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ABSTRACT: Reaction of MBr2 with 3 equiv of [K(18-crown-6)][O2N2CPh3] generates the trityl diazeniumdiolate complexes 
[K(18-crown-6)][M(O2N2CPh3)3] (M = Co, 2; Fe, 3) in good yields. Irradiation of 2 and 3 using 371 nm light led to NO formation 
in 10 and 1% yields (calculated assuming a maximum of 6 equiv of NO produced per complex), respectively. Also formed in 
the photolysis of 2 was N2O in 63% yield, whereas photolysis of 3 led to formation of N2O, as well as Ph3CN(H)OCPh3, in 37 
and 5% yields, respectively. These products are indicative of diazeniumdiolate fragmentation via both C–N and N–N bond 
cleavage pathways.  In contrast, oxidation of complexes 2 and 3 with 1.2 equiv of [Ag(MeCN)4][PF6] led to N2O formation but 
no NO formation, suggesting that diazeniumdiolate fragmentation occurs exclusively via C–N bond cleavage under these con-
ditions.  While the photolytic yields of NO are modest, they represent a 10- to 100-fold increase compared to the previously 
reported Zn congener, suggesting that the presence of a redox-active metal center favors NO formation upon trityl di-
azeniumdiolate fragmentation. 

INTRODUCTION 
Given the far-ranging biological effects of nitric oxide,1–7 
NO-releasing molecules have received intense interest as 
potential therapeutics.8–10 Many classes of NO delivery mol-
ecules have been studied, including S-nitrosothiols,11,12 C-ni-
troso compounds,13,14 metal nitrosyl complexes,15–20 organic 
nitrites and nitrates,21,22 N-diazeniumdiolates (N-
DAZDs),9,10,23 and C-diazeniumdiolates (C-DAZDs).23–33 
Among these examples, C-DAZDs are probably the least ex-
plored for their NO-releasing properties.  Indeed, only a 
handful of C-DAZDs have been quantitatively examined for 
NO release,34–37 which typically release NO via thermolysis 
or protonation.  For example, diazeniumdiolated idazoxan 
releases NO in 10% yield upon standing at physiological 
temperature and pH.38 Similarly, N-(4-methoxyben-
zyl)guanidinium diazeniumdiolate and N-(4-nitroben-
zyl)guanidinium diazeniumdiolate release NO at pH = 3 in 
45 and 20% yields, respectively.30,39  However, many C-
DAZDs do not release NO at all (they release N2O in-
stead),23,40 or they release NO only very slowly.28,34  C-DAZDs 
can also function as ligands, and several C-DAZD metal com-
plexes have been reported over the years, including 
[Cu(O2N2Ph)2] and [Ce(O2N2Nap)3] (Nap = naphthyl), 
among others.37,41–44  Generally speaking, however, these 
complexes are not well characterized and, more im-
portantly, their NO-releasing properties remain virtually 
unexplored. 

Recently, we reported the synthesis of the zinc trityl di-
azeniumdiolate complex, [K(18-crown-6)][Zn(O2N2CPh3)3] 
(1).37  The incorporation of the redox-active trityl group 
into its C-diazeniumdiolate ligand was intended to facilitate 
NO release by encouraging C–N bond cleavage, a necessary 
step in the release of both equivalents of NO.  Although C–N 
bond cleavage was observed upon both photolysis and oxi-
dation of 1, only trace amounts of NO were observed in the 
reaction mixtures, and only in the case of the photolysis re-
action.  Given these results, we sought to improve the yields 
of NO by ligation of the trityl diazeniumdiolate to a redox-
active metal, which we hypothesized could intercept poten-
tial NO-scavenging intermediates generated during the re-
action.  One such intermediate, [ONNO]•−, is known to react 
rapidly with NO to form N2O and NO2

–.45–47  Herein, we re-
port the synthesis and characterization of two transition 
metal trityl diazeniumdiolate complexes, namely [K(18-
crown-6)][M(O2N2CPh3)3] (M = Co, Fe), as well as their re-
sponse to photolytic and oxidative stimuli. 

