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6 ABSTRACT: The new synthesized Pd" complex cis-[ (bipy)Pd(CBT),] 154
7 (bipy = 2,2-bipyridyl; CBT = m-carborane-1-thiolate anion), which is a
8 potential BNCT (boron neutron capture therapy) agent and of structure
9 elucidated by single-crystal X-ray work, has been studied by infrared
10 (IR) and ultraviolet—visible light (UV—vis) spectra and its properties
11 compared with those of the previously reported and also the structurally
12 characterized analogue trans-[(py),Pd(CBT),]. This trans species,
13 prepared via a direct method, was previously isolated from a pyridine
14 solution, consequent to the occurring releasing of the external
15 PA(CBT), moieties of the porphyrazine macrocycle [{Pd-
16 (CBT),},LZn]-«H,0 (L = tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino]-
17 porphyrazinato anion), which is an active photosensitizer in photo-
18 dynamic therapy (PDT) and a potential bimodal PDT/BNCT agent.
19 The UV-vis spectral behavior of both cis and trans species in CHCI,
20 solution and in the gas phase has been examined in detail by density functional theory (DFT) and time-dependent density functional
21 theory (TDDFT) studies devoted to explain their distinct behavior observed in the region of 400—500 nm, as determined by the
22 presence in the cis structure of a vicinal arrangement of the two CBT groups, an ensemble of results closely similar to those observed
23 for the macrocycles [{Pd(CBT),},LM]-xH,0 (M = Mg"(H,0), Zn", Pd"). It has also been experimentally proved the tendency of
24 the cis isomer in CHCl;/pyridine solution to be changed to the respective trans analogue, with conversion occurring in two steps, as
25 interpreted by detailed DFT studies.
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26 l INTRODUCTION

27 Boron neutron capture therapy (BNCT) clinical trials in brain
28 tumor patients started about 50 years ago and two low-
29 molecular-weight clinically passed BNCT agents are presently
30 used, ie., sodium mercaptoundecahydro-closo-dodecaborate
31 Na,Bj,H;;SH (BSH) and borylphenylalanine (BPA).' Ad-
32 vances in synthetic chemistry have led to significant progress in
33 the development of tumor targeting boron delivery agents,
34 such as the boron-containing isomeric carboranes, displaying a
35 high potential as BNCT agents, because of their unique
36 properties.” Among the so-called third-generation boron
37 delivery agents, boronated porphyrins appear to be highly
38 promising BNCT agents, because they can combine their
39 potentialities in photodinamic therapy (PDT) in connection
40 with BNCT.” Recent work allowed some of us to report on the
41 neutral pentanuclear pyrazinoporphyrazine complexes of
4 formula [{Pd(CBT),},LM-xH,0 (L = tetrakis-2,3-[5,6-di(2-
43 pyridyl)pyrazino]porphyrazinato anion; M = Mg"(H,0), Zn",
44 Pd") carrying peripheral m-carborane-1-thiolate groups (CBT)
45 (Figure 1A)," and on the parent porphyrazine species
46 [{Pd(CBT),},Py,PzM]-«H,0 (PyPz = octakis(2-pyridyl)-
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porphyrazinato anion; M = Mg"(H,0), Zn").” These two 4
series of pentanuclear species behave as active photosensitizers 48
in PDT and perspectives are also open for their use, because of 49
their high boron content, in the area of BNCT. In ref 4, it has so
also been reported formation of the species trans-[(py),Pd- s1
(CBT),], appearing as an interesting potential BNCT agent of s»
low molecular weight proved by X-rays to have the ligands in a s3
trans arrangement (Figure lB).4 To our knowledge, reported s4
in the literature, there is only a restricted number of Pd" or Pt s
carborane derivatives structurally well-characterized, for them s6
there being no trace of attention given for their application in s7
BNCT.° In the present work, once prepared, isolated, and ss
structurally definitely characterized also the isomer cis- 39
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Figure 1. Schematic representation of the porphyrazine complexes of (a) general formula [{Pd(CBT),},LM]-«H,0 (L = 2,3-[5,6-di(2-
pyridyl)pyrazino] porphyrazinato; M = Mg"(H,0), Zn", Pd") and (b) of the trans-[(py),Pd(CBT),] complex.

