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Abstract: Using cuprous iodide as the catalyst, aryl halides reacted with phenols to form diaryl ethers. The reaction con-
ditions were optimized: aryl halides (1 equiv) reacted with phenol (1 equiv) at 130 °C in DMF for 16 h with cuprous io-
dide (10 mol %), cesium carbonate (2.5 equiv) as the base, and tetramethylenediamine (5 mol %) as the ligand. Under the 
optimum conditions, reaction conversion with time was summarized. The structural parameters of four types of aryl hal-
ides and the ionization energy of various C-X bond lengths in all aryl halides-CuI �-complexes were calculated at the 
B3LYP/LANL2MB level by using the Gaussian 03 program and the corresponding Ullman reaction conversion was de-
termined by HPLC. Results suggested that different relationships existed between reactivity and the energy of the lowest 
unoccupied molecular orbital ELUMO, mean polarizability � and dipole moment �. Both experimental and theoretical re-
sults, all displayed Ullman coupling reactivity order of the four aryl halides: fluorobenzene << chlorobenzene < bro-
mobenzene < iodobenzene. 
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1. INTRODUCTION 
Diaryl ethers are important organic compounds and play 

significant roles in chemical industry and medicine chemis-
try [1]. Many of them have shown special biological and 
pharmacological activities [2, 3]. Diaryl ethers are also wi-
dely used in material products, commercial dyes and so on 
[4]. Due to their wide distribution and important application, 
diaryl ethers and its derivatives have captured the interests of 
researchers for a long time. As a result, approaches to syn-
thesize diaryl ethers have been investigated for over a cen-
tury. Many papers reported new routes to carbon–oxygen 
bond formation, including many important review articles on 
the copper-mediated coupling reactions [5-7]. 
 Traditional route to synthesize diaryl ethers is of Pd- or 
Cu-catalyzed Ullmann coupled with aryl halides and phenols 
to form C–O bond [8, 9]. Although Pd catalyzed C–O bond 
formations are successful to certain extent, copper-based 
catalysts are more attractive because of inexpensive raw ma-
terials, simple operations and low toxicity [10, 11]. The clas-
sical Cu-catalyzed Ullmann etherification is simple and use-
ful but has many drawbacks such as harsh reaction condi-
tions (high reaction temperature, high polarity solvent and 
the use of a strong base), limited scope of substrates, and 
great quantity of a copper salt which have severely limited 
the synthetic applications of this reaction [12-14]. 
 At the present, lots of new ligands emerged and were 
introduced to promote the Cu-catalyzed Ullman coupling  
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reactions, and many efficient and simple synthetic methods 
for diaryl ethers have been developed. Buchwald [15] and 
Martina [16] groups reported that substituted diaryl ethers 
were synthesized using CuI as copper source and adding 
proper ligand; Niu [17]�and co-workers proposed an effi-
cient method to form C-O bond by the reaction of aliphatic 
alcohols with aryl halides with an air-stable copper (I) com-
plex as the catalyst; Armelle [18] and co-workers found that 
the coupling of phenols and aryl bromides can be efficiently 
performed with catalytic amounts of cuprous iodide and the 
inexpensive ligand in a mild condition. Although previous 
studies focused on the Ullman coupling reactivity of aryl 
halides to synthesized diaryl ether, only few reports try to 
explain the phenomenon both in experimental and theoretical 
pattern. Hence, corresponding investigations need to be car-
ried out. 

In the present study, diaryl ethers were synthesized by 
the joining of ligands with aryl halides as the substrates,  
cuprous iodide as the catalyst, and the optimum Ullman  
coupling reaction conditions were obtained.  

