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Ni( C O D)( D M F U):   A   H et er ol e pti c   1 6 ‐El e ctr o n   Pr e c at al y st   f or  1, 2 ‐
Di ar yl ati o n  of  Al k e n e s  

R e c ei v e d:   
A c c e pt e d:   
P u blis h e d  o nli n e:   
D OI:   

A b str a ctA b str a ct   El e ctr o n ‐d efi ci e nt   ol efi n   ( E D O)  li g a n ds  ar e   k n o w n   t o  pr o m ot e   a  
v ari et y   of   ni c k el ‐c at al y z e d   cr oss ‐c o u pli n g   r e a cti o ns,  pr e s u m a bl y   b y  

a c c el er ati n g   t h e  r e d u cti v e  eli mi n ati o n   st e p  a n d   pr e v e nti n g   u n d esir e d    ‐
h y dri d e   eli mi n ati o n.   W hil e   t h er e  i s  a   gr o wi n g   b o d y   of   e x p eri m e nt al   a n d  
c o m p ut ati o n al   e vi d e n c e   el u ci d ati n g   t h e  b e n efi ci al   eff e cts   of   E D O   li g a n ds, 
si g nifi c a nt  g a p s  r e m ai n i n o ur  u n d erst a n di n g  of  t h e u n d erl yi n g  c o or di n ati o n  
c h e mistr y  of  t h e Ni – E D O  s p e ci es i n v ol v e d. I n p arti c ul ar,  m ost  pr o c e d ur es  r el y 
o n  i n sit u ass e m bl y  of  t h e a cti v e  c at al yst,  a n d  t h er e is a  p a u cit y  of  pr e ‐li g at e d 
Ni ‐E D O   pr e c at al ysts.   H er ei n,   w e   i n v esti g at e  t h e  1 6 ‐el e ctr o n,   h et er ol e pti c  
ni c k el   c o m pl e x,   Ni( C O D)( D M F U),   a n d   e x a mi n e   t h e  p erf or m a n c e   of   t his 
c o m pl e x  a s  a  pr e c at al yst  i n 1, 2 ‐di ar yl ati o n  of  al k e n e s.  

K e yK e y    w or d sw or d s   ni c k el,   pr e c at al y st s,   h o m o g e n e o u s   c at al ysis,   el e ctr o n ‐d efi ci e nt  
ol efi n  li g a n d  

 

H o m o g e n o u s  ni c k el  c at al y si s  h a s  a d v a n c e d  r a pi dl y  

o v e r p a st t w o d e c a d e s. 1  C o n s e q u e ntl y, i nt e r e st i n t h e s y nt h e si s, 

c o o r di n ati o n c h e mi st r y, a n d c at al y ti c r e a cti vit y of o r g a n o ni c k el 

c o m pl e x e s  c o nti n u e s  t o  g r o w.  I n  p a rti c ul a r,  ni c k el – ol efi n  

c o m pl e x e s h a v e pl a y e d a c e nt r al r ol e i n d e v el o pi n g f u n d a m e nt al 

o r g a n o m et alli c  u n d e r st a n di n g  of  ni c k el  c h e mi st r y  a n d  i n  

c at al yti c r e a cti o n di s c o v e r y. 2 – 7  B ot h h o m ol e pti c- a n d h et e r ol e pti c 

1 6- a n d 1 8- el e ct r o n ni c k el- ol efi n c o m pl e x e s a r e k n o w n a n d h a v e 

b e e n  a p pli e d  a s  h o m o g e n e o u s  c at al y st s  i n  a  v a ri et y  of  

t r a n sf o r m ati o n s. I n m o st c at al yti c a p pli c ati o n s, t h e ol efi n li g a n d 

i s c o n v e ni e ntl y di s pl a c e d i n sit u b y a st r o n g e r  - d o n o r li g a n d, 

m o st  c o m m o nl y  a  p h o s p hi n e-,  N- h et e r o c y cli c  c a r b e n e-,  o r  

nit r o g e n- b a s e d li g a n d ( Fi g u r e 1).  

