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Abstract: The biological oxygenation catalyzed by copper-
containing enzymes involves the key intermediate of dicopper O,
adduct. Significant insights were offered by the trans-1,2-
peroxodicopper intermediate. To understand the activity of trans-1,2-
peroxodicopper intermediate in the oxygenation, a series of
hydrogen bonds assisted Cu'(L)-Cl and trans-1,2-peroxodicopper
complexes [Cu,-O,]* are investigated by DFT computations.
Reasonable two-parameter structure-activity model (R?> = 0.8611)
and three-parameter structure-activity model (R? = 0.8773) for
chloride dissociation (AG'rxy) are established. The critical
intramolecular out-sphere hydrogen bonds assist the formation of
stable trans-1,2-peroxodicopper complexes, which overcome the
steric hindrances and electrostatic repulsion. Acceptable two-
parameter structure-activity model (R? = 0.7051) for O, binding
(AG%xn) is obtained. The fundamental structure-activity
interpretation of the hydrogen bonding interactions provides an
insight in the modelling of trans-1,2-peroxodicopper mimics.

Introduction

The oxygenation via the O, activation by copper-containing
enzymes is a critical process in the biological system.® The
copper O, adduct is demonstrated as the key component in
several copper-dependent enzymes, such as hemocyanin,
tyrosinase, and catechol oxidase. The copper-oxygen
moieties presented in the enzymes were mimicked by a variety
of molecular copper complexes to understand their activities,
mechanisms, and the structure—-function relationships.F!
Formation of a stable copper O, adduct intermediate is one of
the most essential challenges, which was addressed by the
functional outer-sphere coordination. The involvement of such
outer-sphere hydrogen bonding lights a bright way to the

formation of copper O, adducts, especially the formation of
trans-1,2-peroxodicopper complex.”! The recent studies from
Szymczak and co-workers showed that modification of the
parent TPA [tris(2-pyridylmethyl)amine] ligand to TPAN"P" [tris(6-
phenylamino-2-pyridylmethyl)amine] (Scheme 1) with outer-
sphere hydrogen bonds successfully led to the formation of
related trans-1,2-peroxodicopper complex, [{Cu(TPAN"PML,(u-
1,2-0,)**[BAr]: [BAr = B(CgFs)47] (Scheme 1).51

H-NR

HCu(TPACH)}y(u-1,2-02)1%  {Cu(TPANYPR)}y(,1-1,2-05)1%*

Scheme 1. Hydrogen-bond stabilized Cu-Cl and trans-1,2-peroxodicopper
complexes. R = Ph.

The favorable hydrogen bonding interactions are
considered as the dominant factor in the formation of the bulky
trans-1,2-peroxodicopper [{Cu(TPANHPM,(u-1,2-0,)[**[BAr]:
complex via the reaction of [Cu(TPANPM)]*[BAr] with dry O in
CH_Cl; solution at —=70 °C, and the proximal and distal hydrogen
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bonds were confirmed by its solid-state X-ray structure.®! The
critical outer-sphere hydrogen bonds were also demonstrated in
the CU(TPA®H)CI complex [TPA®H = tris(6-hydroxyl-2-
pyridylmethyl)-amine].l®! The O-H-Cl hydrogen bonds stabilized
Cu'-Cl bond in Cu'(TPA®H)CI was confirmed by its solid-state X-
ray structure. The Cu-N@axay and Cu-Cl bond distances in the
Cu(TPA®PMCI are 2.238 and 2.566 A, respectively, and the Cu-
Nexiay and Cu-Cl bond distances in [Cu'(TPA®H)CI]*[PFe] are
1.990 and 2.263 A, respectively. B3LYP/Def-TZVP computations
showed that the chloride dissociation in Cu'(TPAPH)CI generating
the axially vacant [Cu(TPA®H)]* (24.3 kcal mol?') was 18 kcal
mol? higher than that in the parent Cu'(TPA)CI (6.3 kcal mol™?),
which was due to the more stable Cu-Cl bond in Cu'(TPA®H)CI
induced by the Hydrogen bonding interactions. ¢!