The reactivity (Ullman coupling reaction yield) of four 
types of aryl halides (fluorobenzene, chlorobenzene, bro-
mobenzene and iodobenzene) was measured using high per-
formance liquid chromatography (HPLC) under optimized 
conditions. The structural parameters of four aryl halides and 
ionization energies of four types of aryl halides with the in-
fluences of CuI were calculated on the B3LYP/LANL2MB 
level with the Gaussian 03 program [19]. With the combina-
tions of the experimental data and the theoretical values, the 
Ullman coupling reactivity order of four aryl halides was 
proposed, and the corresponding explanations were tenta-
tively given. In addition, the relationship between the struc-
tural parameters and reactivity was discussed. 
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2. MATERIALS AND METHODS 
2.1. Materials 

Fluorobenzene, chlorobenzene, bromobenzene, and 
iodobenzene (purity is greater than 99.0%) were purchased 
from Alfa Aesar, A Johnson Matthey Company; analysis 
grade cuprous iodide (CuI), TMEDA, 1,10-phenanthroline, 
trans-1,2-cyclohexanediamine, cesium carbonate (Cs2CO3), 
and anhydrous magnesium sulfate were all bought from J&K 
Scientific Ltd.; ethyl acetate and petroleum ether were pro-
vided by Sinopharm Chemical Reagent Co, Ltd. 

Bruker Avance-500 MHz NMR spectrometer: experi-
ments were carried out at room temperature with TMS as an 
internal standard in CDCl3; Agilent 1200 HPLC, chroma-
tographic column: Agilent ZORBAX SB-C18 5 �m, 4.6�150 
mm. 
2.2. Methods 
2.2.1. Experimental Method 

Synthetic route: 5 mmol of each aryl halide was dis-
solved in 15 mL of DMF. Subsequently, 5 mmol of phenol 
and 12.5 mmol of cesium carbonate, together with 0.5 mmol 
of cuprous iodide (CuI), and 0.25 mmol of tetramethyle-
nediamine (TMEDA)-a ligand were added into the mixture 
and the solution was heated to 130 °C for 16 hours under 
nitrogen. After cooling to room temperature, the solution 
was diluted with 100 mL of water and extracted at least 3 
times with 60 mL of ethyl acetate. The extract was dried 
with anhydrous magnesium sulfate, filtered and concen-
trated. The crude product obtained was further eluted with 
petroleum ether and ethyl acetate (volume ratio ranged from 
100:0 to 40:1) and then purified by silica gel column chro-
matography (300-400 mesh) to get the target product. The 
synthetic scheme is shown in Fig. (1). 

HPLC conditions: the mobile phase was composed of 
methanol and water (methanol:water = 70 : 30), detect wave-
length was 236 nm, flow rate was 1.0 mL/min and column 
temperature was set at 30 °C. 
2.2.2. Calculation Method 

All the calculations were carried out using the density 
functional theory (DFT) method of the Gaussian 03 program 
at the B3LYP/ LANL2MB level. The structural parameters 
(mean polarizability �, dipole moment �, energy of the low-
est unoccupied molecular orbital ELUMO) of four types of aryl 
halides were calculated with the DFT method by the Gaus-
sian 03 program. The units of �, �, and ELUMO are 10-30 esu, 
debye and eV, respectively. The ionization energy of aryl 
halides-CuI �-complexes at different C-X bond length (in-
cluding C-F, C-Cl, C-Br, C-I) was calculated. 

3. RESULTS AND DISCUSSION 

3.1. Optimization of the Reaction Conditions 
In the current study, by using iodobenzene (5 mmol) and 

phenol (5 mmol) as the reaction substrates, TMEDA as the 
ligand, CuI as the catalyst, we observe and study the influ-
ences of different bases, different solvents, different catalyst 
amounts and temperatures on the reaction and finally obtain 
the optimum reaction conditions. The results are summarized 
in Table 1. 

