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ABSTRACT: Metal(H,0,) complexes have been impli-
cated in kinetic and computational studies but have never
been observed. Accordingly, H,O, has been described as a
very weak ligand. We report the first metal(H,0,) adduct,
which is made possible by incorporating intramolecular
hydrogen-bonding interactions with bound H,O,. This
Zn"(H,0,) complex decays in solution by a second-order
process that is slow enough to enable characterization of
this species by X-ray crystallography. This report speaks to
the intermediacy of metal(H,0,) adducts in chemistry and
biology and opens the door to exploration of these species
in oxidation catalysis.

ydrogen peroxide is a readily accessible and “green”

oxidant," with major industrial applications including
bleaching of raw cotton and wood pulp, textile bleaching,” and
propylene epoxidation.’ These industrial processes are improved
by the use of metal catalysts that activate H,0,. Remarkably,
metal(H,0,) adducts that may be important intermediates in
H,0, activation have never been observed, although they have
been kinetically implicated.* In cytochromes P450, an
Fe(H,0,) adduct may be the “second oxidant” or a precursor
to the second oxidant (Figure 1a) and is likely the source of free
H,0, formed via "uncoupling.”5 The intermediacy of
Fe''(H,0,) complexes in cytochromes P450 has been
contentious, and Mayer demonstrated that related (porphyrin)-
Ga™ complexes do not interact with H,0, in anhydrous CH,Cl,
solutions despite the availability of open coordination sites on
Ga™ and a strong interaction between Ga™ and added H,O
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Figure 1. (a) Proposed Fe'(H,0,) adduct in cytochromes P450.% (b)
Shaik’s computed Fe™(H,0,) adduct demonstrating the importance of
second-sphere hydrogen bonding interactions with bound H,0, for
preventing “uncoupling.”” (c) Demonstration by Mayer that H,O, is a
very poor ligand for Ga'.**
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(Figure 1c).° However, a recent computational study by Shaik
supported H,O, coordination in cytochromes P450, not as the
“second oxidant” but as an alternative route to the reactive
Fe'(oxo) species (Compound 1, Figure la),” where hydrogen
bonding between the coordinated H,0, ligand and the
surrounding environment was critical to the accessibility and
longevity of this Fe(H,0,) species (Figure 1b). Related
computational studies of M/H,0, oxidation catalysts (M = Mn,
Os) also implicate the intermediacy of M(H,0,) adducts that
benefit from intramolecular hydrogen bonding involving bound
H,0,.° Herein, we report the first coordination compound of
H,0,, a Zn"(H,0,) species that features hydrogen bonding
between bound H,0, and the ancillary ligand.

Ligands that engage in second-sphere hydrogen bonding have
been utilized extensively by Borovik, with highlights including
the sole report of a high-spin Fem(oxo) species stabilized by
intramolecular hydrogen-bond donors” and O, activation at Co'"
centers that was dependent on the presence and number of
second-sphere hydrogen-bond donors.'® Recognizing the higher
acidity of H,0, compared to H,O and the corresponding
demonstration by Prikhodchenko that H,O, is a more effective
hydrogen-bond donor than H,0,'" we targeted ligands that
would provide second-sphere hydrogen-bond acceptors. We
were particularly attracted by trianionic trisulfonamido deriva-
tives of tren (tren = tris(2-aminoethyl)amine) that have been
demonstrated by Borovik to provide an electron-rich coordina-
tion environment well suited for hydrogen bonding with H,O
and HO™ ligands.'” Reasoning that diamagnetic metals would
enable the study of metal(H,0,) interactions by 'H NMR
spectroscopy, we targeted Zn'' complexes supported by
trisulfonamido derivatives of tren.