I n s o m e c a s e s, h o w e v e r, ol efi n s a r e i nti m at el y i n v ol v e d a s li g a n d s 

i n  k e y  i nt e r m e di at e s  a n d / o r  t r a n siti o n  st at e s  i n  t h e  c at al yti c  

c y cl e.  F o r  e x a m pl e,  el e ct r o n- d efi ci e nt  ol efi n s  ( E D O s)  h a v e  

a p p e a r e d  i n  a  v a ri et y  of  c r o s s- c o u pli n g  r e a cti o n s  a s  a  u ni q u e  

cl a s s  t h at  i s  p r o p o s e d  t o  p r o m ot e  r e d u cti v e  eli mi n ati o n  a n d  

p r e v e nt  - h y d ri d e eli mi n ati o n.2 I n t h e c o nt e xt of Ni- c at al y si s i n 

p a rti c ul a r, a n u m b e r of t r a n sf o r m ati o n s a r e u ni q u el y p r o m ot e d 

b y E D O li g a n d s, 5, 6  a n d w hil e r e c e nt st u di e s h a v e s h e d li g ht o n 

s o m e  m e c h a ni sti c  a s p e ct s  of  t hi s  c h e mi st r y, 5f, g, 6 a, b  a  r efi n e d  

u n d e r st a n di n g  of  t h e  st r u ct u r e  a n d  b e h a vi o r  of  Ni – E D O  

c o m pl e x e s i s l a c ki n g.  

 

Fi g ur eFi g ur e   11  ( A) H o m ol e pti c  a n d  ( B) h et er ol e pti c  1 6 ‐ a n d  1 8 ‐el e ctr o n  Ni( 0) – ol efi n  

c o m pl e x e s.   ( A b br e vi ati o ns:  c dt   =   all ‐tr a ns‐1, 5, 9 ‐c y cl o d o d e c atri e n e,   st b  =  

tr a ns‐stil b e n e,   C O D   =   1, 5 ‐c y cl o o ct a di e n e,   D Q   =   d ur o q ui n o n e,   D M F U   =  

di m et h yl  f u m ar at e).  

I n 2 0 1 2 t h e D o yl e g r o u p d e s c ri b e d t h e u s e of di m et h yl 

f u m a r at e  ( D M F U)  a s  t h e  o pti m al  li g a n d  f o r  p r o m oti n g  C – C  

r e d u cti v e eli mi n ati o n st e p i n t h e N e gi s hi al k yl ati o n of st y r e n yl 

a zi ri di n e s.  I n  p a rti c ul a r,  it  w a s   d e m o n st r at e d  t h at  r e d u cti v e  

eli mi n ati o n f r o m a n i n d e p e n d e ntl y p r e p a r e d di al k yl o r g a n o ni c k el 

i nt e r m e di at e  c o m pl e x  o nl y  o c c ur s  i n  t h e  p r e s e n c e  of  D M F U  

li g a n d  ( S c h e m e  1,  A).6 a  S u b s e q u e ntl y,  u si n g  a  n o v el  s ult a m-

d e ri v e d E D O li g a n d, F r o- D O ( F r o- D O = ( E )- 1, 4- bi s( 2, 2- di o xi d o-

3, 3 a, 4, 8 b-t et r a h y d r o- 1 H -i n d e n o[ 1, 2- c]i s ot hi a z ol- 1- yl) b ut- 2- e n e-

1, 4- di o n e), t h e y p r e p a r e d a c at a l yti c all y c o m p et e nt Ni( C O D)( F r o-

D O)  c o m pl e x  a n d  e x a mi n e d  t h e   b e n efi ci al  eff e ct  of  E D O  

li g a n d s.5f, g  I n li n e wit h t h e s e fi n di n g s, o u r l a b di s c o v e r e d t h at E D O 

li g a n d s  e n h a n c e  r e a cti vit y  i n  Ni- c at al y z e d  al k e n e  
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dicarbofunctionalization reactions, and DFT calculations 
revealed significantly lowered activation energy for the key C–C 
reductive elimination step (Scheme 1, B).6b, 8  

 

Scheme 1 Ni‐catalyzed reactions using dimethyl fumarate as optimum ligand. 

