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ABSTRACT:  The  reactions  of  [Cu2(μ−κ1:κ1-
O2N)DPFN][NTf2] (1;  DPFN =  2,7-bis(fluoro-di(2-
pyridyl)methyl)-1,8-naphthyridine,  NTf2

− = 
N(SO2CF3)2

−)  with  1,4-dicyanobenzene and  1,2-
dicyanoarenes  are  discussed.  Treatment  of  1 
with  1,4-dicyanobenzene produces a tetra-Cu(I) 
terephthalate complex (2) and dinitrogen via a 
discrete C N triple bond cleavage at each cyano≡  
group.  However,  reactions  of  1 with  1,2-
dicyanoarenes appear to proceed via a cascade 
reaction  involving  two  intertwined  C N  triple≡  
bond  activations  to  yield  a  series  of  di-Cu(I) 
phthalimides,  [Cu2(μ−N(CO)2(Ar)DPFN][NTf2]  (3-
(Ar);  Ar =  1,2-arylenes  C6H4,  3-NO2C6H3,  4-
NO2C6H3,  4-PrOC6H3,  3-NC5H3) and  dinitrogen. 
The dicopper phthalimide bonding interaction in 
these  compounds  is  robust  enough  to  resist 
protonation by pentafluorophenol and alkylation 
by methyl triflate or benzyl chloride at the imide 
nitrogen.  This  characteristic  presents  an 
opportunity for post-synthetic modifications of 
the phthalimide ligand. Nevertheless, treatment 
of 3-(C6H4) with bistriflimidic acid (HNTf2) results 
in release of the neutral phthalimide, making the 
dicopper  core  available  to  coordinate  other 
ligands such as nitrite and thus,  completing a 
stoichiometric cycle.  

INTRODUCTION
     Nitriles are essential and versatile building 
blocks  in  organic  synthesis.1,2 Their  chemistry 
with  transition  metals  beyond  their  use  as 
ligands  has  been  extensively  studied,  with 
reported transformations ranging from simple 
metal-mediated  hydrolysis  to  more  complex 
cross metathesis reactions.3,4 However, reactions 

in  which  two  organonitriles  are  coupled  by  a 
transition  metal  are  not  commonly  observed.5

The  products  of  such  reactions  are  usually 
bimetallic complexes with a bridging diiminato 
([N=C(R)−C(R’)=N]2−)  ligand  resulting  from  C−C 
bond  formation  between  two  nitriles.6–9 Such 
dimerizations are most often mediated by highly 
reducing,  low-valent  early  transition  metals 
complexes.  In  these  cases,  the  nitrile  binding 
mode,  sterics,  and  metal-ligand  cooperation 
have  all  been  reported  to  play  key  functions. 
Clear depictions of this are seen in the reactions 
of  Cummins’  molybdenum  trisanilide  complex 
Mo(N[t-Bu]Ar)3 (Ar = 3,5-C6H3Me2; Scheme 1a) and 
Hey-Hawkins’ zirconocene phosphanido complex 
[Cp°2Zr(PHCy)] (Cp° = η5-C5EtMe).10,11 While such 
chemistry is unusual with late transition metals, 
cases such as that of the electron-rich iridium 
pincer  complex,  (PCsp2P)Ir−N(H)Ar  (PCsp2P  = 
(iPr2PC6H4)2C, Ar = C6H5, 2,6-iPr2C6H3) reported by 
Piers  and  coworkers,  have  been  shown  to 
engage in nitrile–nitrile coupling.12