Combining H;Ts;tren, KH, and ZnCl, in DMF, followed by
addition of [nBu,N][Br] and H,O, provides access to [nBu,N]-
[(Tsstren)Zn"(OH,)] in 92% crystalline yield (1-OH,, Scheme
1). X-ray crystallographic characterization of 1-OH, shows
hydrogen-bonding interactions between the bound H,O protons
and the sulfonyl oxygens (Figure 2) similar to what Borovik
observed with other metals.'” Displacement of water from 1-
OH, was readily accomplished with both hydrazine and
hydroxylamine, which are structurally analogous to H,O,
(Scheme 1). The X-ray crystal structures of 1-N,H, and 1-
NH,OH also exhibit second-sphere hydrogen bonding inter-
actions, in these cases demonstrating hydrogen bonding with the
terminal ZH group (Figure 2). While crystallographically
characterized metal—(N,H,) complexes are abundant, we are
aware of only five other metal—(NH, OH) species that have been
crystallographically characterized."
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Scheme 1. Synthesis of Compounds Examined”
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“Yields of crystalline products shown.

We next turned to exploring coordination of H,0, to Zn". We
found that H,O, can be readily extracted from solid H,O,-urea
into anhydrous dg-THF to provide up to 500 mM H,O, solutions
with <5% H,O relative to H,0,. Addition of this solution of
H,0, (1 equiv) to a dg-THF solution of 1-H, O resulted in a 0.72
ppm upfield shift of bound water toward the free-H,O resonance
of 2.54 ppm with concomitant 0.05 ppm downfield shift of the
H,0, resonance away from free H,0, (9.40 ppm) (Figure S8).
This was the first indication that H,O, interacts with 1-OH, and
reveals that K, for H,O displacement by H,0, is less than unity
(Scheme 1). This contrasts the observation that both N,H, and
NH,OH quantitatively displace H,O from 1-OH, and is
consistent with H,O, being the weakest ligand of this series.

Encouraged by the interaction of H,0O, with 1-OH, in dg-
THE, we turned to dehydration of 1-OH, to probe coordination
of H,0, to 1 in the absence of H,O. Formation of anhydrous 1
was accomplished by heating 1-OH, in glyme to 80 °C overnight
in the presence of 4 A molecular sieves, followed by precipitation

with pentane. Dehydration was verified by the disappearance of
any resonance associated with bound or free H,0 by '"H NMR
spectroscopy. Addition of one equivalent of anhydrous H,O, to 1
in dg-THF resulted in a 0.45 ppm downfield shift of the H,O,
proton resonance, consistent with interaction between H,0, and
1 to form 1-H,0,, although the nature of the interaction
(coordination, hydrogen bonding, electrostatic interaction)
could not be established from these data (Figure 3). Importantly,
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Figure 3. From top to bottom, 'H NMR spectra (dg-THF) of H,0,, 1-
H,0,, 1, and 1-OH,. Free (top) and bound H,0, (second from top)
and bound H,O positions (bottom) are marked with an asterisk. Free
H,O in dg-THF appears at 2.54 ppm.

no interaction between H,O, and H;Tsstren or between H,O,
and ZnCl, in dg-THF is observed by 'H NMR spectroscopy
(Table S1). The H,O, proton resonance in 1-H, O, shifts linearly
downfield with decreasing temperature with a slope that is
steeper than that of free H,O, or that of bound H,O in 1-OH,
(Figure S7). This large temperature dependence is indicative of
strong intramolecular hydrogen bonding in 1-H,0,."*

1-H,0, decomposes in solution to 1-OH, by a second order
pathway (k= 3.8 X 107> M~ s™', Figure S3). Precipitation of 1-
H,0, resulted in a 1:1 mixture of 1-OH, and 1-H, 0, in the solid
state. This solid was explored by thermogravimetric analysis
(TGA) to probe the strength of the H,O, interaction with 1 in
the solid state by comparison to crystalline and powdered
samples of 1-OH, (Figure 4). These data show that H,0O, is the
first ligand to be lost upon heating solid samples of 1-OH,/1-

Figure 2. X-ray crystal structures of the anions in 1-OH, (left), 1-N,H, (middle), and 1-NH,OH (right), highlighting intramolecular hydrogen

bonding. Aryl groups truncated for clarity.
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Figure 4. TGA traces of crystalline 1-OH, (top), powdered 1-OH,
(middle), and powdered 1:1 mixture of 1-H,0, and 1-OH, (bottom).
Mass loss experimental/theoretical: 0.74 mg/0.82 mg (top), 0.67 mg/
0.63 mg (middle), and 0.70 mg/0.82 mg (bottom).