RESULTS AND DISCUSSION 
Synthesis of [K(18-crown-6)][M(O2N2CPh3)3] (M = Co, 
Fe). Addition of a blue THF solution of CoBr2 to a colorless 
slurry of 3 equiv of [K(18-crown-6)][O2N2CPh3] in THF af-
forded a peach suspension, from which [K(18-crown-
6)][Co(O2N2CPh3)3] (2) was isolated in 79% yield as pink-
red crystals (Scheme 1). Similarly, reaction of a yellow-
brown slurry of FeBr2 with 3 equiv of [K(18-crown-
6)][O2N2CPh3] in THF produced a red-orange mixture, from 



 

which [K(18-crown-6)][Fe(O2N2CPh3)3] (3) could be iso-
lated in 73% yield as red-orange crystals. Note that the syn-
thesis of the Zn analogue 1 followed a similar protocol.37 
Complex 2 is insoluble in aliphatic solvents, sparingly solu-
ble in Et2O, and soluble in benzene, toluene, THF, and 
CH2Cl2.  Complex 3 is sparingly soluble in aliphatic solvents, 
moderately soluble in Et2O, and soluble in benzene, toluene, 
THF, and CH2Cl2.  Both complexes are stable for several days 
as solids when stored under an inert atmosphere at –25 °C.  
Additionally, neither 2 nor 3 react with H2O when dissolved 
in C6D6 (Figures S4, S15). 
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Scheme 1. Synthesis of trityl C-DAZD complexes 2 and 3. 
 
The 1H NMR spectrum of 2 in C6D6 features broad reso-
nances at 6.26, 5.62, and 2.28 ppm, assignable to p-, o-, and 
m-CH environments, respectively. These resonances are 
present in a 1:2:2 ratio and are indicative of paramag-
netism, as expected for an octahedral d7 complex.  Similarly, 
the 1H NMR spectrum of 3 in C6D6 has broad resonances at 
12.27 and 7.91 ppm assignable to the m- and o-CH environ-
ments, and another resonance at 7.56 ppm assignable to the 
p-CH environment. These three resonances are present in a 
2:2:1 ratio. This spectrum is also indicative of paramag-
netism, suggesting a high-spin ground state for this octahe-
dral d6 complex.  Finally, the UV-vis spectrum of complex 2 
(1.1 mM) in toluene displays absorption bands at 466 and 
550 nm, whereas the UV-vis spectrum of complex 3 (1.0 
mM) in toluene shows absorption bands at 341, 366, and 
464 nm.  These bands can be assigned to LMCT and d-d tran-
sitions and suggest that 2 and 3 will be better suited to pho-
tolytic fragmentation than colorless 1. 
Complex 2 crystallized in the monoclinic space group P21/c 
with two independent molecules in the asymmetric unit as 
the CH2Cl2 solvate, 2⋅3.5CH2Cl2 (Figure 1), while complex 3 
crystallized in the monoclinic space group C2/c as the tolu-
ene and 18-crown-6 solvate, 3⋅2C7H8⋅0.5C12H24O6 (Figure 
S24). Complexes 2 and 3 are isostructural, and their solid-
state structures show the trityl DAZD ligands bound in a 
O,O-κ2 fashion, generating a distorted octahedral geometry 
around the metal centers.48 The metrical parameters of the 
two molecules within the asymmetric unit of 2⋅3.5CH2Cl2 
are similar and only one will be discussed in detail. Complex 
2 has Co–O distances ranging from 2.027(5)–2.100(5) Å 
(Table 1), whereas the Fe–O distances in 3 range from 
2.054(6)–2.121(5) Å, both of which compare well with 
those in 1 (Table 1). The average N–N and C–N distances in 
2 (1.28, 1.52 Å) and 3 (1.29, 1.51 Å) are also similar, and are 
in agreement with those found in 1 (1.27, 1.50 Å) and 
[Fe(O2N2Ph)3] (1.30, 1.42 Å).43 Complexes 2 and 3 have an 
average N–O distance of 1.31 Å which also compares well 
with 1 and [Fe(O2N2Ph)3]. 

 
Figure 1. Solid-state structure of 2⋅3.5CH2Cl2. Thermal el-
lipsoids drawn at 50% probability. Solvates and hydrogen 
atoms omitted for clarity. 
 