(A) DMFU accelerates  reductive elimination  in Negishi alkylation of styrenyl 

aziridines  (B) DMFU  lowers activation energy  for C–C  reductive elimination 

step in alkene 1,2‐diarylation. 

During the course of an investigation into the catalytic 
reactivity of Ni(COD)(DQ), a previously reported air-stable, 18-
electron Ni(0)–olefin complex,4c we noted that Ni(COD)(olefin) 
complexes could be prepared by displacing a single COD ligand 
from Ni(COD)2, in line with a previous report.9 In contrast to 
Ni(COD)(DQ), however, EDO-coordinated 16-electron Ni(0) 
complexes decomposed immediately upon exposure to the air, 
implying that susceptibility to oxidation stems from an open 
coordination site. This observation, along with the unique 
contribution of EDO ligands to various realms of Ni-catalysis, 
motivated us to investigate the fundamental coordination 
chemistry of this 16-electron Ni–EDO complexes and their 
potential uses as practical precatalysts for challenging C–C 
couplings.4, 10 In particular, based on the catalytic importance of 
DMFU as a ligand, we focused our attention on Ni(COD)(DMFU) 
(1; COD = 1,5-cyclooctadiene, DMFU = dimethyl fumarate). The 
synthesis of this complex was originally reported by Binger in 
1984, yet structure and reactivity data for this complex have not 
been described.9 In this communication, we report the single-
crystal X-ray structure of Ni(COD)(DMFU) complex, 
computational analysis based on the solid-state structure, and 
practical advantages in catalytic reactivity when using the pre-
ligated complex in one of our recent Ni-catalysis system. 

We initiated our study by first attempting to prepare 
and isolate Ni(COD)(DMFU). To this end, by following the 
modified procedure from the literature,9 we treated Ni(COD)2 
with an equimolar amount of DMFU in a solution of benzene 

under inert atmosphere (Figure 2). An immediate change of the 
heterogeneous mixture to a red, homogeneous solution indicated 
the formation of the desired complex. In an attempt to isolate the 
complex, the crude reaction mixture was triturated with copious 
amounts of hexanes to yield an air-sensitive bright red solid 
following vacuum filtration. 1H NMR spectra of the isolated 
material confirmed the successful formation of Ni(COD)(DMFU), 
indicated by the distinctive patterns of alkenyl and allylic protons 
of COD ligands upon DMFU coordination.  

Red, needle-like crystals of Ni(COD)(DMFU) were 
obtained by cooling a benzene/hexane solution of 1 at –33 °C. 
Single-crystal X-ray diffraction (XRD) confirmed the atomic 
connectivity, showing formation of a three-coordinate 16-
electron complex, rather than the potential four-coordinate 18-
electron complex bearing two DMFU ligands. Unlike homoleptic 
Ni(stb)3 complexes,4d,e which adopt a distorted trigonal planar 
geometry with the torsion angles of the propellers averaging 
30.3°, the pair of olefin moieties in COD are approximately 
orthogonal (98.9 °) with respect to DMFU in the solid state.11  
With respect to the DMFU fragment, the C=C bond length 
(1.417(5) Å) is significantly elongated in comparison to free 
DMFU (1.318 Å). Moreover, disruption of planarity/conjugation 
was evident from the dihedral angle between two carbonyl 
groups of 13.1° compared to 0.0 for the free molecule, showing 
significant back donation from the d-orbitals of nickel to the 
*(C=C) orbital.  

In terms of stability, complex 1 seems to be indefinitely 
(at least 3 months) stable when stored at low temperature (–33 
°C) under inert atmosphere, as the physical appearance and the 
1H NMR of complex 1 remain unchanged. However, complex 1 
decomposes within a few seconds upon exposure to air, as 
evidenced by a color change from red to black.  