The promising results from the outer-sphere hydrogen-bond
assisted trans-1,2-peroxodicopper complexes provide a feasible
and reliable strategy to explore the copper O, adduct
intermediate in the oxygenation. It is noted that a structure-
activity model is needed to promote the design of more stable
trans-1,2-peroxodicopper analogues. To fully understand the
effects of the introduced outer-sphere hydrogen bonds and to
obtain the structure-activity model, a series of hydrogen bond
assisted Cu'-Cl and trans-1,2-peroxodicopper complexes
(Scheme 2) were mimicked via DFT (density functional theory)
computations. The parent Cu(TPA)CI complex” (complex 1)
and eight hydrogen bond assisted Cu'-Cl complexes are
included in Scheme 2. Complex 2 is the reported
Cu(TPA®HCL,1®! and complex 9 is the reported Cu'(TPANHPH)C.BI
Complexes 3-8 [3, CUu/(TPANHJ)CLEl 4, Cu(TPANMeCI; 5,
CU/(TPANHCF)C|; 6, Cu/(TPANH2MeYC|, 7, Cu(TPANHCR)C]; 8,
Cul(TPANHPRCEC|)] contain the N-H-Cl hydrogen bonds, and
the N-H--Cl hydrogen bonds were formed by the pendent amine
/ substituted amines and Cl atom. The chloride dissociation in
the Cu'(L)-Cl complexes (AG'rxn, Scheme 2) and the formation
of trans-1,2-peroxodicopper complexes [Cu,-0,]?* via O binding
to the [Cu(L)]*[BAr] (AG%:xn, Scheme 2) are discussed.

Theoretical Methods

Gas-phase geometry optimizations were carried out via
Gaussian 16 package (Revision C 01)® with PBEPBEM
functional and the Ahlrichs Def-TZVP1 basis sets. Grimme’s
D312 dispersion with Becke-Johnson damping (D3BJ)*% and
density fitting approximationt*4 (via the keyword AUTO) with
pure spherical harmonic 5d and 7f functions were utilized. All
located minima except the CI- anion via single-point computation
were verified by vibrational frequency computations and no
imaginary frequency was presented. The Gaussian 16 default
ultrafine integration grid, 2-electron integral accuracy of 1072,
and SCF convergence criterion of 10® were used for all
computations. Szymczak and co-workers reported that the EPR
(X-band) spectrum for trans-1,2-peroxodicopper complex
[{Cu(TPANHPMY, (1-1,2-02)12[BAr], [BAr = B(CeFs)s] (Scheme 1)
is silent,®l which suggests the observed trans-1,2-
peroxodicopper complex is a singlet complex. It is consistent
with  other trans-1,2-peroxodicopper complexes,® and
supported by the reported theoretical studies." 13 In order to
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approximately model the solvation effect in dichloromethane, the
self-consistent reaction field (SCRF) single-point computations
with Ahlrichs redefined Def2-TZVPI18l basis sets using the
solvation model based on density (SMD)®"! based on the gas-
phase optimized geometries were performed (SMD-PBEPBE-
D3BJ/Def2-TZVP//PBEPBE-D3BJ/Def-TZVP). The Gibbs
reaction energy for the CI- anion dissociation from Cu'(L)-Cl
species were calculated at 1 atm and 298.15 K, and the Gibbs
reaction energy for formation of peroxodicopper complexes from
the O, binding to the Cu! species were calculated at 1 atm and
203.15 K. The electron density of bond critical point [pEcr)]
based on Bader's theory of atoms-in-molecules (AIM)*8 and the
core-valence bifurcation (CVB) index'¥ were calculated by
Multiwfn package (version 3.7)2° and were visualized by VMD
package (version 1.9.3)PY. The 3D molecular structures were
created via Cambridge Structural Database (CSD) Mercury
package (version 4.0.0)?4. The SambVca (version 2.1)2% web
application was used to illuminate the steric hindrance of ligand
with parameters of percentages of buried volume (%Vgy)?4 and