Scheme 1. Examples of nitrile–nitrile coupling and 
this work



     
     Nitrogen-containing metallocycles can result 
from the coupling of two or more organonitriles 
at a transition metal center.13 In 1988, Walton and 
coworkers  reported  a  triply  bonded 
dirhenium(II) complex, Re2X4(μ−dppm)2 (X =Cl, Br, 
dppm  =  Ph2PCH2PPh2)  that  couples  two 
acetonitrile  molecules  to  form  a  5-membered 
ring, while retaining the dirhenium core.14 There 
are  several  reports,  including  a  study  on 
titanocene-mediated coupling of oligo-dinitriles 
from this laboratory,  showcasing the ability  of 
group  IV  metallocenes  to  form  1-metalla-2,5-
diaza-cyclopenta-2,4-dienes  in  reactions  with 
nitriles  (Scheme  1b).15–18 Rosenthal  and 
coworkers reported that these transformations 
are  in  fact  reversible  as  shown  by  nitrile 
exchange  after  the  initial  coupling  has  taken 
place.19

    Recently,  the  Tilley  laboratory  reported 
reactions of [Cu2(μ−κ1:κ1-O2N)DPFN][NTf2] (1) with 
organonitriles  to  yield  [Cu2(μ−κ1:κ1-O2CR)DPFN]
[NTf2] (R = Me, Ph, 4-Ac C6H4, t-Bu) and dinitrogen 
via C≡N triple bond cleavage.20 This contribution 
builds on that work by showcasing the divergent 
reactivity  of  the  nitrite  complex  with  1,2-
dicyanoarenes, resulting in di-Cu(I) phthalimides 
complexes  [Cu2(μ−N(CO)2(Ar)DPFN][NTf2]  (3-(Ar); 
Ar = 1,2-arylenes C6H4, 3-NO2C6H3, 4-NO2C6H3, 4-
PrOC6H3, 3-NC5H3),  and dinitrogen (Scheme 1c). 

The nitrile–nitrile coupling in this contribution is 
not  only  unique  because  it  occurs  through  a 
cascade  reaction  mediated  by  late  transition 
metals,  but  also  because  it  proceeds  via 
formation of a new C–N bond rather than the 
more common C–C bond formation.

RESULTS AND DISCUSSION
     To  investigate  the  ability  of  [Cu2(μ−κ1:κ1-
O2N)DPFN][NTf2]  (1)  to activate more than  one 
C N  triple  bond  ≡ on  a  single  substrate,  the 
complex  was  allowed  to  react  with 
dicyanoarenes. Treatment of 1 with 0.5 equiv of 
1,4-dicyanobenzene  in  THF  at  80 °C  for  20  h 
resulted  in  the  slow  formation  of 
[Cu4(μ4−κ1:κ1:κ1:κ1−(O2C)2C6H4)(DPFN)2][NTf2]2 (2; 
Scheme 2). Precipitation of the compound with 
diethyl  ether  resulted  in  isolation  of  an 
analytically pure light brown powder (96% yield). 
The 1H and 19F NMR spectra of 2 corroborate the 
symmetrical  binding  of  both  cationic 
dicopper(DPFN) fragments to the terephthalate 
ligand. Similar dinuclear Cu(I)/Cu(II)  complexes 
have  been  synthesized  in  the  study  of  self-
assembled metallomacrocycles,  mixed valency, 
and DNA cleavage activity.21–23 

Scheme  2.  Synthesis  of  the  tetra-Cu(I) 
terephthalate complex (2)

     Since  the  reaction  of  1 with  1,2-
dicyanobenzene seemed unlikely to result in a 
similar  tetra-Cu(I)  product,  differently 
substituted 1,2-dicyanoarenes were investigated 
to probe the selectivity of oxidative couplings by 
the  di-Cu(I)  nitrite  complex.  Surprisingly, 
treatment of 1 with each 1,2-dicyanoarene (1,2-
(NC)2Ar;  Ar  =  1,2-arylenes  C6H4,  3-NO2C6H3,  4-
NO2C6H3, 4-PrOC6H3, 3-NC5H3) in THF at 23 °C for 
10  h  resulted  in  formation  of  nitrile–nitrile 



