
Ag(III) oxidative addition intermediate 5_4bc_ox of the 
Ar–I addition to Ag-center of 5_3bc followed by the Ar-
cation transfer to DBT’ to form C-C bond. Relative 
energies (in kcal/mol) of these structures are calculated 
relative to the complex 5_3bc. The presented important 
bond distances and angles of these structures are in Å and 
deg. respectively. 

 

In the next step, the metastable Ag(III)-complex 
5_4bc_ox rearranges to the highly stable product 
complex 5_4bc. The free energy barrier required for 
this transformation is only 1.9 kcal/mol through the 
transition state TS4bc_ox.  

From the above results, it is clear that, in the absence 
of additive Ag2CO3, the DBT and PhI coupling is 
initiated from the complex 5_3as, with base K3PO4, 
and proceeds via the Cu-mediated nucleophilic 
substitution pathway with a 34.5 kcal/mol rate-
limiting Ph–I activation free energy barrier. In 
contrast, in the presence of the additive Ag2CO3, the 
DBT and PhI coupling start from the complex 5_3bc 
and proceed via the Ph–I oxidative addition to Ag(I)-
center followed by reductive elimination, which 
requires a 9.8 kcal/mol smaller (i.e. 24.2 kcal/mol) 
free energy barrier for Ph–I activation. Thus, the 
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presence of Ag2CO3 additive in the reaction mixture 
switches the mechanism of Ph–I activation and 
enhances the rate and yield of this reaction. This 
conclusion from computation is consistent with 
experiments showing that addition of Ag2CO3 in to 
the reaction mixture of (Phen)CuI, DBTT, Ar–I and 
K3PO4 increases the yield of the reaction. 

Conclusion 

Here, we have studied mechanisms of biaryl 
formation between DBT (model of DBTT) and aryl-
iodide in the presence of CuI, phenanthroline (Phen), 
K3PO4 (as a base) and Ag2CO3 (as an additive). 
Briefly (see Scheme 4): 

1. The first step of the reaction is the I-to-base 
ligand exchange in the pre-reaction complex 
(Phen)CuI, which occurs with a very small free 
energy barrier, and is highly exergonic

                  

 
Scheme 4. Presentation of the predicted mechanism of the Ullmann-type biaryl formation between DBT and aryl-iodide in the 
presence of CuI (as a catalyst), phenanthroline (as a ligand), K3PO4 (as a base) and Ag2CO3 (as an additive). 
 
 
2. The resulting intermediate coordinates substrate 
(DBT) and deprotonates the reactive C–H bond via 
an acid-base mechanism. It is shown that: (a) the 
presence of sulfonyl oxygens in DBT is essential. It 
interacts with the cation of the base to bring the 
substrate and base close to each other, and (b) the Cu-
center of the catalyst plays an anchoring role. It is also 
shown that K3PO4 is a more effective base for 
deprotonation of DBT than Ag2CO3. 

3. The resulting complex 
[(Phen)Cu][K2PO3(OH)(KI)](DBT’), transforms to 
[(Phen)Cu][K3PO4](DBT’)(PhI), (5_3as), with a 

covalent Cu–C1(DBT’) bond, which is a direct analog 
of the previously reported22 three-coordinated active 
(LL)Cu(Nu) intermediate for the Ullmann-type of 
coupling catalyzed by Cu(I) in the presence of the 
neutral and bidentate ancillary ligands (LL). The Ph–
I activation and C–C coupling in 5_3as is a Cu-
mediated nucleophilic substitution reaction, and 
requires a significant free energy barrier (34.5 
kcal/mol).  

4. In contrast, in the presence of Ag2CO3, the 
intermediate [(Phen)Cu][K2PO3(OH)(KI)](DBT’) 
transforms to [(Phen)Cu][Ag2CO3](DBT’)(ArI), 
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(5_3bc), with an Ag–C1(DBT’) bond. In this 
complex, the Ph–I activation and C–C coupling 
proceed via the oxidative addition of PhI on Ag+ 
followed by the reductive elimination. This process 
requires 9.8 kcal/mol smaller (i.e. 24.2 kcal/mol) free 
energy barrier (see Scheme 4) than Cu-mediated 
nucleophilic substitution. 

Thus, the presence of Ag2CO3 in the reaction mixture, 
as an additive, not only accelerates the DBT and PhI 
coupling, it also switches the mechanism of the 
reaction from the Cu-mediated nucleophilic 
substitution to the Ag(I)-promoted oxidative addition-
reductive elimination. 
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