Table 1. Selected bond lengths and angles (averaged) for 1, 
2⋅3.5CH2Cl2, and 3⋅2C7H8⋅0.5C12H24O6.  

Bond/angle 1a 2⋅3.5CH2Cl2 3⋅2C7H8⋅0.5
C12H24O6 

M–Oprox (Å)b 2.049 2.063 2.080 
M–Odist (Å) 2.091 2.065 2.107 
Nprox–Oprox (Å) 1.310 1.300 1.314 
Ndist–Odist (Å) 1.304 1.311 1.296 
Nprox–Ndist (Å) 1.274 1.28 1.288 
Nprox–C (Å) 1.50 1.52 1.51 
Oprox–M–Odist (°) 75.2 75.6 73.6 

a. Data taken from Ref.37 
b. Oprox denotes the oxygen atoms closest to the trityl sub-
stituent, whereas Odist denotes those farthest from it. The 
same notation is used for nitrogen atoms. 
 
Photolysis of [K(18-crown-6)][M(O2N2CPh3)3] (M = Co, 
Fe). As we reported recently,37 the photolysis of 1 led to NO 
formation in only trace amounts (Table 2).  Also formed 
during its photolysis was N2O, as well as the trityl-contain-
ing by-products 9-phenylfluorene, Ph3CH, and 
Ph3CN(H)OCPh3.  The photolyses of complexes 2 and 3 were 
examined for comparison.  Irradiation of a peach C6D6 solu-
tion of 2 with a 371 nm LED lightstrip for 20 h resulted in a 
color change to brown. This photolysis time is dramatically 
reduced from that of 1, which reached full conversion only 
after 9 d, highlighting the better absorption properties of 2. 
Analysis of the final mixture by 1H NMR spectroscopy re-
vealed formation of Ph3CH as the only trityl-containing 
product (Scheme 2). No Ph3CN(H)OCPh3 or 9-phenylfluo-
rene were observed in the final mixture,49,50 although 9-phe-
nylfluorene can be detected during the early stages of the 
reaction (Figure S5).  Similar product distributions were ob-
served upon use of a high pressure Hg lamp (Figure S8).  A 
GC-MS analysis of the reaction headspace revealed N2O for-
mation in 63% yield (calculated assuming a maximum of 3 
equiv of N2O produced per complex; Figure S25). Addition-
ally, analysis of the reaction headspace using a NO analyzer 



 

revealed the formation of NO in 10% yield (calculated as-
suming a maximum of 6 equiv of NO produced per com-
plex).  The formation of NO in the reaction mixture was fur-
ther verified by a two-vial trapping experiment with 
[T(OMe)PP]Co (Figure S7).51  Despite all our experimental 
efforts, the fate of the Co ion in this transformation remains 
unclear. 
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Scheme 2. Photolysis of complexes 2 and 3. 
 
Photolysis of a red-orange C6D6 solution of 3 with a 371 nm 
LED lightstrip for 6 h produced a color change to ochre. 
Again, the short photolysis time contrasts with that of 1, 
consistent with the better absorption properties of 3. A 1H 
NMR spectrum of the final reaction mixture revealed the 
formation of Ph3CN(H)OCPh3 in 5% yield (calculated on the 
basis of NO equivalents).  Ph3CH and 9-phenylfluorene were 
also observed in this spectrum (Scheme 2).49,50,52  Their 
presence in the reaction mixture was further verified via 
13C{1H} NMR spectroscopy (Figure S17).  Similar product 
distributions were observed upon use of a high pressure Hg 
lamp (Figure S19).  The reaction headspace was analyzed 
via GC-MS, which showed that N2O was produced in 37% 
yield (Table 2, Figure S26). NO was also found in the reac-
tion mixture, in 1% yield according to a NO analyzer exper-
iment (Figure S39). The formation of NO in the reaction mix-
ture was further verified by a two-vial trapping experiment 
with [T(OMe)PP]Co (Figure S18).51 Photolysis of 3 with a 
478 nm LED lightstrip also results in fragmentation, albeit 
much more slowly.  As with the Co example, the fate of the 
metal ion in this transformation remains unclear. 
Table 2. Observed yields of NO, N2O, and Ph3CN(H)OCPh3 
(calculated on the basis of NO equivalents) formed upon 
photolysis of 1–3.  

