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Photolytic or Oxidative Fragmentation of Trityl Diazeniumdiolate
(O.N,CPh;): Evidence for both C—N and N-N Bond Cleavage

Miguel A. Baeza Cinco, Sabrina Krih, Camilo F. Guzman, Guang Wu, Trevor W. Hayton*

Department of Chemistry and Biochemistry, University of California, Santa Barbara, Santa Barbara, CA 93016 (USA).

ABSTRACT: Exposure of [K(18-crown-6)(THF)2][CPh3] to an atmosphere of NO cleanly generates [K(18-crown-
6)][02N2CPhs] (1) in excellent yields. Subsequent reaction of [ZnCl2(THF):z] with 3 equiv of 1 affords the C-diazeniumdiolate
complex, [K(18-crown-6)][Zn(02N2CPhs)s] (2). Both 1 and 2 were characterized by 'H and 3C{'H} NMR spectroscopy and
their structures were confirmed by X-ray crystallography. Photolysis of 2 using 371 nm light resulted in formation of three
trityl-containing products, namely, Ph3sCH, 9-phenylfluorene, and N,0-ditritylhydroxylamine (3). In addition, we detected N:0,
as well as small amounts of NO in the reaction mixture. In contrast, oxidation of 2 with 1.2 equiv of [Ag(MeCN)4][PFs] resulted
in formation of O(CPhs): as the major trityl-containing product; N20 was also detected in the reaction mixture, but NO was
not apparently formed in this case. The observation of these fragmentation products indicates that the [02N2CPhs]- ligand is
susceptible to both C-N bond and N-N bond cleavage. Moreover, the different product distributions suggest that [0:N2CPhs]-

is susceptible to different modes of fragmentation.

Nitric oxide (NO) is an important intracellular signaling
molecule that has an enormous influence on the cardiovas-
cular system." 2 As such, the discovery and development of
NO delivery agents has been explored extensively.3-8 Alt-
hough there are multiple classes of delivery agents, N-di-
azeniumdiolates (N-DAZDs) remain one of the most prom-
ising, having already advanced to clinical testing in some
cases.” ! N-DAZDs are characterized by the presence of an
N-bound ONNO linkage and are known to release NO upon
application of a variety of stimuli, including light.#-6.12-14

Despite being the most developed subclass, N-DAZDs can
generate potentially carcinogenic N-nitroso compounds
upon NO release.? 12,13, 1519 The development of new NO-
releasing C-DAZDs could overcome this drawback.? How-
ever, C-DAZDs generally decompose by N20 release and not
NO formation.*20-22 Nonetheless, some are known to release
NO under certain conditions. For example, cupferronate
([02N2Ph]-) and its derivatives have been reported to re-
lease NO upon photolysis.?3?° They can also release NO
upon oxidation.30-32 The C-DAZD motif is found in some si-
derophores, which reportedly can release NO, as well.33.34

To alleviate the paucity of NO-releasing C-DAZDs, we fo-
cused on the identity of the C substituent. In particular, we
sought to isolate a C-DAZD featuring the redox-active tri-
phenylmethyl (trityl) group. This substituent can exist in
anionic and cationic forms,3% 3¢ and also as a neutral radical,
which is in equilibrium with Gomberg’s dimer.37-3° We have
previously used the favorable redox properties of this group
to generate metal-ligand multiple bonds*%-44 and polychal-
cogenide complexes*> via C-E (E = O, S) bond cleavage. Ad-
ditionally, the trityl complexes [M!(CPhs):] (M = Fe, Ni) have
proven to be good M(0) synthons due to the facile formation
of -CPh3.46.47 Accordingly, we reasoned that the C-N bond of
a trityl C-DAZD would be especially susceptible to cleavage,
enhancing its ability to release NO. Herein, we report the

synthesis and characterization of the first C-DAZD complex
supported by a trityl group, as well as its response to pho-
tolysis and oxidation.

