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ABSTRACT: A heterogeneous nickel catalyst for the se-
lective hydrogenolysis of aryl ethers to arenes and alco-
hols generated without added dative ligand is described. 
The catalyst is formed in situ from the well-defined sol-
uble nickel precursors Ni(COD)2 or 
Ni(CH2TMS)2(TMEDA) in the presence of a base addi-
tive, such as tBuONa. The catalyst selectively cleaves 
CAr-O bonds in aryl ether models of lignin without hy-
drogenation of aromatic rings, and it operates at load-
ings down to 0.25 mol% at 1 bar of H2 pressure. The 
selectivity of this catalyst for electronically varied aryl 
ethers differs from that of the homogeneous catalyst 
reported previously, implying that the two catalysts are 
distinct from each other.  

Catalytic hydrogenolysis of the CAr-O bond in aro-
matic ethers is a critical process for the conversion of 
the lignin component of plant biomass into aromatic 
hydrocarbons, feedstocks for the production of biofuels, 
and chemicals.1-4 Typically, the hydrogenolysis of CAr-O 
bonds is conducted over heterogeneous catalysts that 
require high temperatures (>250 ºC) and pressures of 
hydrogen (>30 bar). These conditions lead to concomi-
tant reduction of aromatic rings.1,5-7 The poor chemose-
lectivity of heterogeneous catalysts for hydrogenolysis 
over hydrogenation wastes hydrogen and results in low 
yields of arene products. Therefore, the identification of 
catalysts that cleave CAr-O bonds selectively would be a 
significant advance toward addressing the challenge of 
converting lignocellulose biomass into simple arenes.3 

To address the problem of selective reduction of CAr-O 
bonds in aryl ethers, several groups have developed cat-
alytic systems that are based on soluble nickel complex-
es and hydride donors, such as silanes8-10 and alumino-
hydrides.10 Reactions with hydrogen would be more 
practical, and we recently reported a nickel-N-
heterocyclic carbene catalyst for the selective reduction 
of the CAr-O bond in aryl ethers with hydrogen at 1 bar 
pressure.10 The catalyst converted aryl ethers into arenes 
and alcohols in high yields without arene hydrogenation. 
Despite these advantages, the process required high cat-

alyst loading (typically 20 mol % of Ni) and the SIPr 
carbene ligand.   

Here we report a highly active heterogeneous and 
ligandless nickel catalyst11 for selective hydrogenolysis 
of diaryl, benzyl aryl, and benzyl alkyl ethers at much 
lower loadings (down to 0.25%) than the SIPr-Ni cata-
lyst without carbenes or phosphines as auxiliary ligands. 
In contrast to most known heterogeneous systems, the 
catalyst operates at low hydrogen pressure (1 bar) and 
does not catalyze the hydrogenation of arenes. The regi-
oselectivity of this system for cleavage of two different 
types of C-O bonds is orthogonal to that of the previous-
ly reported homogeneous nickel-carbene catalyst.10  

The ligandless nickel catalyst reported here was dis-
covered when studying the effects of ligands on the 
nickel-catalyzed hydrogenolysis of aryl ethers.10 Initial 
studies showed that Ni(COD)2 without added ligand was 
less reactive than the combination of Ni(COD)2 and 
SIPr·HCl for the hydrogenolysis of diphenyl ether (eq 
1).  

 
However, we have now found that this ligandless sys-

tem is more active for hydrogenolysis of the types of 
electron-rich diaryl ethers found in lignin1,12,13 than is 
the SIPr-Ni catalyst. Figure 1A provides data on the rel-
ative rates for reaction of electronically varied diaryl 
ethers in the presence of the two types of catalysts. Only 
75% conversion of the di-o-anisyl ether to arene and 
aryl alcohol occurred in the presence of the Ni-SIPr sys-
tem under the conditions that led to full conversion of 
the same ether in the presence of the ligandless system. 
In contrast, conditions that led to full conversion of the 
trifluoromethyl-substituted ether in the presence of the 
Ni-SIPr system occurred to only 41% conversion in the 
presence of the ligandless system and formed products 
from the reduction of both C-O and C-F bonds. 