60 [(bipy)Pd(CBT),] (bipy = 2,2'-bipyridyl), both the cited trans
61 and cis potential BNCT agents have been studied, on the basis
62 of their infrared (IR) and ultraviolet—visible light (UV-vis)
63 spectral behavior. Noteworthy, a distinct UV-vis spectral
64 feature is shown for the cis isomer, because of the presence
65 in the region 400—500 nm of a broad absorption, absent
66 instead in the spectrum of the trans complex; this fact is related
67 to the occurrence in the cis structure of a vicinal arrangement
68 of the two CBT groups. The ground-state molecular and
69 electronic structure and the electronic absorption spectra of
70 both species have been theoretically investigated by density-
71 functional theory (DFT) and time-dependent density-func-
72 tional theory (TDDFT) methods, both in the gas-phase and
73 CHCl, solution. The observed tendency in pyridine solution of
74 the process cis-[(bipy)Pd(CBT),] — trans-[(py),Pd(CBT),],
75 from one side duplicates what observed for the above cited
76 Zn"CBT macrocycle [{Pd(CBT),},LZn]-xH,0 indicating
77 also that the cis-[ (bipy)Pd(CBT),] species adequately models
78 the (~py),Pd(CBT), groups appended to the periphery of the
79 above cited macrocycles.”” The cis — trans conversion has
80 been theoretically investigated by DFT calculations, both in
81 the gas-phase and CHCl; solution.

s2 l EXPERIMENTAL SECTION

83 Solvents and reagents were commercially obtained and used as
84 received unless otherwise specified. m-carborane-1-thiol (CBTH) was
85 purchased from Katchem, Ltd. Pyridine was freshly distilled over BaO
86 before use. Bis-benzonitrile Pd" chloride, [(C4H;CN),PdCl,],” and
87 the hydrated porphyrazine complex [{Pd(CBT),},LZn]-17H,0 were
88 obtained as reported elsewhere.”

89 Synthesis of trans-[(py),PdCl,]. This complex has been
90 prepared using a procedure slightly different from that previously
91 reported.® PACl, (52 mg, 0.29 mmol) was suspended in pyridine (10
92 mL) and the mixture was kept at room temperature under stirring for
93 2 h. The color of the solution changed from brown to light yellow.
94 After separation of the brown residual PdCl, by settling, the
95 suspension was centrifuged and the separated yellow solid material
96 was washed with acetone and brought to constant weight under
97 vacuum (1072 mmHg) (42.6 mg, 0.123 mmol; yield 42%). Calcd for

trans-[ (py),PdCL,], C,;H,,CLN,Pd: C, 35.80; H, 3.00; N, 8.35; Pd,
31.72%. Found: C, 35.60; H, 2.92; N, 8.06; Pd 31.05%. IR (cm™):
3088 (vw), 3046 (vww), 3023 (vw), 2985 (vvw), 1594 (m), 1561
(vwww), 1477 (m-w), 1445 (m-s), 1351 (vww), 1236 (vw), 1209 (w),
1195 (vw), 1146 (w), 1073 (m-w), 1061 (w), 1046 (vvw), 1010 (vw),
971 (vww), 935 (vww), 862 (vww), 757 (s), 682 (vs), 649 (vvw), 462
(w), 393 (m-w), 351 (m, vpg_cy), 266 (m-w). UV—vis spectral data
(4, nm (log €)) in CH;CN: 230 (4.37), 259 (3.85), 267 (3.68); in
CHCl,: 242 (4.19), 261 (3.88), 268 (3.74); in THF: 267 (4.20), 270
(3.94), 274 (3.61).

Synthesis of cis-[(bipy)PdCl,]. This complex has been prepared
using a procedure slightly different from that previously reported.” A
solution of bipy (60 mg, 0.38 mmol) in MeOH (S mL) and a solution
of (C¢HsCN),PdCl, (121 mg, 0.31 mmol) in the same solvent (5
mL) were mixed. The orange mixture formed immediately, after the
mixing of the two solutions was kept in a refrigerator overnight. The
resulting pink solid was separated by centrifugation, washed several
times with MeOH and brought to a constant weight under vacuum
(1072 mmHg) (74.1 mg, 0.222 mmol; yield 58.5%). Calcd for cis-
[(bipy)PdCL], C,,H;CLN,Pd: C, 36.01; H, 2.42; N, 8.40; Pd,
31.91%. Found: C, 35.88; H, 2.27; N, 8.31; Pd, 32.44%. IR (cm™):
3385 (vw), 3088 (w), 3067 (w), 3052 (w), 3029 (w-m), 3012 (w),
1594 (w), 1594 (m-s), 1556 (vw), 1488 (vw), 1460 (m-s), 1441 (vs),
1319 (vww), 1422 (w-m), 1320 (w), 1309 (w-m), 1236 (w-m), 1157
(s), 1109 (w), 1065 (vw), 1054 (vvw), 1031 (w-m), 1017 (vw), 962
(vww), 891 (vvw), 760 (vvs), 715 (m), 646 (vw), 483 (vvw), 408 (w),
341 (vpg_cp 8)- UV—vis spectral data (4, nm (log £)) in CH;CN: 259
(4.15), 305 (4.08), 316 (4.14); in CHCl,: 265 (4.17), 307 (4.10), 316
(4.17); in THF: 307 (4.11), 316 (4.19).