Additional information regarding the structure and 
bonding was obtained from density functional theory 
calculations (see Supporting Information for details). Natural 
population analysis revealed a +0.28814 charge on nickel 
assigned in complex 1, supporting a formal oxidation state of 
Ni(0).12 Second-order perturbation analysis of the Fock Matrix 
shows remarkable stabilization from nickel’s lone-pair orbital to 
the * orbital of (C=C)dmfu (66.12 kcal/mol), which is nearly 60 % 
of the overall stabilization from back donation (110.52 
kcal/mol).13 Accordingly, deletion analysis of the Fock Matrix for 
the corresponding back-bonding interactions reveals around 0.4 
electrons are delocalized from Ni to DMFU. 

 

Figure 2 (A) Synthesis of Ni(COD)(DMFU) (1). (B) X‐ray structure, with ellipsoids 

Ni(COD)2    + benzene
rt, 1 h

A.

B. C.

CO2Me

MeO2C
Ni

E

E

1 (85%)
[E = CO2Me]



Synlett  Letter / Cluster / New Tools 

Template for SYNTHESIS © Thieme  Stuttgart ∙ New York  2021‐10‐07  page 3 of 4 

represent  50%  probability.  (C)  Isolated  amorphous  solid  1  under  inert 

atmosphere. 

Having characterized complex 1, we next studied its 
performance as a precatalyst, using the sulfonamide-directed 
alkene 1,2-diarylation as a model system (Table 1).6c Specifically, 
we benchmarked performance against substrate/coupling 
partner combinations that were low to moderate yielding under 
standard conditions involving in situ DMFU coordination. Yields 
were compared under two different reaction conditions run in 
parallel: Conditions A involved a combination of equimolar 
amount of DMFU to Ni(COD)2 (20 mol%) for in	situ generation of 
1,14  and Conditions B involved precatalyst 1.15 The use of 
preligated complex 1 resulted at least equal yield, and in some 
cases, it led to considerably improved catalytic activity. The 
positive change in yield was especially prominent for 1,1-
disubstituted substrates (entry 1–5), which proceed via a 
particularly challenging  
3°-C(sp3)–Ar reductive elimination step. In these cases, up to 
20% increases in yields were found.  In contrast, the effect was 
inconsequential for 1,2-disubstituted alkenes (entry 6–8). 
Unfortunately, but not surprisingly, preligation was not 
advantageous for unreactive substrates under standard 
conditions. Overall, pregenerated complex 1	 proved to be 
compatible for use in place of Ni(COD)2/DMFU. Beyond the 
operational simplicity associated with its use, preligated 1 offers 
benefits in terms of catalytic activity with some challenging 
substrates. Though the origins of this effect remain unclear at this 
time, potential  explanations include: 1) the highly soluble nature 
of 1	in the reaction solvent (s-BuOH), which allows it to dissolve 
faster, resulting in a higher initial concentration of nickel in 
solution at the beginning of the reaction; 2) by controlling the 
initial speciation, a higher fraction of the nickel is in an active on-
cycle form early in the time course of the reaction, and 3) absence 
of extra COD which can potentially interfere with the alkene 
substrate and/or DMFU ligand binding to the metal center. To 
probe this last possibility, we performed a control experiment in 
which we added 20 mol % COD (1 equiv. relative to 1) under 
conditions otherwise identical to entry 2, condition B. We found 
no appreciable decrease in yield,16 indicating that additional COD 
does not affect the final yield, though it does not rule out possible 
role that it impacts the kinetics. 

Table 1 Sulfonamide‐directed Ni‐catalyzed 1,2‐diarylation using different 

substrates, nucleophiles, and electrophiles. 

 
 

In summary, we have synthesized, characterized, and 
tested catalytic reactivity of the 16-electron, heteroleptic Ni(0) 
complex, Ni(COD)(DMFU) (1). This air-sensitive Ni(0) complex is 
sufficiently stable for growing crystals suitable for structural 
analysis, as well as for NMR characterization at ambient 
temperature, to confirm the 16-electron, 3-coordinate structure. 
Solid state structure-based calculations suggest the oxidation 
state of the nickel center to be close to 0, rather than 1, and shows 
notable back bonding interaction between the metal center and 
EDO ligand. Its practical utility was tested with sulfonamide-
directed alkene 1,2-diarylation reaction as the model system, 
showing equal to improved reactivity in terms of yield. 
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Ni(COD)(DMFU) Condition A uses 20 mol% DMFU under otherwise 
identical conditions to Ref. 6c. Empirically, we have found that 15–
20 mol% DMFU leads to similar yields (±5%) in the in situ 
coordination protocol. 