To test whether this trend in reactivity also applies to 
the cleavage of two different CAr-O bonds within the 
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same ether, we conducted the hydrogenolysis of un-
symmetrical diaryl ethers. As shown in Figure 1B, the 
ligandless nickel catalyst cleaved the CAr-O bond adja-
cent to the most electron-rich arene ring of 4-hydroxy 
diphenyl ether to form 2 equiv of phenol as the sole 
product. In contrast, the Ni-SIPr catalyst preferentially 
cleaved the CAr-O bond adjacent to the more electron-
deficient ring to form predominantly hydroquinone 
(67%) and benzene (48%). These results on both the 
intermolecular and intramolecular competition experi-
ments clearly indicate that the catalytic species generat-
ed without added ligand is distinct from the species gen-
erated with added SIPr ligand. 

Figure	  1.	  Differences	  in	  reactivity	  and	  selectivity	  between	  
the	  ligandless	  and	  carbene-‐ligated	  nickel	  catalysts.	  

 
The effect of the reaction components on the hydro-

genolysis of diaryl ethers helped reveal the origin of the 
unusual regios- and chemoselectivity of the ligandless 
catalyst system. In particular, the tBuONa base had a 
dramatic influence on catalyst activity, stability, and 
chemoselectivity for hydrogenolysis of the CAr-O bond 
over hydrogenation of the aromatic ring (Table 1).  

In the absence of tBuONa (Table 1, Entry 1), the cata-
lyst was not regioselective. Under these conditions, the 
products included benzene (58%), phenol (2%), cyclo-
hexane (12%), cyclohexanol (53%) and phenyl cyclo-
hexyl ether (6%) from competitive CAr-O bond hydro-
genolysis and arene hydrogenation. In the presence of 
0.2 equiv of tBuONa, with respect to diphenyl ether, the 
catalytic activity was low (Table 1, Entry 2). However, 
the reaction conducted with one equivalent of base oc-
curred to a higher conversion (84%) and formed ben-
zene (84%), phenol (77%) and only traces of cyclohex-
anol (Table 1, Entry 3). The reaction with 2.5 equiv of 

base occurred to completion and formed benzene and 
phenol in nearly quantitative yields (Table 1, Entry 4).14 

Table	   1.	   Effect	   of	   base	   and	   nickel	   precursor	   on	  
hydrogenolysis	   of	   diphenyl	   ether	   catalyzed	   by	   the	  
ligandless	  nickel.a	  	  

 
 
 
 
 
 

The fate of the nickel in the absence of tBuONa was 
different from the fate in the presence of tBuONa. Under 
the reaction conditions in the absence of tBuONa, the 
nickel precursor rapidly formed a mirror on the walls of 
the vessel, leaving a colorless solution. In contrast, un-
der the reaction conditions with 0.2 equiv of tBuONa, 
the nickel remained in solution. The solution was either 
black or dark brown, depending on the amount of base 
(see the supporting information for photographs). 

 
A change in the nickel precursor led to reactions that 

occur with lower loadings than those conducted with 
Ni(COD)2. Reactions initiated by a series of well-
defined nickel precursors for the model hydrogenolysis 
of diphenyl ether (Table S2) indicated that 
Ni(CH2TMS)2(TMEDA) generated a more active cata-
lyst than did Ni(COD)2. Eq 2 summarizes the reactions 
of diphenyl ether initiated by Ni(CH2TMS)2(TMEDA). 
The reactions conducted with 20 mol% of 
Ni(CH2TMS)2(TMEDA) in place of Ni(COD)2 formed 
benzene and phenol quantitatively in 16 h instead of 48 
h. The same reaction with just 2 mol% of 
Ni(CH2TMS)2(TMEDA) occurred without any decrease 
in yield of the hydrogenolysis products after 96 h. The 
reaction at 140 °C led to 90% conversion to phenol and 
benzene after 24 h. 
Tables 2 and 3 summarize the selective hydrogenolysis 

of various diaryl ethers with Ni(CH2TMS)2(TMEDA) as 
precatalyst and tBuONa (2.5 equiv) as base. These reac-
tions occurred at just 1 bar of hydrogen pressure and ran 