At first, DMSO was employed as solvent, Cs2CO3 as 
base, and the catalyst amount is 10%. The reaction conver-
sion achieves 89% at 150 °C after 16h. And we found 
Cs2CO3 is a better base than K2CO3. Using K2CO3 as the 
base, the highest reaction conversion is only 74%, but when 
replaced with Cs2CO3, the lowest reaction conversion is 
more than 86%, except in the case of the solvent THF. The 
reason may be that though Cs2CO3 and K2CO3 are both 
Lewis alkali, the alkalinity of Cs2CO3 is bigger than that of 
K2CO3, resulting in a stronger promoting effect on the reac-
tion process. 

Secondly, in order to examine the effect of the reaction 
temperature, the reaction was carried out at different tem-
peratures, and it was found that the reaction conversion in-
creased with the temperature, changing from 78% at 100 °C 
to 96% at 150 °C, when DMF was used as the solvent. This 
phenomenon indicates that within a certain range increasing 
the reaction temperature is an effective means of improving 
the conversion. 

As it is also shown in Table 1, when DMF is chosen as 
the solvent and other conditions are consistent, the reaction 
conversion rate reaches up to 97 % at last. DMSO also dem-
onstrated to be a good solvent and the reaction conversion 
rate can be achieved at 89%, but the post-processing of the 
reaction liquid, such as the separation, is more difficult. 
When the solvent is changed to THF, the highest reaction 
conversion rate is only 54%. 

Thirdly, we also investigated the effect of different  
catalysts’ (5 mol %, 10 mol %, 15 mol %) concentration on 
the reaction, and found that when catalyst concentration is 
higher than 10 mol %, there is no sharp difference in the 
reaction conversion. 

Finally, we also examine the effect of different ligands 
(including TMEDA, 1,10-phenanthroline and trans-1,2-
cyclohexanediamine) on the reaction conversion. Without 
ligands the reaction conversion was only 58 %, when 
TMEDA, 1,10-phenanthroline and trans-1,2-cyclo-
hexanediamine were added in the reaction system, the  
reaction conversion was 95%, 78% and 83%, respectively. 
Result  suggested  ligands largely promoted reaction conver- 
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TEMED
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X=F, CI, Br, I Phenol Diaryl ether

 
Fig. (1). CuI catalyzed C-O Ullman coupling of aryl halides with phenol. 
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Table 1. Different Reaction Conditions for CuI-Catalyzed Coupling of Iodobenzene with Phenol. 

Entry Catalyst (mol%) Solvent Ligand Base Temperature (°C) Time 
(h) Conversion (%)a

1 5% DMSO TMEDA K2CO3 100 6 47 

2 5% DMSO TMEDA K2CO3 130 10 70 

3 10% DMSO TMEDA Cs2CO3 130 10 86 

4 10% DMSO TMEDA Cs2CO3 150 16 89 

5 5% DMF TMEDA K2CO3 130 16 72 

6 5% DMF TMEDA Cs2CO3 130 10 80 

7 10% DMF TMEDA K2CO3 130 16 74 

8 5% THF TMEDA K2CO3 100 10 43 

9 10% THF TMEDA Cs2CO3 100 10 54 

10 10% THF TMEDA Cs2CO3 85 16 49 

11 10% DMF TMEDA Cs2CO3 100 12 78 

12 10% DMF TMEDA Cs2CO3 110 12 83 

13 10% DMF TMEDA Cs2CO3 150 12 94 

14 5% DMF TMEDA Cs2CO3 130 16 91 

15 10% DMF TMEDA Cs2CO3 130 16 95 

16 15% DMF TMEDA Cs2CO3 130 20 97 

17 10 DMF  Cs2CO3 130 16 58 

18 10 DMF 1,10-phenanthroline Cs2CO3 130 16 78 

19 10 DMF trans-1,2-
cyclohexanediamine Cs2CO3 130 16 83 

a. Determined by HPLC. 

Fig. (2). Yields of the reaction of aryl halides with phenol at different reaction time. 

sation and TMEDA was the most effective ligand for this 
reaction. 