the steric map (see details in Sl).3
L-Cu-Cl —= [L-Cu'T* + CI” AG" Ry

2 [L-CuT'[BAr] + Oy —» [L-Cu'~ O~ -Cu'-LI*[BAr];  AG%gxn)
R. trans-1,2-peroxo

Ry

1:R;=H,R;=H AG rxny = 12.2, AG% gy = 7.1
2:R;=0H,Ry;=H AG' () = 26.4, AGpyny = ~16.0
3:Ry=NH,; R,=H AG gy = 13.8, AGZryny = 5.7
4: Ry = NHCH3, R, =H AG Ry = 158, AGZ Ry = ~11.1
5: Ry = NHCF3, Ry = H AG (rny = 22.7, AGZ Ry = 5.0
6: Ry = NHy, R, = CHy AG axny = 13.9, AG% gy = -9.2
7: Ry = NHy, Ry = CFy AG (ryny = 18.1, AG% Ry =-1.9
8: Ry = NH(p-PhCF3), Ry =H  AG'(ryn) = 18.8, AG% gy = ~15.1
9: R, =NHPh, R; = H AG" ryxn) = 13.6, AG Ry = -11.6

Scheme 2. The Gibbs reaction energies for the model complexes. Gibbs
energies from (SMD)-PBEPBE-D3BJ/Def2-TZVP//PBEPBE-D3BJ/Def-TZVP
computations are given in kcal mol™.

Results and Discussion

The reliability of computational methodology (PBEPBE-
D3BJ/Def-TZVP) in the ground state geometry optimization was
verified firstly. DFT optimized gas-phase geometries of
complexes 9 [{Cu(TPANHPML,(1-1,2-02)]%*, 1 [{Cu(TPA)}x(u-1,2-
02)]**, 9 Cu(TPANHPMCI and 1 Cu'(TPA)CI were compared with
reported X-ray crystal structures (CSD entries: LELNUO,
GECRAH, LELNOI, GIHWIE). The RMSD (root-mean-square
deviation of atomic positions in A) of the superposed structures
of all non-hydrogen atoms were 0.0937, 0.1360, 0.2581, and
0.2232, respectively (Table S1). The observed reasonable
RMSD values demonstrated the reliability of PBEPBE-
D3BJ/Def-TZVP computations in the geometry optimization.

Chloride dissociation (AG*rxn)
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Table 1. The calculated pcr) (a.u.) of N-H~Cl hydrogen bond and pece) (a.u.) of Cu-Cl bond in Cu'(L)-Cl.

Bond 1 2 3 4 5 6 7 8 9
N-H--c| | 0.0108 | 0.0397 | 0.0313 0.0320 0.0354 | 0.0313 | 0.0320 | 0.0329 | 0.0324
Cu-ClI 0.0596 | 0.0418 | 0.0397 0.0114 0.0490 | 0.0381 | 0.0419 | 0.0391 | 0.0394

Copper(l) complexes with tetradentate N-donor ligands
usually have trigonal pyramidal copper centers, forming the
axially vacant [Cu(L)]* species without the fifth axial Cu'-Cl
bond,?® which were confirmed by the methyl and phenyl
substituted TPA copper(l) complexes, [Cu(TPAM®)J*[CIO, 27,

[Cu(TPAPM*[BPh, 8 [TPAMe = tris(6-methyl-2-
pyridylmethyl)amine, TPAPh = tris(6- phenyl-2-
pyridylmethyl)amine], and tris(2-dimethylaminoethyl)amine

(TEAMe2) copper(l) complex [Cu(TEAM2)]*[CIO,].% However, a
significantly elongated Cu-Nxiay bond distance (2.437 A) is
presented in the parent Cu'(TPA)CI compared to other three
equatorial Cu—N,, bond distances (~ 2.08 A), which suggests the
parent Cu'(TPA)CI is best described as [CUu(TPA-k3N)CI], a
tetra-coordinated Cu'-Cl complex. The Cu-Cl bond in
Cu(TPA)CI was stabilized by C-HCl interaction,Y which was
proven by the related bond critical points from AIM (atoms in
molecules) analysis (see Figure 2, and below discussion). Even
more elongated Cu-Cl bond in Cu/(TPA°™)CI (2.566 A )
compared to that in the parent Cu(TPA)CI (2.398 A ) was
observed in the solid-state X-ray structure. But, a shortened Cu-
Niaxialy bond in Cu'(TPACHCI (2.238 A )l compared to that in the
parent Cu'(TPA)CI (2.437 A )"l was observed. The Cu-Naxiay and
Cu-Cl bond distances in the Cu'(TPAN'PMCI are 2.252 and 2.339
A, respectively.®! The values of 1s for Cu/(TPA°™)CI and
CUu(TPANHPMCI are 0.95 and 1.12,541 respectively, which
demonstrate the trigonal bipyramidal copper centers in these
hydrogen-bond assisted Cu'-Cl complexes.