coupling  products  [Cu2(μ−N(CO)2(Ar)DPFN][NTf2] 
(3-(Ar);  Scheme  3).  For  each  complex, 
precipitation  from  solution  with  diethyl  ether 
resulted in isolation of an analytically pure red-
brown powder in high yield (80-98%). As with the 
previously  reported  alkyl  and  aryl  nitrile  C N≡  
triple bond cleavages, the presence of the  15N-
labeled dinitrogen byproduct was confirmed by 
15N  NMR  (vide  infra;  Figure  S22)  in  reactions 
involving  the  isotopologue  of  1.20 Control 
experiments performed with [n-Bu4N][NO2] and 
1,2-(NC)2Ar  (Ar  =  1,2-arylenes  3-NO2C6H3,  4-
NO2C6H3, 4-PrOC6H3, 3-NC5H3)  in THF at 60 °C for 
14  d  did  not  produce  the  corresponding 
phthalimide (Figure S23-S26). 

Scheme  3.  Synthesis  of  the  di-Cu(I)  phthalimide 
complexes 3-(C6H4),  3-(3-NO2C6H3),  3-(4-NO2C6H3),  3-
(4-PrOC6H3), and 3-(3-NC5H3)

     The solid-state structures of 3-(3-NO2C6H3), 3-
(4- NO2C6H3),  and 3-(3-NC5H3)  were determined 
by  single  crystal  X-ray  diffraction  (Figure  1). 
Compared to the structural metrics of another di-
Cu(I)  amido  complex,  [Cu2(μ−NHTosyl)DPFN]
[NTf2] (Cu−Cu = 2.6652(5) Å, Cu−Nam = 1.980(3) Å), 
previously  reported  by  this  laboratory, 
compounds  3-(Ar)  have  shorter  Cu−Cu 
interatomic distances (2.5154(4)−2.5309(7) Å) and 
longer average Cu−Nim bond distances ranging 
from  2.030(3)  to  2.041(2)  Å.24 All  phthalimide 
ligands bridge symmetrically and are positioned 
perpendicular  to  the  plane  defined  by  the 
naphthyridine scaffold. However, they should be 
able to freely rotate as indicated by the faux C2v 

symmetry  observed in  the  1H NMR spectra  of 
each compound. While some monometallic Cu(I) 
phthalimide  complexes  have  previously  been 
reported,  to  our  knowledge,  complexes  3-(Ar) 
are the first 
   

Figure 1. Solid-state molecular structures of compounds 3-(3-NO2C6H3),  3-(4-NO2C6H3), and 3-(3-NC5H3) 
with thermal ellipsoids drawn at 50% probability. Hydrogen atoms, solvent molecules, and bistriflimide 
(NTf2

−) anions are omitted for clarity.  

phthalimide-bridged bimetallic complexes to be 
reported  and  crystallographically 
characterized.25–28  
     The release of isotopically labeled dinitrogen 
as a byproduct of these reactions suggests that 
the imide

nitrogen in complexes 3-(Ar) originates from one 
of the cyano groups of the 1,2-dicyanoarene.29 In 
no case was a  15N{1H} NMR signal for an imide 
nitrogen  belonging  to  any  of  the  3-(Ar) 
complexes detected. After addition of excess 4-
propoxy-1,2-dicyanobenzene  to  the  15N 
isotopologue of 1, a fleeting intermediate (int1) 
closely  resembling  the  previously  reported 



[Cu2(μ−N(NO)C(O)Ph)DPFN][NTf2]  (A)  was 
observed  by  1H  NMR  and  mass  spectrometry 
(Figure S27 and S58). This suggests that just like 
the  reactions  of  1 with  alkyl/aryl  nitriles, 
reactions  with  1,2-dicyanoarenes  proceed 
through  a  di-Cu(I)  N-nitrosamide  intermediate 
(Scheme 4). 