O O
OMe OMe

O

CF3
100% 41%62%

conversion with the ligandless Nia

100%c75% 100%b

Relative reactivities of diaryl ethers (reaction time 16 h)

A. Orthogonal reactivity

Ligandless Ni

O
+ H2

R1 R1

tBuONa, m-xylene,
R2

+

R2

HO

(1 bar)

20 mol% "Ni"

120 °C, 16 h

conversion with the carbene Ni

aCatalyst loadings were not minimized. 
b75% at 100 oC; c100% at 100 oC

20% Ni(COD)2a
HO

97%H2O

67%

1 bar

HO
20% Ni(COD)2,
40% SIPr·HCl HO

OH

48%

+

5%

HOConversion: 67%

Carbene Ni
tBuONa

tBuONa

120 °C, 
16h

m-xylene,

B. Orthogonal selectivity

Conversion: 100%

2

Entry	  
tBuONa,	  
equiv	  

Conv.,	  
%	  

GC	  Yields 

A,	  %	   B,	  %	   C,	  %	   D,	  %	   E,	  %	  
1	   0	   72b	   58	   2	   12	   53	   6c	  
2	   0.2	   19	  d	   18	   8	   0	   8	   0	  
3	   1	   84d	   84	   77	   0	   5	   0	  
4	   2.5	   100	   99	   97	   0	   <5	   0	  
5	   5	   100	   99	   96	   0	   <5	   0	  

(a)	   Reaction	   conditions:	   diaryl	   ether	   (1	   equiv.),	   hydrogen	   (1	   bar	  
gauge	  pressure	  at	   rt),	  Ni(COD)2	  (0.2	  equiv.),	   tBuONa	   (0-‐5	  equiv.),	  m-‐
xylene,	   120	   oC,	   96	   h;	   (b)	   Dimethylcyclohexanes	   were	   observed	   as	  
products	  of	  m-‐xylene	  hydrogenation;	  (c)	  Uncorrected	  GC	  yield;	  (d)	  No	  
further	  conversion	  was	  observed	  after	  48	  h.	  
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to completion with 0.25-10 mol% Ni. No competing 
hydrogenation of arenes was observed.  
Hydrogenolysis of the electron-neutral diphenyl, di-m-

tolyl, and di-p-tolyl ethers formed arenes and phenols in 
excellent yield with 2-10 mol% of Ni (Table 2, Entries 
1-3). Ni(CH2TMS)2(TMEDA) also catalyzed the selec-
tive hydrogenolysis of di-o-anisyl ether, an electron-rich 
diaryl ether which is representative of the 4-O-5 struc-
tural motif in lignin. Di-o-anisyl ether formed anisole 
(99%) and guaiacol (99%) in excellent yields in the 
presence of only 0.25 mol% of the Ni catalyst (Table 2, 
Entry 4). By contrast 10 mol % of the Ni catalyst was 
required for cleavage of the electron deficient di-m-
anisyl ether to form anisole (68%) and m-
methoxyphenol (66%) (Table 2, Entry 5). 

Table	  2.	  Hydrogenolysis	  of	  symmetrical	  diaryl	  ethers	  cat-‐
alyzed	  by	  the	  ligandless	  nickel	  catalyst	  at	  hydrogen	  pres-‐
sure	  of	  1	  bar.a	  

	  

Entry	   R	   Ni,	  %	   Time,	  h	   ArH,	  %	   ArOH,	  %	  

1	  
2	  
3	  
4	  
5	  

H	  
m-‐Me	  
p-‐Me	  
o-‐OMe	  
m-‐OMe	  

2	  
5	  
10	  
0.25	  
10	  

96	  
96	  
96	  
48	  
48	  

99	  
97	  
94	  
99	  
68	  

99	  
93	  
91	  
99	  
70b	  

(a)	  Conditions:	  diaryl	  ether	  (1	  equiv.),	  hydrogen	  (1	  bar	  gauge	  pressure	  
at	  rt),	  Ni(CH2TMS)2(TMEDA)	  (0.25-‐10	  mol%),	   tBuONa	  (2.5	  equiv.),	  m-‐
xylene,	   120	   oC.	   (b)Total	   yield	  of	   3-‐methoxyphenol	   (66%)	  and	  phenol	  
(4%).	  