Synthesis of trans-[(py),Pd(CBT),]. Method (a). Samples of this
compound could be obtained from the porphyrazine macrocycle
[{Pd(CBT),},LZn]-17H,0 using a procedure reported elsewhere.*

Method (b). Alternatively, the complex could be prepared from
trans-[(py),PdCl,] and m-carborane-1-thiol (CBTH) as follows:
trans-[ (py),PdCl,] (19.5 mg, 0.056 mmol) and m-carborane-1-thiol
(59.7 mg, 0.339 mmol) were added to a small flask (10 mL)
containing py (3 mL). The mixture was kept at SO °C under stirring
for 24 h. A color change from light to intense orange was observed. At
the end of the reaction, the solution was transferred into a vessel and
left to concentrate to air. After 4 days, yellowish crystals were isolated,
washed with few drops of py and brought to constant weight under
vacuum (107> mmHg) (14.0 mg, 0.023 mmol; yield 40%). Calcd for
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trans-[(py),Pd(CBT),], C;H3,B,N,PdS,: C, 27.33; H, 524; N,
4.55; S, 10.42; Pd, 17.30%. Found: C, 27.16; H, 6.56; N, 4.42; S,
10.02; Pd, 18.18%. IR (cm™): 3060 (vvw), 3033 (vw), 2573 (vs),
1637 (vvw), 1594 (m-w), 1473 (w), 1441 (s), 1381 (vvw), 1343 (w),
1236 (vw), 1202 (m-w), 1148 (vvw), 1125 (vw), 1084 (vww), 1063
(m-w), 1027 (vvw), 1012 (vvw), 996 (vw), 969 (w), 927 (vvw), 864
(m), 818 (vww), 753 (m), 722 (m-w), 684 (m-s), 647 (vvw), 625
(vww), 387 (vww), 276 (vw). UV—visible spectral data (4, nm (log ¢))
in CH,CN: 263 (3.79), 317 (3.80); in CHCly: 253 (4.19), 322
(4.36); in THF: 320 (4.12); in py: 320 (4.51).

Synthesis of cis-[(bipy)Pd(CBT),]. Method (a). The [{Pd-
(CBT),}4LZn]-17H,0 complex (20.2 mg, 0.006 mmol) and bipy
(18.4 mg, 0.118 mmol) were introduced in a small flask (10 mL)
containing CH;CN (2 mL). The mixture was kept at 70 °C under
stirring for 24 h. After cooling to room temperature and
centrifugation, the separated dark green solid was washed with a
small amount of acetone and brought to constant weight under
vacuum (107> mmHg) (3.8 mg, 6.20 X 107> mmol; yield 53%). The
mother liquors, after concentration by exposition to air, led to the
formation of orange crystals (6 mg, yield 41%). On the basis of
elemental analysis, IR and UV-vis spectral data, the green solid
compound was identified as the mononuclear complex [LZn], as
expected. In turn, the orange crystals were identified by general
characterization data and single-crystal X-ray analysis and as
constituted by the complex cis-[(bipy)Pd(CBT),]. Calcd for cis-
[(bipy)Pd(CBT),], C14H3,ByN,PdS,: C, 27.42; H, 4.93; N, 4.57; S,
10.46; Pd, 17.35%. Found: C, 27.85; H, 4.51; N, 5.31; S, 9.82; Pd,
18.09%. IR (cm™): 3107 (vw), 3059 (vw), 3039 (vw), 3028 (vw),
2585 (vs), 1586 (m), 1554 (vw), 1481 (vw), 1458 (m), 1435 (m-s),
1303 (w-m), 1270 (vw), 1238 (vw), 1163 (w), 1150 (w), 1125 (vw),
1098 (w), 1067 (vw), 1023 (w-m), 967 (w), 860 (m), 818 (vw), 759
(s), 722 (m-s), 653 (w), 636 (w), 414 (vw), 321 (w), 291 (w), 264
(w-m). UV—visible spectral data (4, nm (log ¢)) in CH,CN: 307
(4.23), 315 (4.25), 343 (3.62), 452 (2.52); in CHCl,: 250 (4.70), 308
(4.19), 356 (3.48), 450 (3.05); in THF: 248 (4.55), 307 (4.10), 316
(4.11), 355 (3.54), 446 (2.47).