(15) Representative example of 1,2-diarylation of alkenes (entry 2): To a 
1-dram (4 mL) vial equipped with a Teflon-coated magnetic stir bar 
were added the alkene substrate (0.1 mmol) and the appropriate 
aryl boronic acid neopentylglycol ester (0.3 mmol). The vial was then 
equipped with a septum cap and brought into the glovebox. In the 
glovebox, anhydrous NaOH (0.3 mmol), the appropriate aryl iodide 
electrophile (0.3 mmol), a stock solution of 4,4’-di-tert-
butylbiphenyl (internal standard; 0.2 mL of 0.25 mM solution in sec-
butanol), and anhydrous sec-butanol (0.3 mL) were added. For 
conditions A, DMFU (20 mol%) and Ni(COD)2 (20 mol%) was added, 
and for conditions B, Ni(COD)(DMFU) (20 mol%) was added, 
respectively. The vial was sealed with a screw-top cap, removed 
from the glovebox, and left to stir at room temperature for 16 h.  
After this time, the reaction mixture was quenched with sat. aq. 
NaHCO3 (1 mL), diluted with diethyl ether (2 mL), and stirred 
vigorously for 20 min. Next, the organic and aqueous phases were 
separated, and the aqueous phase was further extracted with diethyl 
ether (3 × 2 mL). The combined organic layers were dried over 
MgSO4, filtered, and concentrated under vacuum. The resulting 
crude mixture was analyzed by 1H NMR in CDCl3, displaying 49% 
formation of S21 from Conditions A, and 67% from Conditions B. 1H 
NMR yields for diarylation were determined by integrating the 1H 
resonances for the products relative to the resonances of internal 
standard (0.50 mmol; 18 H integrated to 0.90) at δ 1.37 ppm in 
CDCl3. Purification by preparative thin-layer chromatography 
(PTLC; 20% acetone in hexanes) afforded S21 as a colorless oil, 
which solidifies upon standing or cooling (33 mg, 70%; Conditions 
B). 1H NMR (600 MHz, CDCl3) δ 7.85 (d, J = 7.9 Hz, 2H), 7.73 (d, J = 8.4 
Hz, 2H), 7.12 (dpd, J = 14.1, 7.9, 3.3 Hz, 3H), 7.07–7.01 (m, 2H), 6.85–
6.78 (m, 2H), 6.75–6.68 (m, 2H), 4.29 (d, J = 6.0 Hz, 1H), 3.81 (s, 3H), 
2.97–2.83 (m, 2H), 2.77 – 2.65 (m, 2H), 2.10 (ddd, J = 15.2, 10.2, 5.3 
Hz, 1H), 1.72 (ddd, J = 13.0, 10.3, 5.5 Hz, 1H), 1.18 (s, 3H). 13C NMR 
(150 MHz, CDCl3) δ 158.03, 143.73, 137.68, 137.32, 134.43 (q, J = 
33.1 Hz), 130.66, 127.76, 127.70, 127.67, 123.12 (q, J = 273.50 Hz), 
113.80, 55.40, 51.22, 42.06, 40.65, 39.93, 23.44. 19F NMR (376 MHz, 
CDCl3) δ –65.74. HRMS (ESI-TOF) Calc’d for C25H25F3NO2S [M−H]– 
476.1607, found 476.1506. 

(16) 20 mol% COD (1 equiv. to [Ni]) was added into a trial run under 
condition B in order to reproduce the overall [COD] in condition A. 
This experiment resulted in 65% NMR yield, which is within 5% of 
the result without additional COD. 

 
 
 

	