Complex NO 
(%) 

N2O 
(%) 

Ph3CN(H)OCPh3 

(%) 
Total 
(%) 

1 (Zn)a 0.06 51 12 63 

2 (Co) 10 63 0 73 

3 (Fe) 1 37 5 43 

a. Data taken from Ref.37 
 
As was seen for complex 1, the products formed upon pho-
tolysis of 2 and 3 provide evidence for competing C–N and 
N–N bond cleavage pathways. In particular, NO and 
Ph3CN(H)OCPh3 are evidently derived from N–N bond ho-
molysis, whereas N2O, Ph3CH, and 9-phenyfluorene are de-
rived from C–N bond homolysis.  Alternatively, NO could be 
formed by sequential C–N and N–N bond homolysis reac-
tions, via a hyponitrite intermediate.53–55  However, there 

are notable changes in the product distributions between 
the three complexes (Table 2), which suggest a role for the 
metal ion in determining the reaction outcome.  In particu-
lar, 2 and 3 show much improved yields for NO vs. complex 
1.  To rationalize this observation, we suggest that the redox 
active metal can scavenge the hyponitrite radical anion, 
[ONNO]•−, by converting it into [ONNO]2-. [ONNO]•− is a plau-
sible intermediate in the reaction (formed by C-N bond ho-
molysis), and a species that is known to react rapidly with 
NO.45–47  
Inspection of the total yield of NO equivalents is also in-
formative.  Complexes 1 and 2 feature reasonably good NO 
mass balance, with greater than 60% of the NO equivalents 
accounted for, but only 43% of the NO equivalents are ac-
counted for in the case of complex 3.  One explanation for 
this lower yield is the formation of NMR-silent Fe nitrosyl 
complexes during diazeniumdiolate fragmentation.  Evi-
dence to support this hypothesis comes from the solution-
phase IR spectrum of the reaction mixture, which features 
νNO bands at 1738 and 1682 cm–1.  These bands are in the 
range of those expected for a DNIC.56–59  For example, 
[Fe(PPh3)2(NO)2] exhibits νNO bands at similar energies 
(1714 and 1668 cm–1).60  Moreover, the X-band solution-
phase EPR spectrum of a photolyzed sample of 3, recorded 
at room temperature, reveals a large isotropic peak at g = 
2.0315 that is typical of DNICs (Figure S35),61–65 such as 
[PPN][(EtS)2Fe(NO)2] (giso = 2.028)66 and [PPN][S5Fe(NO)2] 
(giso = 2.03).67 Also present in the spectrum are less intense 
signals at g = 2.0005 and g = 2.0182, which we have as-
signed to an organic-based radical68–70 and an unknown Fe-
containing species, respectively. A νNO band is also seen in 
the IR spectrum of the reaction mixture of 2 (1782 cm–1), 
suggesting that some NO is sequestered by the metal ion in 
that case, as well,71,72 although perhaps not in the same 
quantity.  While the yields of NO from 1, 2, and 3 are still 
modest, they represent the first C-DAZD metal complexes to 
be quantitatively examined for photochemical NO release.  
For comparison, the closely related Fe(III) cupferronate 
complex [Fe(O2N2Ph)3] also releases NO upon photolysis, 
but a yield was not reported.73   
 
Oxidation of [K(18-crown-6)][M(O2N2CPh3)3] (M = Co, 
Fe). We also explored the oxidation chemistry of complexes 
2 and 3. Thus, addition of 1.2 equiv of [Ag(MeCN)4][PF6] to 
a peach CD2Cl2 solution of 2 resulted in formation a dark 
red-brown mixture, concomitant with formation of an insol-
uble brown solid. Analysis of the reaction mixture by 
13C{1H} NMR spectroscopy showed the presence of one ma-
jor trityl-containing product, O(CPh3)2 (Scheme 3),37,74 
which was formed in 75% yield (calculated on the basis of 
trityl equivalents; Figure S11). Trace amounts of Ph3CF 
were also observed in the reaction mixture, as revealed by 
a singlet at –126 ppm in the 19F NMR spectrum (Figure 
S10).75 Analysis of the reaction headspace by GC-MS re-
vealed the production of N2O in 53% yield (calculated as-
suming a maximum of 3 equiv of N2O produced per com-
plex; Figure S27).  However, NO could not be detected in the 
reaction mixture, as determined by a two-vial trapping ex-
periment with [T(OMe)PP]Co.51 Additionally, the solution-
phase IR spectrum of the mixture does not feature any 