Method (b). The cis-[(bipy)Pd(CBT),] complex could also be
prepared as solvated (CH;CN) species by reacting the cis-[(bipy)-
PdCl,] complex with m-carborane-1-thiol according to the following
procedure: cis-[ (bipy)PdCL,] (20 mg, 0.060 mmol) and m-carborane-
1-thiol (63.46 mg, 0.36 mmol) were added to CH;CN (3 mL) and
the mixture was refluxed at 90 °C under stirring for 8 h. After cooling
to room temperature, orange crystals were formed over 24 h. The
crystals were separated from the solution by centrifugation, washed
with MeOH and brought to constant weight under vacuum (1072
mmHg) (5.4 mg, 8.25 X 107> mmol; yield 13.8%). Calcd for cis-
[(bipy)Pd(CBT),]-CH,CN, C,¢H33B,,N;PdS,: C, 29.37; H, 5.08; N,
6.42; S, 9.80; Pd, 16.27%. Found: C, 29.21; H, 4.98; N, 6.72; S, 9.43;
Pd, 15.50%.

X-ray Diffraction Data. Data on the complex cis-[(bipy)Pd-
(CBT),] were collected on a Bruker APEX-II CCD diffractometer
using graphite-monochromatized Mo Ka radiation at 294(2) K. Unit-
cell parameters were determined by using the APEX2 program.'® Data
reduction was performed by the SAINT program.'’ Correction for
absorption was performed using the SADABS program.'” The
function minimized during least-squares refinement was Y w(AF?).
Anomalous scattering correction was included in the structure factor
calculation. The structure was solved by direct methods using
SHELXT.” Refinement was done anisotropically by full matrix least-
squares for all non-hydrogen atoms using SHELXL-2014/755."* The
hydrogen atoms were placed in idealized calculated positions with C—
H= 0.93-1.10 A, B—H = 1.10 A, and refined using a riding model
approximation, with U, (H) = 1.2 Ueq(C, B).

Quantum Chemical Calculations. The calculations were
performed with ADF (Amsterdam Density Functional),"® using the
range-separated (RS) hybrid CAMY-B3LYP functional.'* The
calculations included relativistic effects through the Zero-Order
Regular Approximation (ZORA)." In the calculations of the
ground-state molecular and electronic structure and the electronic
absorption spectra of the cis-[(bipy)Pd(CBT),] and trans-[(py),Pd-

(CBT),] complexes the all-electron ZORA TZ2P basis set that is an
uncontracted triple-{ STO basis with two polarization functions was
employed.'® Geometry optimization of the complexes was performed
in the gas phase and in CHCI; solution, where, according to the
electronic absorption spectroscopic studies, both complexes are
stable. The optimizations were performed starting from the X-ray
structures without symmetry constraint yielding molecular structures
of C, and C; symmetry for the cis-[(bipy)Pd(CBT),] and trans-
[(py),Pd(CBT),] complexes, respectively.

However, to retain the same orientation of the x, y, z axes as in the
trans-[ (py),Pd(CBT),] complex, the calculations of the ground and
excited states of the cis-[(bipy)Pd(CBT),] complex have been
performed in C; symmetry.

The effects of the solvent (CHCI;) on the molecular and electronic
structure, and the lowest excited states were modeled through the
conductor-like continuum solvent model (COSMO)."”

The cis-[(bipy)Pd(CBT),] — trans-[(py),Pd(CBT),] conversion
reaction was theoretically studied in the gas phase using the all-
electron ZORA TZP basis set that is an uncontracted triple-{ STO
basis with one polarization function.'® Geometry optimizations of all
the species involved in the reaction were performed without
symmetry constraints. The subsequent frequency calculations verified
that all local minima had only real frequencies and that transition
states were characterized by single imaginary frequency. The zero-
point energies (ZPE) were obtained from these frequency
calculations. The effects of the solvent (CHCl,;) on the energies
were evaluated through single-point calculations using the COSMO
model.'” If not otherwise specified, the energies reported for the
species involved in the cis-[(bipy)Pd(CBT),] — trans-[(py),Pd-
(CBT),] conversion reaction include both ZPE correction and
solvation effects.

A preliminary study of the reaction potential energy surface (PES)
was performed at a lower level of theory using the B3LYP exchange-
correlation functional,'® in combination with the def2-SV(P) basis set
for all atoms' and effective core potential for Pd.*® The calculations,
referred to as B3LYP/def2-SV(p) in the paper, were performed in the
gas phase with Gaussian09 Version D.01%" and included scans of the
relaxed PEs with location of minima and saddle points.