To synthesize the trityl C-DAZD motif, a deep red THF solu-
tion of [K(18-crown-6)(THF):][CPh3]*? was exposed to an
atmosphere of NO with vigorous stirring. Upon NO addition,
the red solution quickly bleached to pale yellow. Work-up
of the reaction mixture afforded [K(18-crown-
6)][02N2CPhs] (1) in 92 % yield (Scheme 1). This synthetic
method takes advantage of the nucleophilic carbon in the
trityl anion, a common strategy in the preparation of C-
DAZDs.% 4851 Compound 1 is moderately soluble in benzene,
toluene, and THF, but very soluble in CH2Clz. With 1 in hand,
we considered the synthesis of a Zn trityl DAZD complex,
namely [K(18-crown-6)][Zn(02N2CPhs)s] (2). This complex
could ostensibly release 6 equiv of NO per molecule, making
it an attractive therapeutic. Thus, reaction of [ZnClz(THF):]
with 3 equiv of 1 in THF, generated a turbid reaction mix-
ture from which colorless 2 could be isolated in 84 % yield
after work-up (Scheme 1). Complex 2 is insoluble in ali-
phatic solvents, sparingly soluble in Etz0, and soluble in
benzene, toluene, THF, and CH2Cl.. It is stable to ambient
light for weeks under an inert atmosphere at room temper-
ature; furthermore, it does not react with water (Figure
$10).
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Scheme 1. Synthesis of trityl C-DAZD complexes 1 and 2.

Complexes 1 and 2 were both characterized by X-ray crys-
tallography. The solid-state structure for 1 reveals a trityl C-
DAZD fragment with a 0,0-k? binding mode (Figure 1, top).
Its N-N and C-N distances are 1.304(4) A and 1.510(4) A,
respectively, whereas its N-O distances are 1.299(3) and
1.282(3) A (Table 1). For comparison, the N-N and C-N dis-
tances in 1 are similar to those of [Al(02N2Cy)3]52 (N-N =
1.264(4) A, C-N =1.486(5) A) and [Fe(02N2Ph)s]53 (N-N =
1.30 A, C-N = 1.42 A&). The N-O bond lengths in 1 also com-
pare well with those of [AI(O:N:Cy)s] (1.329(4) and
1.320(4) A) and [Fe(02N2Ph)s] (1.33 and 1.32 A).

Complex 2 crystallized in the monoclinic space group C2/c
as a toluene and 18-crown-6 solvate, 2-2C7Hs-0.5C12H2406
(Figure 1, bottom). The Zn center in 2 is coordinated by
three trityl C-DAZD ligands, also via the 0,0-x? binding
mode, to give a distorted octahedral coordination geometry.
In addition, each trityl group is oriented toward the same
hemisphere, generating a C3-symmetric complex. In con-
trast, one R substituent in both [Al(02N2Cy)3] and
[Fe(O2N2zPh)s] is oriented toward the opposite hemisphere
of the other two. The different stereochemistry of 2 is most
likely due to the presence of the [K(18-crown-6)]* ion,
which binds to one oxygen atom of each C-DAZD ligand. The
Zn-0 distances in 2 range from 2.022(6) to 2.101(5) A,
which are comparable to that of [Na][Zn(acac)s] (2.076(1)
A).5¢ Additionally, the average N-N (1.27 A) and C-N dis-
tances (1.50 A) in 2 are similar to those in 1, [Al(02N2Cy)s],
and [Fe(02N2Ph)zs]. Finally, its average N-O distance (1.31
A) also compares well with the aforementioned complexes.

Figure 1. Solid-state structures of 1 (top) and
2:2C7Hg:0.5C12H240¢6 (bottom). Thermal ellipsoids drawn at
50% probability. Solvate molecules and hydrogen atoms omit-
ted for clarity. Trityl and 18-crown-6 groups shown in

wireframe.

Table 1. Selected bond lengths and angles for 1 and
2-2C7Hs-0.5C12H2406. Oprox denotes the oxygen atoms closest
to the trityl substituent, whereas Ouist denotes those farthest
from it. The same notation is used for nitrogen atoms.