Scheme  4.  Structure  of  A  and   a  proposed 
mechanism for the formation of complexes 3-(Ar) 

     A plausible mechanism for the formation of 3-
(Ar) is shown in Scheme 4. Upon formation of the 
N-nitrosamide  complex,  int1,  by  an  initial 
nucleophilic attack of the nitrite on a cyano sp-
hybridized  carbon  (i),  a  second  nucleophilic 
attack by the nitroso group  on the other cyano 
group leads to an N−C bond between the cyano 
nitrogen  atom  and  the  acyl  carbon  (ii). 
Reconstitution  of  the  acyl  C=O  double  bond 
results  in  dinitrogen  formation  and  full  oxo 
transfer  to  the  cyano  carbon  (iii).  Finally, 
dinitrogen extrusion forms the coupling product 
3-(Ar) (iv). Thus, this transformation can be best 
understood  as  an  unusual  cascade  reaction 
facilitated by bimetallic copper(I) complex.
     The  unique  nature  of  these  reactions 
motivated attempts to complete a stoichiometric 
synthetic  cycle  that  allows  production  of  a 
phthalimide derivative from a 1,2-dicyanoarene. 
This  would  involve  release  of  the  phthalimide 
group  (e.g.,  by  protonation  or  alkylation) 

followed by regeneration of the nitrite complex 
1. In the Gabriel synthesis, phthalimide salts are 
known  to  react  with  alkyl  halides  in  an  SN2 
reaction to form an  N-alkyl phthalimide, which 
can then be treated with hydrazine to produce 
the corresponding primary amine.30 Given this, 3-
(4-PrOC6H3)  was treated with benzyl chloride (1 
equiv) in THF at 80 °C for 1 d. Surprisingly, 3-(4-
PrOC6H3) remained  completely  unconsumed 
(Figure  S28).  The  same results  were  observed 
when treating the complex with stoichiometric 
amounts of methyl triflate in o-DFB (Figure S29). 
These  results  suggest  that  the  bonding 
interaction between the phthalimide ligand and 
the dicopper core is very strong, contributing to 
its  low  nucleophilicity.  The  more  electrophilic 
character  of  the  phthalimide  ligands  is 
highlighted  by  the  rapid  reaction  of  3-(4-
PrOC6H4) and LiCl to yield [Cu2(μ−Cl)DPFN][NTf2]31

and the lithium phthalimide salt in situ, in 68 and 
99% yield, respectively (vs. an internal standard; 
Figure S30). 
     Free phthalimide is fairly acidic (pKa = 8.3) due 
to conjugate base stabilization provided by the 
resonance  of  its  two  carbonyl  groups.32,33

However, treatment of  3-(C6H4)  with 1 equiv of 
pentafluorophenol (pKa = 5.5) in THF at 60 °C for 4 
days did not produce the neutral  phthalimide, 
again  demonstrating  the  stability  of  the 
fragment  (Figure  S32).34 Complex  3-(C6H4) was 
successfully  protonated  with  bistriflimidic  acid 
(HNTf2;  pKa =  −12.3),  causing  release  of  the 
phthalimide  from  the  dicopper  core.35 As 
previously reported, ligand loss at the dicopper 
core  promotes  formation  of  the  tricationic 
complex  [Cu3(DPFN)2][NTf2]3 (B),  which  was 
observed (97% vs. an internal standard) in the 
reaction  solution  by  1H  NMR  spectroscopy 
(Scheme  5,  Figure  S34).31 Addition  of  a 
stoichiometric  amount  of  [n-Bu4N][NO2]  to  the 
THF solution at 23 °C led to an instantaneous 
color change from orange to red and formation 
of 3-(C6H4) in 70% yield (assuming that only 0.75 
equiv of 3-(C6H4) can form from 1 equiv of B).