The hydrogenolysis of unsymmetrical diaryl ethers 
(Table 3) provided further insight into the electronic 
effects on the reaction. Alkyl substituted diaryl ethers 
(Table 3, Entries 1-4) were cleaved in good yield (80-
99%) to the corresponding arenes and phenols with 5-10 
mol% Ni. The regioselectivity of these reactions favored 
arene and phenol products from cleavage of the CAr-O 
bond adjacent to the unsubstituted ring. However, the 
hydrogenolysis of substrates bearing oxygenated sub-
stituents favored arene and phenol products from the 
cleavage of the CAr-O bond adjacent to the more elec-
tron rich arene ring (Table 3, Entries 5-10). 

The unsymmetrical 4-O-5 lignin structural model o-
anisyl phenyl ether was cleaved to arenes (99%) and 
phenols (98%) in excellent yield (Table 3, Entry 5) in 
the presence of 0.5 mol% of the nickel catalyst. Recall 
that di-o-anisyl ether (Table 2, Entry 4) reacted quantita-
tively in the presence of 0.25 mol% of the Ni catalyst. 
The loadings of the ligandless catalyst required for full 
cleavage of the 4-O-5 lignin model substrates were 40 
and 80 times lower than that required by the Ni carbene 
catalyst,10 reflecting a directing effect of o-methoxy 
substituents. The m- and p- constitutional isomers (Table 
3, entries 6 and 7) of o-anisyl phenyl ether were less 
reactive under the hydrogenolysis reaction conditions. 

Table	   3.	  Hydrogenolysis	   of	   unsymmetrical	   diaryl	   ethers	  
catalyzed	   by	   the	   ligandless	   nickel	   catalyst	   at	   hydrogen	  
pressure	  of	  1	  bar.a 

 
 
 
 
 
 
 

Diaryl ethers that contain a free phenolic group also 
underwent hydrogenolysis. Two equivalents of phenol 
were obtained in good to high yield (75-97%) and high 
selectivity from the cleavage of o-, m- and p-hydroxy 
diphenyl ethers (Table 3, Entries 8-10) with 0.5-10 
mol% Ni. 

Table	  4.	  Hydrogenolysis	  of	  benzyl	  ethers	  catalyzed	  by	  the	  
ligandless	  nickel	  catalyst	  at	  hydrogen	  pressure	  of	  1	  bar.	  a	  

 
 
 
 
 
Entry	   Benzyl	  ether	   Ni,	  %	   ArCH3,	  %	   R2OH,	  %	  

1b	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

2	   98	   95	  

2	  
	  
2	  
	  

81	   87	  

3	  

	  
	  

0.25	  
	  
	  

93	   98	  

4	   20	   99c	   Nd	  

(a)	  See	  Table	  2	   for	  details	  of	   the	  experimental	   setup.	   (b)	  96	  h	   (c)	  In	  
the	  presence	  of	  AlMe3	  (1	  equiv.).	  
The ligandless nickel system also catalyzes the hydro-

genolysis of benzyl aryl and benzyl methyl ether, which 
are two additional types of linkages in lignin (Table 4). 
Benzyl aryl ethers were converted to methyl-substituted 
arenes and phenols in excellent yields in the presence of 