H,0, because there is a lower-temperature mass-loss event than
observed in powdered samples of 1-OH,. Therefore, in both the
solid state and in solution, H,0, is a weaker ligand than H,O for
1.

Encouraged by the isolation of solid samples containing 1-
H,0, despite the bimolecular decay pathway of this species, we
explored whether crystalline samples of 1-H,0, could be
obtained. Rapid crystallization of 1-H,0, from THF with
MTBE provided crystals with varying amounts of bound H,O
and H,0,, with the best crystal examined having a 50:50 disorder
of 1-H,0, (Figure S) and 1-OH,, each refined as a distinct

Figure S. X-ray crystal structure of the anion in 1-H,0, from a 1:1
crystal of 1-OH,:1-H,0,. Aryl groups truncated for clarity.

component. The H,0, and H,O ligands share the same apical
position. The electron density of 1-OH,/1-H,0, (see
Supporting Information) unambiguously establishes the pres-
ence of a bent H,0, ligand coordinated to Zn". 1-H,0, is the
first structurally characterized H,0, coordination compound.
H,0, coordination to Zn" is analogous to coordination of N,H,
and NH,OH, where intramolecular hydrogen bonding between
both H,O, protons and the sulfonyl oxygens is observed in the
solid state. The Zn—O bond lengths of 1-OH, and 1-H,0,
(2.185(10) A and 2.171(10) A, respectively) fall within 16 of one
another, consistent with formation of a direct Zn—O bond in
each case. The O—O bond length in 1-H,0, is 1.445(14) A,
indicative of an O—O single bond.

While H,0, has been described as a very poor ligand,*'* H,0
is a common ligand in coordination chemistry. Both of these
ligands can engage in hydrogen bonding, so we probed the extent
to which coordination of H,O to 1 was favored over coordination
of H,0,. As described above, addition of one equivalent of H,0,
to 1-OH, in dg-THF results in a 0.05 ppm downfield shift of
H,O0, from its uncoordinated position with a concomitant 0.72
ppm upfield shift of H,O from its coordinated position (Figure
S8), enabling us to measure the equilibrium constant for H,O vs
H,0, coordination to 1 by comparing these exchange-averaged
chemical shifts to their corresponding free and bound shifts (see
Supporting Information for details; exchange of H,O and H,0,
is fast on the NMR time scale even at —100 °C, Figure S$4). We
calculate that K, = 37 (AG® = —2.1 kcal/mol) in favor of H,O
coordination to 1 over H,0,.

[1 — OH,][H,0,]

o = ~ 37
* [1-H,0,][H,0]

H,O remains a better ligand than H,O, even with supporting
ligands that facilitate second-sphere hydrogen-bonding inter-
actions, but the preference is not particularly stark: the ratio of
bound H,O to bound H, 0, at equal concentrations of these two
species and 1 is ~6:1.

We have demonstrated the first H,O, coordination complex,
where the M—(H,0,) interaction is facilitated by second-sphere
hydrogen-bonding interactions. Coordination of H,0O, speaks to
the viability of metal(H,0,) adducts as intermediates in
catalysis,”® particularly in reference to the “second oxidant” in
cytochromes P450.”” Furthermore, an understanding of how to
facilitate formation of metal(H,0,) adducts opens a new
pathway for exploring H,O, activation for substrate oxidation
reactions, a goal that we are currently pursuing.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021 /jacs.5b10450.
Synthesis and characterization of compounds, experimen-
tal details, description of TGA, and equilibrium calcu-
lations (PDF)
Crystallographic information (CIF)

B AUTHOR INFORMATION

Corresponding Author

*scarborough@emory.edu

Notes

The authors declare no competing financial interest.