The hydrogen-bond induced cage effectl* on the chloride
dissociation in the Cu'(L)-Cl complexes are computationally
evaluated. The Gibbs energies for chloride dissociation in the

Cu(L)-Cl  complexes from  (SMD)-PBEPBE-D3BJ/Def2-
TZVP//PBEPBE-D3BJ/Def-TZVP computations (AGRxn,
Scheme 2) present the following three findings: (1) for

complexes 1, 2, and 3, the Cu(TPA®")CI complex 2 has the
maximum Gibbs energy for chloride dissociation (26.4 kcal mol-
1), the parent Cu(TPA)CI complex 1 shows the minimum Gibbs
energy for chloride dissociation (12.2 kcal mol?), and the
Cu(TPANH)Cl  complex 3 [TPANHZ = tris(6-amino-2-
pyridylmethyl)amine] has a slightly higher Gibbs energy (13.8
kcal mol?) than that of Cu'(TPA)CI complex 1 (12.2 kcal mol?).
This trend is consistent with the relative bond strengths of O-
H-Cl, N-H-Cl, and C-H~Cl bonds. AIM analyses®® on the O-
H~Cl, N-H~Cl, and C-HCl bonds in the Cu'(L)-Cl complexes
are performed to investigate their bond strengths. The electron
densities of O-H--Cl hydrogen bond (2), N-H--Cl hydrogen bond
(3), and C-H-Cl weak hydrogen bond (1) critical points [p@ce) (in
a.u.)] are 0.0397, 0.0267 and 0.0108 (Table 1), respectively,
which validate the maximum stabilization of O-H--Cl bonds in
CU(TPA®HCI complex 2 for chloride dissociation. (2) for
complexes 4, 5, 8, and 9, the more stabilized Cu'-Cl bonds in
complexes with introduced electron-withdrawing group (CFs3)
compared to the electron-donating group (CHs) are obtained.
The Gibbs energies for chloride dissociation in complexes 5

3

[CU/(TPANHCF)CI], 8 [Cu!(TPANHPRCF3)CI], 4 [Cul(TPANAMe)CI], and
9 [CU(TPANFPMCI] are 22.7, 18.8, 15.6 and 13.6 kcal mol?,
respectively. The electron densities of N-H--Cl hydrogen bond
critical points pgcey in complexes 5, 8, 4, and 9 are 0.0354,
0.0329, 0.0320 and 0.0324 (Table 1), respectively. Since the
introduced electron-withdrawing groups in the Cu'(L)-Cl
complexes weaken the N-H bond, the stronger N-H-Cl
hydrogen bonds with introduced electron-withdrawing CF3
groups are anticipated and observed. (3) for complexes 4, 5, 6,
and 7, the enhanced N-H--Cl hydrogen bond is benefited via
directly introduced proximal electron-withdrawing groups
compared to the introduced distal electron-withdrawing groups.
The Cu'-Cl bond in complex 5 with introduced proximal CF;
groups [Cu/(TPAN"CF3)CI, 22.7 kcal mol?] is 4.6 kcal mol* more
stable than that of complex 7 [Cu(TPAN"2CF3)CI, 18.1 kcal mol?]
with introduced distal CF3; groups. Compared to complex 3
[CU(TPANH2)CI, 13.8 kcal mol], no obvious effect for complex 6
[Cu(TPANH2MEYC] 13.9 kcal mol?l, TPANH2Me = tris(6-amino-4-
methyl-2-pyridylmethyl)amine] with introduced distal electron-
donating group in the stabilization Cu'-Cl bond is obtained. The
electron densities of N-H--Cl hydrogen bond critical points p@ce)
in complexes 6 and 7 are 0.0313 and 0.0320, respectively
(Table 1).