Thus, the optimum reaction conditions were acquired: 
with CuI (10 mol %), Cs2CO3 (2.5equiv, 12.5 mmol), 
TMEDA (5 mol %) in DMF (15 mL), iodobenzene (1equiv, 
5 mmol) and phenol (1equiv, 5.0 mmol) react to afford the 
diphenyl ether, achieve a 95% conversion after a reaction 
time of 16 h at 130  °C.

3.2. Effects of Reaction Time on the Ullman Reaction 
Conversion 

The effect of reaction time by using phenol and four 
kinds of aryl halides was also examined. All of the reactions 
were carried out under the optimum conditions, and the only 
difference was the reaction time. The relationships between 
time and the reaction conversion are illustrated in Fig. (2). 
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As it is shown in Fig. (1), the conversion changed with 
the reaction time. The reaction process of fluorobenzene did 
not occur at all times. Fig. (2) also reveals that there exist 
distinct differences among the reaction conversions of the 
other three kinds of aryl halides. At different reaction time, 
the general trend is: the reaction conversion of chloroben-
zene is the minimum, bromobenzene takes the second place, 
and iodobenzene is the maximum. When the reaction time 
was increased to 24 h, 26%, 93% and 97% conversions were 
obtained under the same reaction conditions, respectively. 

Because the reaction of fluorobenzene totally does not 
occur under the experimental conditions, we only discussed 
the Ullman reaction reactivity of the other three kinds of aryl 
halides in the following contents. The order of the relative 
reaction conversion was ascertained by the HPLC analysis 
(Fig. 3). 

In this experiment, 3 mmol chlorobenzene, bromoben-
zene and iodobenzene reacted with 12 mmol phenol in the 
optimized conditions. The samples were taken at the reaction 
time 0 h and 16 h, and after filtrated by 0.22 �m filter, RP-
HPLC was used to determine the reaction conversions. And 
all the peak areas (mAU*S) were shown in Fig. (3).

3.3. Relationship Between Structural Parameters and 
Reactivity of Aryl Halides 

As only few publications focused on the relationship be-
tween structural parameters and reactivity of four types of 
aryl halides, we carried out this investigation. As it is shown 
in Table 2 that relations clearly existed between reactivity 
and ELUMO, � and �.  

With the decreasing of ELUMO, the reactivity of aryl hal-
ides showed an increase trend, for instance, ELUMO of iodo-
benzene is the smallest while fluorobenzene is the biggest. 
The ELUMO is related to the electronic-accept ability of mole-
cule, the smaller ELUMO is, the bigger electronic-accept abil-
ity of molecule is. And it is speculated that CuI may act as an 
electron donor in the Ullman coupling reactions. Among 
four types of aryl halide, iodobenzene possesses the biggest 
electronic-accept ability and results in the highest Ullman 
reactivity, then is bromobenzene and chlorobenzene. By con-
trast, no Ullman coupling reaction occurred for fluoroben-
zene. 

It was found that the bigger � is, the higher reactivity of 
aryl halide is observed. Mean polarizability values � of iodo-
benzene, bromobenzene and chlorobenzene are 3.7097, 
3.7490 and 3.7763, respectively, all are far more than that of 
fluorobenzene’s (only 0.3610). Similarly, when � is in-
creased, higher Ullman coupling reactivity is present. A 
higher � represented a bigger molecule deformation ability, 
indicating the reaction was easy to be affected by other 
molecule and resulted in higher reactivity. 
3.4. Comparative Study on the Reactivity of the Four 
Types of Aryl Halides 

Previous researches showed that the catalyst Cu (I) could 
combine with aryl halides and form a �-complex [19-22]. In 
order to clarify the mechanism of the diversity of the Ullman 
reaction reactivity of different aryl halides thoroughly, the 
corresponding theoretical calculations have been carried out 
using the Gaussian 03 program. We considered the impacts 
of the catalyst CuI during the calculation process. According 

 
Fig. (3). The HPLC peak areas of the original samples and the reaction samples (after 16h).