DOI: 10.1021/jacs.5b10450
J. Am. Chem. Soc. 2015, 137, 14606—14609


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b10450
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10450/suppl_file/ja5b10450_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10450/suppl_file/ja5b10450_si_002.cif
mailto:scarborough@emory.edu
http://dx.doi.org/10.1021/jacs.5b10450

Journal of the American Chemical Society

Communication

B ACKNOWLEDGMENTS

This research was made possible through support from the
American Chemical Society Petroleum Research Fund (53254-
DNI3), the National Science Foundation (CHE-1455211), and
Emory University.

B REFERENCES

(1) (a) Jones, C. W. Applications of Hydrogen Peroxide and Derivatives;
Royal Society: Cambridge, UK, 1999. (b) Lancaster, M. Green
Chemistry; Royal Society: Cambridge, U.K., 2002.

(2) (a) Hage, R;; Lienke, A. Angew. Chem., Int. Ed. 2006, 45, 206—222.
(b) Hage, R.; de Boer, J. W.; Gaulard, F.; Maaijen, K. Chapter Three:
Manganese and Iron Bleaching and Oxidation Catalysts. In Advances in
Inorganic Chemistry; van Eldik, R.; Hubbard, C. D., Eds.; Academic
Press: New York, 2013; Vol. 65, pp 85—116.

(3) Russo, V.; Tesser, R.; Santacesaria, E.; Di Serio, M. Ind. Eng. Chem.
Res. 2013, 52, 1168—1178.

(4) (a) Mirza, S. A.; Bocquet, B.; Robyr, C.; Thomi, S.; Williams, A. F.
Inorg. Chem. 1996, 35, 1332—1337. (b) Wolak, M.; van Eldik, R. Chem. -
Eur. ]. 2007, 13, 4873—4883. (c) Theodoridis, A.; Maigut, J.; Puchta, R.;
Kudrik, E. V,; van Eldik, R. Inorg. Chem. 2008, 47, 2994—3013.
(d) Afanasiev, P.; Kudrik, E. V.; Millet, J.-M. M.; Bouchu, D.; Sorokin, A.
B. Dalton Trans. 2011, 40, 701—710.

(5) (a) Coon, M. J. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 1-25.
(b) Denisov, L. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I. Chem. Rev.
2008, 105, 2253—2278. (c) Shaik, S.; Kumar, D.; de Visser, S. P.; Altun,
A.; Thiel, W. Chem. Rev. 2005, 105, 2279—2328. (d) Ortiz de
Montellano, P. R. Cytochrome P4S0: Structure, Mechanism, and
Biochemistry; Kluwer Academic/Plenum: New York, 200S.

(6) (a) DiPasquale, A. G.; Mayer, J. M. J. Am. Chem. Soc. 2008, 130,
1812—1813. (b) Lithium oxalate monoperhydrate may contain an
interaction between lithium ions and the oxygens of hydrogen peroxide
in the solid state: Pedersen, B. F. Acta Chem. Scand. 1969, 23, 1871—
1877.

(7) Wang, B; Li, C,; Dubey, K. D.; Shaik, S. J. Am. Chem. Soc. 2015,
137, 7379-7390.

(8) (a) Kwong, H.-K,; Lo, P.-K,; Lau, K.-C.; Lau, T.-C. Chem. Commun.
2011, 47, 4273—4275. (b) Ma, L,; Pan, Y.; Man, W.-L.; Kwong, H.-K;
Lam, W.W.Y,; Chen, G.; Lau, K.-C; Lau, T.-C. . Am. Chem. Soc. 2014,
136, 7680—7687. (c) Chen, M.; Pan, Y.; Kwong, H.-K;; Zeng, R. J.; Lau,
K.-C,; Lau, T.-C. Chem. Commun. 2015, 51, 13686—13689.

(9) MacBeth, C. E.; Golombek, A. P; Young, V. G; Yang, C.; Kuczera,
K.; Hendrich, M. P.; Borovik, A. S. Science 2000, 289, 938—941.

(10) Lucas, R. L.; Zart, M. K; Murkerjee, J.; Sorrell, T. N.; Powell, D.
R; Borovik, A. S. J. Am. Chem. Soc. 2006, 128, 15476—15489.