0.040 - 78
0.038 1 y = 0.0006x + 0.022
_ R? = 0.9184
s
s 0.036 -
o
3]
@ 0.034 -
= y = 0.0006x + 0.0231
. R® = 0.8584
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3
0.030 r T v r T v S
13 15 17 19 21 23 25 27

AG (Dissociation) (kcal mol)

Figure 1. The linear fitting between pgecr) and the Gibbs energy of CI~
dissociation of Cu'(L)-Cl. The blue line and blue equation represent the values
for complexes 2 to 7, and the red line and red equation represent the values
for complexes 2 to 9, and values from complex 1 are excluded due to its non-
hydrogen bond.

The relationship between the electron densities of N-H--Cl,
O-H--Cl hydrogen bond critical points pgcey and the Gibbs
energies of chloride dissociation (AGrxn) is linearly fitted (Figure
1). A reasonable linear fitting between the pecry and AG rxn for
the complexes 2 to 9 is obtained with R? value of 0.8584, and an
excellent linear fitting between the pgecry and AGkrxn for the
complexes 2 to 7 is presented with R? value of 0.9184. Further
AIM analyses on the bond critical points of complexes 8 and 9
show that the out-sphere distal C-H--Cl weak hydrogen bonds
also participate in the stabilization of Cu'-Cl bonds (Figure 2),
besides the above-mentioned proximal N-H-Cl hydrogen
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bonding interactions. The electron densities of the distal C-H--Cl
weak hydrogen bond critical points pecp) of complexes 8 and 9
are 0.0067 and 0.0063, respectively, which are even weaker
than the C-H~Cl bond in the parent complex 1 [Cu'(TPA)CI,
pece) = 0.0108]. The exponential curve fitting between the
electron densities of N-H-Cl, O-H--Cl hydrogen bond critical
points pecry and the Gibbs energies of chloride dissociation
(AGrxn) is also fitted (Figure S5). It is noted that improved
exponential fittings for complexes 2 to 9 with R? value of 0.8683
and for complexes 2 to 7 with R? value of 0.9297 are presented.
No reasonable fitting between the electron density of Cu-Cl bond
critical points pece) and AGrxn could be established, neither the
fitting between Cu-Cl bond distances and AG'rxn, nor the fitting
between APT (atomic polar tensor) charge of Cu atom in the
Cu'(L)-Cl complexes 2 to 9 (R? < 0.2, Figures S6-S8).

AG'gyy = APT(-6.4198) + p(gcpy(1506.5257) — 30.1145  Eq.1
R? = 0.86711

AG'ryy = APT(-26.1826) + p(acp)(1440.2485) + Dis(-3.4756) ~11.6043  Eq.2

R%=0.8773
AG%ryn = APT(—158.5495) + Vol(0.7968) + 1.9582
R? = 0.7051

AG?gyn = APT(-151.2617) + VolI(1.1606) + Dis(47.1291) —111.5009 Eq. 4
R?=0.7194

Eq.3

Scheme 3. The multiple parameters models of the Gibbs reaction energies. In
Eq. 1 and 2, APT is APT charge of Cu atom in the [Cu'-Cl], Dis is the Cu-Cl
bond distance in the [Cu'-Cl], and pece) is the electron densities of hydrogen

bond critical points. In Eq. 3 and 4, APT is APT charge of Cu atom in the [Cu'l*,

Dis is the Cu-Nuxiay bond distance in the [Cu']*, and Vol is the percentages of
free volume (%Veree) of [CU'T*.