To analyze and quantify the electronic factors governing the
formation of the trigonal bipyramidal transition state complex upon
attack of pyridine to cis-[(bipy)Pd(CBT),], we made use of the
energy-partitioning scheme implemented in ADF, which was
ori§inally developed for Hartree—Fock wave functions by Moroku-
ma’> and modified for the relaxation energy (or orbital interaction
term) by Ziegler and Rauk.”> The energy decomposition analysis
(EDA) is for the interaction of the entering pyridine ligand and the
cis-[ (bipy)Pd(CBT),] along the Pd—Npy reaction coordinate. The
interaction energy AE,, is analyzed in the framework of the Kohn—
Sham (KS) MO model, using a Morokuma-type decomposition into
the steric interaction term, AE’, and the (attractive) orbital
interaction term AE,.**

AE,, = AE° + AE, (1)
In turn, the AE° term comprises the electrostatic interaction, AV,
and the Pauli repulsion (or exchange repulsion):

AEO = A‘/elstat + AEszli (2)
The term AV, corresponds to the classical electrostatic interaction
between the unperturbed charge distributions of the fragments and is
usually attractive. The second term in eq 2), AEp,;, refers to the
repulsive interactions between the fragments, which are caused by the
fact that two electrons with the same spin cannot occupy the same
region in space. AEp,; is calculated by enforcing the KS determinant
of the superimposed fragments to obey the Pauli principle by
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antisymmetrization and renormalization. The AE;,; term consists of 272

the three- and four-electron destabilizing interactions between
occupied orbitals and corresponds to the intuitive concept of steric
repulsion®® that is widely used in chemistry. The stabilizing orbital
interaction term, AE, is calculated in the final step of the energy

https://doi.org/10.1021/acs.inorgchem.1c01092
Inorg. Chem. XXXX, XXX, XXX—XXX

273
274
275
276


pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01092?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f2

277
278
279
280
28
282
283
284
285
286
287
288
289
290

—

29

—_

292
293
294
29
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
31
312
313
314
315
316
317
318
319
32
32
322
323
324
325
326
327
328
329
330
33
332
333
334
33
33
337
338
339

[

—

=]

—

A

Inorganic Chemistry

pubs.acs.org/IC

partitioning analysis when the KS orbitals relax to the fully converged
ground-state wave function of the total molecule. This term accounts
for charge transfer (interaction between occupied orbitals on one
molecular fragment and unoccupied orbitals on the other), and
polarization (empty/occupied orbital mixing on one fragment).**

Physicochemical Measurements. IR spectra were recorded on a
Varian FT-IR 660 in the range of 4000—250 cm™ (KBr pellets or
nujol mulls between Csl disks). UV-vis solution spectra were recorded
with a Varian Cary SE spectrometer, using 1 cm quartz cuvettes.
Elemental analyses for C, H, N, and S were provided by the “Servizio
di Microanalisi” at the Dipartimento di Chimica, Universita “La
Sapienza” (Rome), on an EA 1110 CHNS-O instrument. The ICP
PLASMA Pd analyses were performed on a Varian Vista MPX CCD
simultaneous ICP-OES.

B RESULTS AND DISCUSSION

Synthesis and Characterization. As anticipated in the
Introduction, the trans-[ (py),Pd(CBT),] complex (Figure 1b)
was originally obtained as a byproduct of the reaction of
[{Pd(CBT),},LZn]-xH,0 (Figure la) with pyridine.” In the
present work, the same species has been also obtained upon
reaction of the trans-[(py),PdCl,] with m-carborane-1-thiol,
but in significantly larger amount. The cis-[(bipy)Pd(CBT),]
species, which models the (~py),Pd(CBT), groups appended
to the periphery of the [{Pd(CBT),},LM]-«H,O complexes,”
was obtained through the same two pathways (Methods (a)
and (b) in the Experimental Section) as the trans-[(py),Pd-
(CBT),] complex, except that bipy was used instead of py and
the reactions were conducted in CH;CN rather than in
pyridine.

The IR spectra of cis-[ (bipy)PdCL,], cis-[ (bipy)Pd(CBT),]
and trans-[(py),Pd(CBT),] are shown in Figure S1 in the
Supporting Information. The spectrum of cis-[ (bipy)PdCl,]
from which the related CBT derivative cis-[ (bipy)Pd(CBT),]
is obtained shows the clean stretching v(ps_cj) at 341 cm™!
absent in the spectrum of cis-[ (bipy)Pd(CBT),], as expected.
The IR spectra of both cis and trans CBT derivatives show a
narrow low intensity peak at 3039/3033 cm™' and a very
intense peak at 2585/2573 cm ™" assigned to the C—H and the
B—H stretching vibrations of the m-carborane cage,
respectively.”

X-ray Structure. Table 1 summarizes experimental and
structure refinement parameters of the cis-[ (bipy)Pd(CBT),]
complex and, for comparison purpose, of the previously
structurally characterized trans-[py,Pd(CBT),] analogue. The
molecular structures of the two complexes are displayed in
Figure 2, while selected bond distances and angles are gathered
in Table 2.