2-2C7Hg-0.5C12H2406

Bond/angle 1
M-Oprox (A) 2.688(2)
M-Ouist (&) 2.598(2)

Nprox-Oprox (&) 1.299(3)
Naist—Oaist (&) 1.282(3)
Nprox-Naist (A) 1.304(4)
Nprox-C (A) 1.510(4)
Oprox—M-0Odist 57.78(6)
)

2.022(6), 2.050(4), 2.076(4)
2.101(5), 2.073(5), 2.100(5)
1.307(8), 1.310(8), 1.314(8)
1.310(9), 1.305(7), 1.297(7)
1.278(9), 1.266(9), 1.278(8)
1.50(1), 1.497(9), 1.502(8)
75.8(2), 74.9(2), 74.9 (2)

The 'H NMR spectrum of 1 in CeDs features resonances at
7.80 and 7.13 ppm, assignable to o-CH and overlapping m-
and p-CH environments, respectively. These resoances are
present in the expected 2:3 ratio. Similarly, the 'H NMR
spectrum of 2 in CéDs features resonances at 7.48, 7.02, and
6.98 ppm, which are assignable to the o-, p-, and m-CH
environments, respectively. Finally, the UV-vis spectrum of



2 (0.18 mM) in CéHs reveals an intense peak in the UV re-
gion, but with minimal absorption past 340 nm, consistent
with its d'9 electronic configuration.

Despite its poor absorption properties in the visible region,
the photochemistry of complex 2 was surveyed. Irradiation
of a colorless solution of 2 in C¢Ds with a 371 nm LED source
for 9 d resulted in formation of a pale brown solution, con-
comitant with deposition of a tan brown solid.>> Analysis of
this solution by 'H NMR spectroscopy revealed the com-
plete consumption of 2, along with the presence of three
new trityl-containing products: 9-phenylfluorene (9-PF),
PhsCH, and Ph3CN(H)OCPhs (3) (Scheme 2a), as evidenced
by diagnostic EH (E = C, N) resonances at 4.81, 5.42, and
5.91 ppm, respectively.+6 56.57 These three species are pre-
sent in 23%, 7%, and 48% yields (calculated on the basis of
trityl equivalents; Figure S7), respectively, as determined
by integration against an internal standard (CsMes). Nota-
bly, no other trityl-containing products were observed in
this spectrum, including Gomberg’'s dimer, PhsCOH,
PhsCN(H)OH,%¢ or PhsCNH2. Our assignments were further
confirmed by 13C{*H} NMR spectroscopy. In particular, the
13C{'H} NMR spectrum of the reaction mixture features res-
onances at 89.71 and 74.38 ppm, which are assignable to
the two unique Cquaternary environments of 3 (Figures S8 and
S13). Also present in this spectrum were resonances at
57.31 and 54.92 ppm, which are assignable to the methine
CH environments of Ph3CH and 9-PF, respectively.#¢57 Fur-
ther analysis of the reaction mixture revealed the presence
N20, which is formed in 51% yield (calculated assuming a
maximum of 3 equiv. N20 produced), according to analysis
by GC-MS (Figure S32). We also observe formation of NO in
the reaction mixture; however, it is only formed in 0.12%
yield (calculated assuming a maximum of 3 equiv. NO pro-
duced), according to analysis with a Nitric Oxide Analyzer
(Figure S38). Finally, heating a CsDs solution of 2 to 52 °Cin
the absence of light resulted in no reaction (Figure S11),
even after 7 d, demonstrating that product formation is
photo-initiated, even though 2 barely absorbs in the visible
region.

While we cannot yet fully balance Scheme 2a, it is apparent
that 3 is derived from N-N bond cleavage, whereas N20 and
9-PF are derived from C-N bond cleavage. Moreover, the NH
proton on 3 is likely derived from a PhsC. fragment, which
is known to undergo facile H-atom abstraction to form 9-
PF.58 This suggestion nicely accounts for the formation of 3
and 9-PFina ca. 1:1 molar ratio in the final reaction mixture.
We also note that PhsCH is predominately formed during
the later stages of the reaction (Figure S7), suggesting that
it may form upon photo-degradation of 3. Consistent with
this hypothesis, photolysis of a sample of independently-
prepared 3 in CsDs does result in formation of both Ph3CH
and 9-PF, among other products, as assayed by 'H and
13C{1H} NMR spectroscopy (see Figures S14 and S15).