Moreover, the multiple parameters equations are explored
in the chloride dissociation (Scheme 3). An improved fitting of
chloride dissociation (AGrxy) including electron densities of
hydrogen bond critical points pgcpy and the APT charge of Cu
atom in the Cu'(L)-Cl complexes 2 to 9 is discovered (R? =
0.8611, Eq. 1, Scheme 3). The positive correlation between the
pecey and AGrxn in Eg. 1 is presented via the positive
coefficient (1506.5257), which indicates that Cu'-Cl bonds could
be stabilized by the hydrogen bonding interactions. The negative
coefficient (—6.4198) between the APT charge of Cu atom and
AG'rxn in Eq. 1 shows the negative correlation of APT charge of
Cu atom on the AG%rxn. A more electron-rich Cu atom in the
Cu'(L)-CI complex could form a weaker Cu'-Cl bond and make
the chloride dissociation easier. Another slightly improved three-
parameter fitting of AG'grxn including electron densities of
hydrogen bond critical points pecp), the APT charge of Cu atom
and Cu-Cl bond distance in the Cu'(L)-Cl complexes 2 to 9 is
also observed (R? = 0.8773, Eqg. 2, Scheme 3). It worth noting
that the trend of chloride dissociation (AG'rxn) in the hydrogen
bonds stabilized complexes 2 to 9 is improved by multiple-
parameter structure-activity models (Scheme 3) compared to the
one-parameter fitting (Figures 1 and S5), and a more accurate
multiple-parameter structure-activity model could be achieved by
expanding the number of models in this test set.

Formation of trans-1,2-peroxodicopper [Cu2-O2]%* (AGZrxn)

The above discussions show that the Cu'-Cl bonds are
stabilized by intramolecular O-H-Cl and N-H-Cl hydrogen
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bonds, Cl atom is captured by the cage formed by out-sphere
hydrogen bonds, and nonspontaneous favorable chloride
dissociation could be achieved in the Cu'(L)-Cl complexes

(AG'rxn, Scheme 2). In order to form the trans-1,2-
peroxodicopper complex  [{Cu(TPANHPML,(1-1,2-0,)*[BAIr],
[BAr = B(C¢Fs)sa] (Scheme 1), the axially vacant

[Cu(TPANPMI*[BAr] was prepared separately and then reacted
with dry O, in CH,Cl, solution at —70 °C.F! The formation of other
trans-1,2-peroxodicopper complexes could be achieved through
the similar O, binding to the axially vacant [Cu(L)]*[BAr]. The
formation of trans-1,2-peroxodicopper complexes via O, binding
to the axially vacant [Cu(L)]*[BAr] is demonstrated as a
favorable spontaneous reaction by the computed Gibbs reaction
energies (AG%xn, Scheme 2). The electronic effect and steric
hindrance in the formation of trans-1,2-peroxodicopper
complexes are investigated. To quantitatively evaluate the steric
hindrances, the estimated cone angles,?® the percentage buried
volume (%Vegy),?4 the O, accessible free volume (%Veree), and
steric mapl?® were calculated and presented (Figure 2, Table 2
and S7-S9).