The structure of cis-[(bipy)Pd(CBT),] consists of mono-
nuclear discrete molecules with the metal displaying a slightly
distorted square planar coordination geometry. The m-
carborane groups are oriented in opposite directions, with
respect to the substantially planar coordination plane (root
mean square (rms) = 0.0117 A; maximum displacement =
0.017(5) A for atom N2). The N1/C1—CS5 and N2/C6—
C10 pyridine rings of the bipy ligand are almost coplanar
(dihedral angle = 3.89(19)°) and form dihedral angles of
6.03(15) and 6.67(14)° with the mean plane through the N,S,
donor set of atoms. The S—C bond distances (mean value
1.790(4) A) are not significantly different from those observed
in trans-[ (py),Pd(CBT),] (Table 2), whereas the Pd—S (mean
value = 2.284(5) A) and Pd—N (mean value = 2.088(7) A)
bond lengths are slightly shorter and longer, respectively. As
observed for trans-[(py),Pd(CBT),]," in the crystal packing

Table 1. Experimental Data for the X-ray Diffraction Study
on the Crystalline Compounds trans-[(py),Pd(CBT),]* and

cis-[(bipy) Pd(CBT),]

formula
formula weight
crystal habit
crystal color
crystal dimension, mm
crystal system
space group
cell parameters:
a, A
b, A
¢ A
a,°
B °
7,°
v, A’
V4
Do Mg m™

linear absorption coeflicient,
mm™

trans-

[(py),Pd(CBT),]
C14H3pByN,PdS,
615.13
needle

yellow

0.01 X 0.02 X 0.08

monoclinic
P2,/c

7.4049(18)
21.154(5)
9.660(2)
90
100.015(4)
90
1490.1(6)
2

1371
0.775

el
C14H30B30N,PdS,
613.12

fragment

orange

0.08 X 0.16 X 0.26
orthorhombic
P2,2,2,

9.722(4)
14.180(6)
20.379(8)

2809(2)
4

1.450
0.822

diffractometer Bruker APEX-II Bruker APEX-II
CCD CCD
temperature, K 294(2) 294(2)
radiation, A 0.71073 0.71073
data collection range of 26, ° 1.9-28.5 1.75-25.25
reflections measured +h, +k, +1 +h, +k, +1
total data collected 12769 29212
unique total data 2768 5070
unique observed data 1742 4271
criterion for observation 1> 206(I) 1> 206(I)
unique data used in the 2768 5070
refinement (NO)
number of parameters refined 178 352
(NV)
overdetermination ratio (NO/ 15.6 14.4
NV)
transmission coefficients 0.610—0.745 0.536—0.745
R = YIAF/YIF, P 0.052 0.037
wR? = [ Y wlAPP*/ Y wiIF 2*]1/2¢ 0.127 0.087
GOF = [YwlAF**/(NO — 1.034 1.030
NV)]1/2
largest shift/esd, final cycle <0.001 <0.001
largest peak, e/A3 0.08 0.58

“Data from ref.” “Calculated on the unique observed data.
“Calculated on the unique data used in the refinement.

the molecules interact only through van der Waals forces, no 340
hydrogen bonding, C—H:--7 contacts or 7---7 interactions are 341
observed (Figure S2 in the Supporting Information). 342
Electronic Absorption Spectra. The cis and trans CBT 343
derivatives are fairly well soluble in CHCI; CH;CN and THF. 344
Their UV—vis spectral data in these solvents are gathered in 345
Table 3, where, for comparison purposes, those of the of cis- 34613
[(bipy)PdCl,] complex are also reported. According to the 347
data in the table, the salient features of the UV—vis spectra of 348
all three complexes show only a modest sensitivity to the 349
nature of the solvent. 350
As inferred from Figure 3 where the quantitative UV—vis 3513
spectra in CHCly of the cis-[(bipy)Pd(CBT),] and trans- 352
[(py),Pd(CBT),] complexes are displayed, the trans complex 3s3

D https://doi.org/10.1021/acs.inorgchem.1c01092
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Figure 2. Molecular structure of trans-[(py),Pd(CBT),] (left) and cis-[(bipy)Pd(CBT),] (right) and with displacement ellipsoids drawn at the
40% probability level. The S1' and N1 atoms as well as those unlabeled of the trans-[(py),Pd(CBT),] complex have been generated by the

transformation 1 — x, 1 —y, 1 — z.

Table 2. Selected Bond Distances and Angles for trans-
[(PY)de(CBT)z] and cis-[(bipy)Pd(CBT),_]

trans-[ (py),Pd(CBT),]*
Bond Distances (A)

Pd1—S1 2.3419(14) S1—C6 1.789(5)
Pd1—N1 2.039(4)
Bond Angles (°)
N1—Pd1—S1 90.63(12) N1—Pd1—S1* 89.37(12)
S1—Pd1—S1! 180 N1—Pd1—N1! 180
symmetry code: (i) 1 —x, 1 —y, 1 — 2
cis-[(bipy)Pd(CBT),]
Bond Distances (A)
Pd1—S1 2.2893(19) Pd1—N2 2.094(5)
Pd1—S2 2.2800(18) S1—Cl11 1.794(6)
Pd1—N1 2.081(5) $2—Cl13 1.786(6)
Bond Angles (°)
S1—Pd1—S2 90.42(7) $2—Pd1—N2 95.33(15)
S1—Pd1—N1 95.76(15) N1—Pd1—N2 78.4(2)
S1—Pd1—N2 173.64(15) Pd1—S1—Cl1 109.0(2)
S2—Pd1—N1 173.57(15) Pd1—S2—C13 105.56(19)

“Data taken from ref 2.