Scheme  5.  Production  of  1  from   3-(C6H4) via  
protonation



     These results establish the stoichiometric, 
synthetic  cycle  of  Scheme 5,  and  provide  two 
valuable insights: (i) The reaction of compound C 
and a suitable bridging ligand can reconstitute 
the  dicopper(DPFN)  motif.  (ii)  Complex  1 can 
indeed  be  produced  from  3-(Ar)  given 
subsequent addition of a strong acid and a nitrite 
source to achieve a synthetic cycle, but 1 quickly 
reacts with the neutral phthalimide in solution in 
an  acid-base  exchange  to  yield  3-(Ar)  and 
presumably nitrous acid (HONO) in a fashion akin 
to  its  reactions  with  thiols  (Scheme  5).36 
Independently  treating  compound  1 with 
phthalimide yields the same result (Figure S36). 
This  is  also  supported  by  the   formation  of 
[Cu2(μ−MeCN)DPFN][NTf2]2 (C) in 97% yield (vs. an 
internal  standard)  when  the  protonation  with 
HNTf2 is conducted in the presence of MeCN-d3 

(Scheme  5,  Figure  S35).37 If  [n-Bu4N][NO2]  is 
added after the phthalimide is removed, then the 
stoichiometric cycle can be closed from B or C to 
form the di-Cu(I) nitrite complex. However, the 
similar  solubility  profiles  of  the  air-sensitive 
dicopper  complexes  discussed  so  far  and 
phthalimides make their separation non-trivial.

Scheme 6. Methylation of 3-(3-NC5H3) with MeOTf to 
yield 3-(3-MeNC5H3)

     The  stability  of  the  dicopper-phthalimide 
bonding interaction presents an opportunity for 
post-synthetic  modification  of  the  phthalimide 
ligand.  To  explore  this  possibility,  3-(3-NC5H3) 
was treated with methyl triflate (1 equiv) in o-DFB 
at 23 °C.38 Over the course of 1 h, the solution 
changed from red to purple and 1H NMR analysis 
indicated successful methylation of the pyridine 
nitrogen to form [Cu2(μ−N(CO)2(3-MeNC5H3)DPFN]
[NTf2]  (3-(3-MeNC5H3);  Scheme 6)  in high yield 
(93%).  Purple  crystalline  blocks  grew  in  the 
reaction vessel as the reaction transpired. These 
were subjected to single crystal X-ray diffraction, 
and the solid-state structure of compound 3-(3-
MeNC5H3) was  determined  (Figure  2).  The 
average Cu−Cu distance and Cu−N bond length of 
2.5374(8) Å and 2.047(4) Å, respectively, in this 
compound are slightly longer than those of the 
parent compound 3-(3-NC5H3) (Cu−Cu = 2.5284(6) 
Å  and  Cu−N  =  2.0295(3)  Å).  While  pyridine 
methylation by MeOTf  is  known,  these results 
suggest that the dicopper phthalimide bonding 
interaction could withstand more elaborate post-
synthetic  modifications  to  the  phthalimide 
ligand.39 Such  alterations  may  provide  more 
accessible ways to close the stoichiometric cycle.

Figure  3.  Solid-state  molecular  structure  of 
compound  3-(3-MeNC5H3)  with  thermal 
ellipsoids  drawn at  50% probability.  Hydrogen 



atoms,  bistriflimide  (NTf2
−),  and  triflate  (OTf−) 

anions are omitted for clarity.
CONCLUSION
     This  study  demonstrates  the  divergent 
reactivity of the di-Cu(I) nitrite complex with 1,2-
dicyanoarenes.  The  phthalimide  complexes  3-
(Ar)  likely  result  from  an  intramolecular 
nucleophilic attack by the nitroso fragment of a 
di-Cu(I)  N-nitrosamide  intermediate  on  its 
remaining cyano group. The phthalimide ligands 
on compounds  3-(Ar)  appear to have a strong 
bonding  interaction  with  the  dicopper  core, 
allowing for further functionalization after their 
synthesis. The preference of the  N-nitrosamide 
intermediate for an intramolecular nucleophilic 
attack rather than a 1,3-acyl shift suggests that 
other types of intramolecular cascade reactions, 
involving  electrophilic  carbon centers  ortho to 
the  nitrile  (in  e.g.,  alkynyl,  acyl,  formyl,  etc.), 
could provide new routes to heterocycles. 
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