The maximum estimated cone angle (113.4°) is observed in
the parent unsubstituted axially vacant 1 [Cu'l" [Cu(TPA)]*, and
relatively small cone angles present in 2 [Cu']* [Cu(TPA®H]* and
5 [Cu'l* [Cu(TPANHCF3)]* containing the strong O-H~Cl N-HCl
hydrogen bonding in the related Cu'(L)-CI complexes (79.9° for 2
[Cu'l* and 73.6° for 5 [CU']*) (Table 2). The similar trend in the
calculated O, accessible free volume (%Vgree, 35.0 for 1 [Cu'l*,
27.3 for 2 [Cu'l* and 24.1 for 5 [Cu']*) is also observed (Table 2).
It is surprising that no reasonable fitting between the Gibbs
energies for the formation of trans-1,2-peroxodicopper
complexes (AG?rxn) and the steric hindrances (cone angles or
accessible free volume %Veee) could be established, neither the
fitting between AG?zxy and APT charge of Cu atom in the [Cu'l*
complexes (Figures S14-S16). This finding suggests that
multiple factors exist in the formation of trans-1,2-
peroxodicopper complex [Cup-O,]*>* via the O, binding to the
axially vacant [Cu(L)]*[BAr]. To evaluate the steric hindrance
and electronic effect in the formation of trans-1,2-
peroxodicopper [Cu,-O]%*, the two-parameter model between
the AG%rxn and the O, accessible free volume %Veee and APT
charge of Cu atom in the Cu'(L)* is fitted (R> = 0.7051, Eq. 3,
Scheme 3). This reasonable fitting demonstrates the positive
correlation of O, accessible free volume %Vgee and the negative
correlation of APT charge of Cu atom on the AG?rxn. It shows
that the electron-rich Cu atom is unfavorable to form the Cu-O
bond in the trans-1,2-peroxodicopper complex [Cu,-0,]** via the
electrostatic repulsion. The O, binding to the axially vacant
[Cu(L)T[BAr] is benefited by the high O, accessible free
volume %Veee Of the axially vacant [Cu(L)]*[BAr-]. Another
slightly improved three-parameter model of AG?grxn including O,
accessible free volume %Vgee, APT charge of Cu atom in the
Cul(L)* and Cu-Nxiay bond distance in the Cu'(L)* complexes 2
to 9 is also fitted (R? = 0.7194, Eq. 4, Scheme 3).
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Table 2. The calculated steric parameters of Cu'(L)"*.
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Parameter 1 2 3 4 5 6 7 8 9

cone angle 1134 79.9 80.6 80.4 73.6 75.3 80.5 77.2 73.7
%0VEree 35.0 27.3 26.0 25.8 24.1 26.0 26.1 21.1 21.6
%Veuried 65.0 72.7 74.0 74.2 75.9 74.0 73.9 78.9 78.4

1[Cu-CI] 3[cu’-Cl]

cone angle = 113.4°
%VEree = 35.0

cone angle = 80.6°
%VEree = 26.0

8 [cu-Cl] 9 [Cu'-CI]

cone angle = 77.2°
Y%VEree =21.1

cone angle = 73.7°
%VEree = 21.6

Figure 2. The critical points from AIM (Atoms-In-Molecules) analysis (top) and steric map (bottom) of 1, 3, 8 and 9. Color codes for 3D structures: brown, Cu; blue
N; black, C; white, H; red, O; green, ClI; cyan, F. The orange balls represent the BCP (bond critical point), the yellow balls represent ring critical point (RCP), and

the bond paths for hydrogen bonds are shown in orange.

The most favorable formation of trans-1,2-peroxodicopper
complexes among the amine substituted TPA complexes 3
[CU'l* to 9 [Cu']" is 8 [Cu']* [Cu'(TPANHPRCES)]* (—15.1 kcal mol?Y),
which has a lower AGZ%xn compared to that of 9 [Cul]*
[CU(TPANHPM* (-11.6 kcal mol?, Scheme 2). Comparison
between AG?%rxy Of 1 [CU'l* (=7.1 kcal mol?) and 3 [Cu'l* (5.0
kcal mol?, Scheme 2) suggests the importance of electronic
nature of ligand the formation of trans-1,2-peroxodicopper
complexes. As an electron-donating groups, amine substituted
TPA ligand (3, TPAVH2) generates an electron-rich Cu atom,

which prevents the O; binding to the axially vacant [Cu(L)]*[BAr].

It is verified by the longer Cu-O bond in the trans-1,2-
peroxodicopper complexes 3 [Cux-O,]?* (1.943 A, Scheme S2)
and 1 [Cu,-O2]* (1.936 A, Scheme S2). The comparison
between the formation of 3 [Cu,-O,]** and 1 [Cu,-O]** suggests
the competition between hydrogen bond interaction and the
electronic effect. A long Cu-O bond in the trans-1,2-
peroxodicopper complex involved strong N-H+O hydrogen bonds
2 [Cux-O,]* is observed (2.005 A, Scheme S2), and the
formation of 2 [Cu,-O,]?** (—16.0 kcal mol, Scheme 2) is more
favorable compared to that of 3 [Cu,-O,]** (5.0 kcal mol?) and
1 [Cuz-O2)?* (7.1 keal mol, Scheme 2). The O, accessible free
volumes (%Veree) of 1 [CU'Tt, 2 [CUl* and 3 [Cu']* are 35.0, 27.3
and 26.0, respectively (Table 2). The C-H-O weak hydrogen
bonds in 1 [Cux-O]** (pEcry = 0.0101), the O-H+O strong
hydrogen bonds in 2 [Cux-O;]**(pecr) = 0.0447) and N-H-O
strong hydrogen bonds in 3 [Cu.-O2]** (pecr) = 0.0316) are
illustrated in Figure 3. The above analyses on the 1 [Cu,-O,]?*, 2
[Cup-O2)? and 3 [Cu,-O,]** demonstrate the critical role of