 

bands assignable to νNO stretches, in contrast to the photol-
ysis of 2 (Figure S33). 
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Scheme 3. Oxidation of complexes 2 and 3. 
 
Addition of 1.2 equiv of [Ag(MeCN)4][PF6] to a red-orange 
CD2Cl2 solution of 3 resulted in formation of a deep yellow-
brown mixture, concomitant with formation of an insoluble 
brown solid. The 13C{1H} NMR spectrum of the final mixture 
revealed the presence of O(CPh3)2 and Ph3COH as the major 
trityl-containing products (Scheme 3), in 18% and 26% 
yield, respectively (calculated on the basis of trityl equiva-
lents; Figure S22).  The latter product was evidenced by its 
characteristic Cquaternary resonance at 82.20 ppm.76 Trace 
amounts of Ph3CF were also observed in the 19F NMR spec-
trum of the reaction mixture. GC-MS analysis of the reaction 
headspace confirmed N2O formation in 54% yield (Figure 
S28). However, no NO was detected in the reaction mixture 
and, similar to the oxidation of 2, the IR spectrum of the mix-
ture exhibits no νNO stretches (Figure S34). 
For comparison, a similar product distribution was found 
for the Zn analogue 1 (Table 3), suggesting that a similar 
fragmentation mechanism is operative in all three cases; 
although, it is not immediately clear why Ph3COH is only ob-
served in the Fe example.  Additionally, the observation of 
N2O as the sole N-containing product suggests that di-
azeniumdiolate fragmentation occurs exclusively via heter-
olytic C–N bond cleavage and loss of trityl cation.  This hy-
pothesis is supported by the observation of trace amounts 
of Ph3CF in the reaction mixtures, which is likely formed by 
the partial trapping of [CPh3]+ by the PF6- anion.  This mech-
anism contrasts with that operative in the photolysis reac-
tion, which likely proceeds via homolytic C-N and N-N bond 
cleavage, potentially explaining the different product distri-
butions. 
Table 3. Observed yields of NO, N2O, O(CPh3)2, and Ph3COH 
formed upon oxidation of 1–3.   

Complex NO (%) N2O (%) O(CPh3)2 

(%) 
Ph3COH 
(%) 

1 (Zn)a 0  63 43 0 
2 (Co) 0 53 75 0 
3 (Fe) 0 54 18 26 

a. Data taken from Ref.37 
 

CONCLUSIONS 
In summary, the transition metal diazeniumdiolate com-
plexes, [K(18-crown-6)][M(O2N2CPh3)3] (M = Co, Fe), re-
lease NO upon photolysis, but not upon oxidation.  While the 

photolytic yields of NO are still modest, they represent a 
dramatic 10- to 100-fold increase compared to the previ-
ously reported Zn congener, suggesting that the presence of 
redox-active metal center favors NO formation, in line with 
our original hypothesis.  Their yields of NO are also compa-
rable with those reported for other C-DAZD-based NO do-
nors.34,36 Intriguingly, solution-phase IR and EPR data sug-
gest that some NO is trapped by the metal center, suggesting 
that the yields of NO upon diazeniumdiolate fragmentation 
are actually higher.  Importantly, however, the presence of 
metal nitrosyl complexes in the reaction mixtures implies 
that any free NO could be released from a nitrosyl interme-
diate, and not directly from the DAZD complex, as initially 
assumed.  
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Photolysis of the trityl diazeniumdiolate complexes [M(O2N2CPh3)3]− (M = Fe, Co) led to nitric oxide formation in 1 and 10% 
yields, respectively. 

 