354 shows an intense and substantially symmetric absorption
355 peaking at 322 nm, followed at higher energy by a less intense,
356 broad shoulder with maximum at 253 nm. Quite different is
357 the spectral profile of the cis-[(bipy)Pd(CBT),] complex.
358 Similar to the trans, this complex shows a rather intense
359 absorption in the near UV, which is, however, significantly less
360 intense than in the trans complex and shifted to higher energy
361 by 14 nm (308 vs 322 nm). The 308 nm band is followed at
362 higher energy by a much more intense and asymmetric
363 absorption band with a maximum at 250 nm. Moreover, the cis
364 complex shows a very broad and weak absorption in the 330—

550 nm region, with detectable features at 356 and 450 nm 365
(see the inset of Figure 3). 366

We note that position and intensity of the 450 nm feature 367
are consistent with those exhibited by the absorption appearing 368
in the 400—500 nm region of the spectra of the [{Pd- 369
(CBT),},LM]-«H,0 pentanuclear complexes” and associated 370
with the presence of the peripheral (~py),Pd(CBT), groups. 371
The band appearing in the 330—550 nm region of the cis- 372
[(bipy)Pd(CBT),] complex is absent in the spectrum of the 373
bipy analog cis-[ (bipy)PdCL,], suggesting that it is somewhat 374
related to the electronic structure characteristics exerted by the 375
CBT groups when they are in a cis arrangement. The UV-vis 376
spectral features of the cis-[(bipy)Pd(CBT),] complex 377
observed in CHCl; CH3;CN and THF remain substantially 378
the same in DMF, DMSO, and even in a DMSO/H,0 mixture 379
(see Table 3), a behavior that can be interesting from the 380
perspective of testing the potential of this complex as an 381
anticancer BNCT agent. 382

cis-[(bipy)Pd(CBT),] — trans-[(py),Pd(CBT),] Conver- 3s3
sion. The cis-[ (bipy)Pd(CBT),] is stable in CHCI; solution. 384
However, when an excess of pyridine is added to the CHCI; 385
solution of the complex at room temperature and in darkness 386
(molar ratio cis-[(bipy)Pd(CBT),]:py = 1:2080), its UV—vis 387
spectrum slowly changes, assuming the profile of the trans- 3ss
[(py),Pd(CBT),] species (Figure 4), and the solution turns 3s9 &
yellow. A single isosbestic point is observed at 360 nm. 390

This spectral evolution suggests that the cis-[(bipy)Pd- 391
(CBT),] complex, upon reaction with pyridine, has converted 392
to the trans-[(py),Pd(CBT),] species, releasing the bipy 393
ligand, according to the reaction 394

cis-[(bipy)Pd(CBT),] + 2py — trans-[(py),Pd(CBT),] + bipy

Based on the ¢ values in CHCI; of both complexes, it could be 395
concluded that the conversion is complete after ~18 h. To 396
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Table 3. UV-vis Spectral Data of cis-[ (bipy)Pd(CBT),], cis-[(bipy)PdCL,], and trans-[(py),Pd(CBT),] in Different Solvents

399
400
401
402
403
404
405
406 t4

solvent 4, nm (log ¢)
cis-[(bipy)Pd(CBT),]
CHCl, 250 (4.70) 308 (4.19) 356 (3.48) 450 (3.05)
CH,CN 307 (4.23) 315 (4.25) 343 (3.62) 452 (2.52)
THF 248 (4.55) 307 (4.10) 316 (4.11) 355 (3.54) 446 (2.47)
DMF 268 (4.44) 309 (4.19) 317 (4.15) 352 (3.50) 455 (2.56)
DMSO 261 (4.64) 311 (4.29) 323 (421) 362 (3.54) 439 (2.98)
DMSO/H,0 10% 259 (4.51) 310 (4.10) 321 (4.04) 354 (3.44) 444 (3.02)
cis-[ (bipy)PdCl,]
CHCI, 265 (4.17) 307 (4.10) 316 (4.17)
CH,CN 259 (4.15) 305 (4.08) 316 (4.14)
THF 307 (4.11) 316 (4.19)
trans-[(py),Pd(CBT),]
CHCL, 253 (4.19) 322 (4.36)
CH,CN“ 263 (3.79) 317 (3.80)
THF 320 (4.12)
py 320 (4.51)
“Data from ref 2.
i [(blpy)PA(CBT),] at 50 °C (to speed up the reactiog).. X-ray a'nalysis of the
yellow crystals isolated from the pyridine solution confirmed
trans{(py),Pd(CBT),] they where constituted by the trans-[(py),Pd(CBT),]
4.0x10° - 5x10° complex.
— ax10°] — cis{(bipy)Pd(CBT),] DFT Calculations of the Molecular and Electronic
e EN Structure. The relevant bond parameters of the trans and cis
< 5 07 CBT derivatives computed in the gas phase and in CHCl,
;02-/ 322 g 240 solution are reported in Table 4, together with the
2.0x10" 1x10%1 corresponding experimental data.
0 i As inferred from the calculated bond parameters, the gas
N /::]o 500 550 phase and CHCI; solution structures are almost identical and
are very close to the experimental solid-state molecular
0.0 structure, indicating that they are scarcely influenced by the
300 00 500 ' 600 environment. The calculations well reproduce the observed
A /nm elongation of the Pd—N bonds and concomitant shortening of 413