(11) (a) Wolanov, Y.; Shurki, A.; Prikhodchenko, P. V.; Tripol’skaya,
T. A,; Novotortsev, V. M.; Pedahzur, R.; Lev, O. Dalton Trans. 2014, 43,
16614—16625. (b) Churakov, A. V.; Prikhodchenko, P. V.; Howard, J. A.
K; Lev, O. Chem. Commun. 2009, 4224—4226. (c) Prikhodchenko, P.
V.; Medvedev, A. G.; Tripol'skaya, T. A.; Churakov, A. V.; Wolanov, Y,;
Howard, J. A. K; Lev, O. CrystEngComm 2011, 13, 2399—2407.
(d) Vener, M. V,; Medvedev, A. G.; Churakov, A. V.; Prikhodchenko, P.
V.; Tripol'skaya, T. A; Lev, O. J. Phys. Chem. A 2011, 115, 13657—
13663.

(12) (a) Park, Y. J; Ziller, J. W.; Borovik, A. S. J. Am. Chem. Soc. 2011,
133, 9258—9261. (b) Lacy, D. C.; Park, Y. J.; Ziller, J. W.; Yano, J;
Borovik, A. S. J. Am. Chem. Soc. 2012, 134, 17526—17535. (c) Park, Y.].;
Cook, S. A,; Sickerman, N. S; Sano, Y.; Ziller, J. W.; Borovik, A. S. Chem.
Sci. 2013, 4,717—726. (d) Sano, Y.; Weitz, A. C.; Ziller, J. W.; Hendrich,
M. P.,; Borovik, A. S. Inorg. Chem. 2013, 52, 10229—10231.
(e) Sickerman, N. S.; Henry, R. M,; Ziller, J. W.; Borovik, A. S.
Polyhedron 2013, 58, 65—70. (f) Cook, S. A; Ziller, ]. W.; Borovik, A. S.
Inorg. Chem. 2014, 53,11029—11035. (g) Sickerman, N. S.; Peterson, S.
M,; Ziller, J. W.; Borovik, A. S. Chem. Commun. 2014, 50, 2515—2517.
(h) Lau, N; Ziller, J. W.; Borovik, A. S. Polyhedron 2015, 85, 777—782.

(13) (a) Engelhardt, L. M.; Newman, P. W. G.; Raston, C. L.; White, A.
H. Aust. J. Chem. 1974, 27, 503—507. (b) Southern, J. S.; Hillhouse, G.
L; Rheingold, A. L. J. Am. Chem. Soc. 1997, 119, 12406—12407.

14609

(c) Zheng, H.; Leung, W.-H.; Chim, J. L. C.; Lai, W,; Lam, C.-H,;
Williams, I. D.; Wong, W.-T. Inorg. Chim. Acta 2000, 306, 184—192.
(d) Matsukawa, S.; Kuwata, S.; Ishii, Y.; Hidai, M. J. Chem. Soc., Dalton
Trans. 2002, 2737—2746. (e) Chardon, E,; Dahm, G.; Guichard, G;
Bellemin-Laponnaz, S. Chem. - Asian ]. 2013, 8, 1232—1242.

(14) (a) Muller, N.; Reiter, R. C. J. Chem. Phys. 19685, 42, 3265—3269.
(b) Schaefer, T.; Kotowycz, G. Can. J. Chem. 1968, 46, 2865—2868.
(c) Garcia-Viloca, M.; Gelabert, R.; Gonzalez-Lafont, A.; Moreno, M.;
Lluch, J. M. J. Am. Chem. Soc. 1998, 120, 10203—10209.

(15) Medvedev, A. G.; Mikhaylov, A. A.; Churakov, A. V.; Vener, M. V.;
Tripol'skaya, T. A.; Cohen, S.; Lev, O.; Prikhodchenko, P. V. Inorg.
Chem. 2015, 54, 8058—8065.

DOI: 10.1021/jacs.5b10450
J. Am. Chem. Soc. 2015, 137, 14606—14609


http://dx.doi.org/10.1021/jacs.5b10450