Entry	   R	   Ni,	  %	   Time,	  h	  
ArH,	  %	   ArOH,	  %	  

1	   2	   3	   4	  

1	  
2	  
3	  
4	  
	  
5	  
6	  
7	  
	  
8	  
9	  
10	  

o-‐Me	  
m-‐Me	  
p-‐Me	  
p-‐tBu	  
	  

o-‐OMe	  
m-‐OMe	  
p-‐OMe	  

	  
o-‐OH	  
m-‐OH	  
p-‐OH	  

10	  
5	  
5	  
5	  
	  

0.5	  
10	  
10	  
	  
5	  
10	  
0.5	  

96	  
48	  
48	  
48	  
	  
48	  
48	  
48	  
	  
48	  
48	  
41	  

22	  
18	  
13	  
3	  
	  
45	  
21	  
15	  
	  
80	  
75	  
97	  

60	  
82	  
85	  
90	  
	  
54	  
46	  
8	  
	  
9	  
8	  
-‐	  

17	  
17	  
11	  
3	  
	  
44	  
22	  
18	  
	  
80	  
75	  
97	  

63	  
75	  
81	  
90	  
	  
53	  
45	  
2	  
	  
-‐	  
-‐	  
-‐	  

(a)	  See	  Table	  2	  for	  details	  of	  the	  experimental	  setup.	  

OPh
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0.25-2 mol% of the nickel catalyst (Table 4, Entries 1-
3). Benzyl methyl ether was unreactive under standard 
reaction conditions, but full conversion could be 
achieved in the presence of 1 equiv of AlMe3 (Table 5, 
Entry 5). 

Having observed the cleavage of the C–O bonds in 
various ethers, we evaluated the relative reactivity of 
these ethers toward the ligandless system (For the full 
primary data, see Figures S1-S5). We observed that di-
aryl ethers and benzyl aryl ethers reacted at comparable 
rates, and both underwent hydrogenolysis faster than 
benzyl alkyl ethers.  Even though unactivated diaryl and 
benzyl aryl ethers reacted at comparable rates (Figure 
S2), the electron-rich di-o-anisyl ether was selectively 
reduced in the presence of the electron-neutral p-tert-
butylbenzyl p-tert-butylphenyl ether (eq 3). This reduc-
tion of an unactivated diaryl ether in the presence of a 
benzyl aryl ether is unusual.  

 
 
 
 
 
 
 
 
To gain preliminary insight into the phase and struc-
ture of the ligandless catalyst, we conducted hydrogen-
olysis reactions catalyzed by Ni(COD)2 and 
Ni(CH2TMS)2(TMEDA) with added mercury. Although 
there are exceptions, mercury is a poison for heteroge-
neous catalysts and typically has little effect on the ac-
tivity of homogeneous catalysts.15,16 The activity of the 
ligandless nickel catalyst for the hydrogenolysis of di-
phenyl ether was completely suppressed by an excess of 
added mercury (Table S4). This result contrasts the lack 
of an effect of mercury on the hydrogenolysis of aryl 
ethers catalyzed by the SIPr-Ni system.10 These data 
suggest that heterogeneous nickel clusters or particles 
catalyze the hydrogenolysis reactions conducted without 
added dative ligand. Indeed, TEM analysis (Figure S6-
S10) of an aliquot of a reaction mixture revealed the 
presence of 2.5±0.4 nm nickel particles. Indeed X-Ray 
EDS analysis of these nanoparticles indicated that they 
contain both nickel and sodium. Caubère and Fort17-19 
have shown that tBuONa can stabilize nickel nanoparti-
cles and we propose that the tBuONa stabilizes the 
“ligandless” system of our studies. 

In conclusion, we have developed a highly active het-
erogeneous nickel catalyst for selective hydrogenolysis 
of diaryl, benzyl aryl and benzyl alkyl ethers to form 
arenes and alcohols as the exclusive products. The cata-
lyst generated from the well-defined soluble nickel pre-
cursor Ni(CH2TMS)2(TMEDA) operates at low hydro-
gen pressure (1 bar) and loadings as low as 0.25 mol% 
Future work will be aimed at the characterization of this 

catalyst and the development of supported catalytic sys-
tems that display the same selectivity for hydrogenolysis 
over hydrogenation. 
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(3)
tBu

O

tBu

100% unreacted

Page 4 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

TOC Graphic 

 
	  

O

H2, 1 bar

R1 R1R2

+

R2

HO

base

Heterogeneous Ni

No arene hydrogenation

down to 0.25 mol%

Page 5 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