intramolecular hydrogen bonds in the formation of trans-1,2-
peroxodicopper complexes.

1 [Cuy-O,J?* 2 [Cup-0,1%* 3 [Cup-0,1*"

Figure 3. The critical points of trans-1,2-peroxodicopper complexes 1, 2 and
3.

The steric hindrances of 8 [Cul* and 9 [CU]" are
significantly stronger that other [Cu'l* complexes, which are
proven by the O, accessible free volumes (%Vree) of 8 [Cu'l
(21.4, Figure 2) and 9 [Cu'l* (21.6, Figure 2). AIM (Atoms-In-
Molecules) analyses on the critical points of 8 [Cu,-O,]** and 9
[Cu,-O,]?* show the additional distal intramolecular C-H-N weak
hydrogen bonds are also involved in the stabilization of the
trans-1,2-peroxodicopper complexes, besides the major
contribution from the proximal N-H-O hydrogen bonds (Table
S10). The averaged pecp) of distal C-H-~N weak hydrogen bonds
in 8 [Cux-O,]** and 9 [Cu,-O,]** are 0.0092, and 0.0083,
respectively, which are weaker than the C-H-O weak hydrogen
bond in 1 [Cux-O,**(pEcry = 0.0101, Figure 3). The averaged
p@ece) of the major proximal N-H--O hydrogen bonds in 8 [Cu,-
0,]* and 9 [Cu,-O;]** are 0.0332, and 0.0349 (Table S10),
respectively, which are stronger than the N-H--O hydrogen bond
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in 3 [Cux-O2]** (pecry = 0.0316, Figure 3). The computational
results on 8 [Cu,-O,]** and 9 [Cu,-Oz]?* confirm the hypothesis
of critical participation of intramolecular hydrogen bonds in the
stabilization of trans-1,2-peroxodicopper complexes. -l

Conclusion

The critical roles of intramolecular hydrogen bonds in the
stabilization of Cu'-Cl bonds in the Cu'(L)-Cl complexes and in
the formation of stable trans-1,2-peroxodicopper complexes are
computationally investigated in this contribution. The strength of
hydrogen bond is evaluated by the electron density of bond
critical points pecpy from AIM analysis. The reasonable two-
parameter structure-activity model (R?> = 0.8611) and three-
parameter structure-activity model (R? = 0.8773) for chloride
dissociation (AG'rxn) in the hydrogen bonds stabilized
complexes 2 to 9 were established, which includes the electron
densities of hydrogen bond critical points pgce), APT charge of
Cu atom and Cu-Cl bond distance. The O, accessible free
volume (%Veee) and steric map are calculated to evaluate the
steric hindrances of various tetradentate N-donor ligands.
Acceptable two-parameter structure-activity model (R? = 0.7051)
for the formation of trans-1,2-peroxodicopper complexes via O;
binding (AG%kxn) is also obtained. Despite the strong steric
hindrances of 8 [CUT" (%Vree = 21.4) and 9 [CUT" (%VEree =
21.6), the favorable formation of stable trans-1,2-peroxodicopper
complexes 8 [Cup-Oz]?* (=15.1 kcal mol?) and 9 [Cu,-O]* (-
11.6 kcal mol?) are obtained. The reasonable structure-activity
models from DFT computations provide the fundamental insights
on the structures of trans-1,2-peroxodicopper mimics, and
promote the design of hydrogen bonds assisted trans-1,2-
peroxodicopper intermediate in the copper catalyzed O,
oxygenation.
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