We also surveyed the response of complex 2 to oxidation.
Thus, addition of 1.2 equiv of [Ag(MeCN)4][PFs] to a CH2Cl:
solution of 2 resulted in formation of a deep brown suspen-
sion, consistent with Ag® formation (Scheme 2b). Analysis
of the reaction mixture with 3C{1H} NMR spectroscopy re-
vealed the presence of one major trityl-containing product,
namely, O(CPhs)2 (Scheme 2),5° which was identified by its
diagnostic Cquaternary resonance at 90.26 ppm. This species is

present in 43% yield (calculated on the basis of trityl equiv-
alents; Figure S19). A second minor, trityl-containing prod-
uct is also present in this sample, but it could not be identi-
fied. N20 is also formed during the reaction, as revealed by
analysis of the reaction headspace using GC-MS. It is formed
in 63% yield (calculated assuming a maximum of 3 equiv.
N:20 produced, Figure S33). However, we were unable to
detect NO in the reaction mixture, according to a two-vial
trapping experiment with [T(OMe)PP]Co.° Intriguingly, we
see no evidence for products derived from N-N bond cleav-
age in the reaction mixture, as both O(CPhs)2 and N:0 are
evidently derived from C-N bond cleavage. Their formation,
along with the absence of NO, 3, and 9-PF, demonstrates
that an entirely different mechanism of trityl hyponitrite
fragmentation is operative.

For comparison with our trityl diazeniumdiolate results, we
synthesized the Zn cupferronate complex,
[Zn(02N2Ph)2(py)2] (4, see SI for full characterization de-
tails), and measured its response to photolysis under the
same conditions used for complex 2. Irradiation of 4 did not
result in formation of detectable amounts of N20 (Figure
S34); however, it did result in formation of NO (Figure S39).
These data are reminiscent of the photolysis of cupferron
itself (e.g., [NH4][02N2Ph]), which results in formation NO
and azoxybenzene, but no N20.22 That said, complex 4
proved much more robust toward photolysis than 2, in-line
with our initial hypothesis.

Ph
hV H
N CPh. * N,O
T Ty
3
9-PF
(a + NO + Ph,CH  + other products
(minor)  (minor)

1.2 [Ag(MeCN),][PFe]
CH,Cl, o
L~ = » Ph,c” CPh,

* N,O + other products (b)

Scheme 2. Reactivity of 2 upon photolysis or oxidation.

In summary, we have synthesized and characterized the C-
DAZD-containing Zn complex, [K(18-crown-
6)][Zn(02N2CPhs)s]. Photolysis of this complex results in
formation of N20, 9-phenylfluorene, and Ph3CN(H)OCPhs as
the major products. The presence of 9-phenylfluorene and
N20 in the final reaction mixture suggests that the
[02N2CPhs]™ fragment is susceptible to C-N bond cleavage,
as initially anticipated; however, N-N bond cleavage is also
occurring, as revealed by the formation of Ph3CN(H)OCPhs.
In contrast, oxidation of [K(18-crown-6)][Zn(0zN2CPhs)3]
results solely in observation of the products of C-N bond
cleavage, namely, O(CPhs)2 and N20. Both reactions repre-
sent new modes of C-DAZD fragmentation. While significant
NO evolution from this platform was not achieved, the iden-
tification of these new fragmentation pathways should al-
low us to design new C-DAZDs that favor NO release.
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SYNOPSIS TOC. Photolysis of the trityl diazeniumdiolate complex [K(18-crown-6)][Zn(02N2CPhs3)3] results in formation
of N20, 9-phenylfluorene, and PhsCN(H)OCPhs as the major products, whereas oxidation results in formation of

0O(CPhs)z and N20. Both reactions represent new modes of diazeniumdiolate fragmentation.
Ph

Phs