Table 2. Quantum Chemistry Structural Parameters of Four Types of aryl Halides. 

Name ELUMO / eV � / debye � / 10-30 esu, 

Fluorobenzene 0.0855 0.3610 35.9270 

Chlorobenzene 0.0508 3.7097 41.9933 

Bromobenzene 0.0248 3.7490 45.3717 

Iodobenzene 0.0020 3.7763 49.7517 
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to the reference [17], the structures of all the �-complexes 
were optimized and calculated. Fig. (4) displays the struc-
tures of the four kinds of aryl halides-CuI �-complexes. 

By limiting the length of C-X bond (1.0 - 4.0 Å), the total 
energies of the four kinds of aryl halides at various bond 
lengths were calculated. With the most stable �-complexes 
as a reference point, the relationship of the ionization energy 
and C-X bond length was obtained (See Fig. 5). Moreover, 
Fig. (5) also shows the bond length with the minimum en-
ergy of all the four kinds of aryl halides: C-F (1.40 Å) < C-
Cl (1.90 Å) < C-Br (2.00 Å) < C-I (2.20 Å). 

3.5. Synthesis of 4-methoxy Diaryl Ether and 2-methoxy 
Diaryl Ether 

Encouraged by the efficiency of the cross-coupling pro-
tocol described above, the scope of the substrate was ex-
panded to substituted phenols. 2-methoxy phenol and 4-
methoxy phenol were tested under the optimized reaction 
conditions using iodobenzene as the arylating agent, and the 
two reactions both generated the corresponding diaryl ethers 
(2a and 2b) in good yields. It means that the optimum reac-
tion conditions we obtained have certain applicability. 

Fig. (4). The structures of the aryl halides-CuI �-complexes. The atoms X in the center of benzene ring are the dummy atoms that set to de-
termine the configuration of aryl halides-CuI �-complexes. 

�

Fig. (5). The Relationships between bond length and reaction energies of the four kinds of aryl halides. 
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2-methoxy diaryl ether (2a): 
Yield 78%; 1H NMR (CDCl3, 500MHz) � (ppm) 3.91(s, 

3H), 6.97-7.19(m, 6H), 7.16(t, 1H, J 10.5 Hz), 7.33(t, 2H, J 
11.0 Hz). 

4-methoxy diaryl ether (2b):  
Yield 74%; 1H NMR (CDCl3, 500MHz) � (ppm) 3.84(s, 

3H), 6.92(dd, 2H, J1 3.5 and J2 8.5 Hz), 6.98(dd, 2H, J1 2.0 
and J2 10.5 Hz), 7.03(dd, 2H, J1 4.0 and J2 8.5 Hz), 7.09(t, 
1H, J 10.5 Hz), 7.32(dd, 2H, J1 3.5 and J2 12.0 Hz). 

4. CONCLUSION 
In the present study, we obtained an efficient and sample 

route to synthesis of diaryl ethers. Meanwhile, the structural 
parameters of four types of aryl halides and ionization en-
ergy of four types of aryl halides were calculated by 
Gaussian 03 program. Relationship between structural pa-
rameters and reactivity of four types of aryl halides was dis-
cussed. In addition, the ionization energy order of the four 
kinds of aryl halides is: fluorobenzene >> chlorobenzene > 
bromobenzene > iodobenzene, which indicates that the Ull-
man reactivity of iodobenzene is the biggest, and Ullman 
reactivity of fluorobenzene is the lowest. This result corre-
sponds to Ullman reaction conversions that were determined 
by HPLC. Theoretical investigations of the reactivity of aryl 
halides would provide useful working guidelines for the de-
sign of reaction system. Besides, under the optimum reaction 
condition two kinds of methoxy substituted diaryl ethers 
were synthesized, which means the optimum reaction condi-
tions obtained have certain applicability. 
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