Figure 3. Quantitative UV-vis spectra in CHCl; of cis-[(bipy)Pd-
(CBT),] (black line) and trans-[(py),Pd(CBT),] (red line). The
inset shows the spectrum of cis-[(bipy)Pd(CBT),] enlarged in the
range of 330—550 nm.

1.5 1
Initial spectrum
1.2 —— After 250 uL of py
' After 4 h
—— After 8 h
Q —— After 12 h
0.94
% —— After 18 h
2
o
8 06-
<
0.3
00 T T v T —— 1
300 400 500 600

A/nm

Figure 4. Evolution of the UV-vis spectrum of the cis-[(bipy)Pd-
(CBT),] complex in CHCl; upon addition of an excess of pyridine.

397 definitively assess the chemical identity of the formed species,
398 the cis-[ (bipy)Pd(CBT),] complex was reacted with pyridine

the Pd—S bonds upon going from the trans-[(py),Pd(CBT),]
to the cis-[ (bipy)Pd(CBT),] complex, a behavior that is most
likely related to a significant trans influence of the thiolate
ligands on the Pd—N bonds. Worth noting, in the cis-
[(bipy)PdCl,] complex, the Pd—N bonds are significantly
shorter than in the analogous cis-[ (bipy)Pd(CBT),] complex,
2.017(2) A (ref S) vs 2.088(5) A, which is consistent with the
chloride ligands having a weaker trans influence than the
thiolate ligands.

The highest occupied and lowest unoccupied one-electron
levels of the investigated complexes are shown in Figure §
where the relevant molecular orbitals are also displayed.

Considering first the trans-[(py),Pd(CBT),] complex, the
three highest occupied levels, the 79a, (HOMO), 75a, and
74a,, are largely located on the sulfur lone pairs (Slp) , the metal
orbitals contributing to the first and to the last with only a
minor percentage. The Pd 4d,>_,> orbital contributes to some
extent (8%) to the HOMO where it sets up a z-in plane
antibonding interaction with the sulfur lone pairs (see the plot
of the HOMO in Figure 5). In turn, the Pd 5p, and Sp, (Pd
Sp,) empty orbitals mix in bonding fashion with the sulfur lone
pair combination of A, symmetry, the 74a,. According to the
Mulliken gross population of the metal orbitals, due to this o-
bonding interaction, the Pd Sp, orbitals acquire 0.42 electrons.
The highest occupied 4d levels are the 78a, (4d.?) and the
closely lying 77a, and 76a, (4d,,). The former is largely (52%)
4d, with some (10%) Ss character and is destabilized by
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Table 4. Selected Bond Lengths (A) and Angles (deg) Calculated for trans-[(py),Pd(CBT),] and cis-[(bipy)Pd(CBT),] in the
Gas Phase and in CHCI; Solution Are Compared to the Experimental Data

trans-[ (py),Pd(CBT),] cis-[ (bipy)Pd(CBT),]
gas phase CHCl, expt” gas phase CHCI, exptb
Bond Lengths (&)

Pd—N 2.062 2.055 2.039(4) 2132 2.116 2.088(5)¢
Pd-S 2.374 2.377 2.3419(14) 2.305 2314 2.2850(18)°
Bond Angles (°)

(N-Pd—N),,* 180.0 180.0 180.0

(N=Pd-N) 77.3 78.0 78.4(2)
(S—Pd—$),," 180.0 180.0 180.0

(S—Pd-S),4° 90.8 90.0 90.42(7)
(N-Pd-$),,* 1732 173.8 173.61(15)¢
(N-Pd-S),4 90.0 90.0 90.63(12) 95.9 95.9 95.55(15)°

“X-ray data taken from ref 4. bX—ray data, this work. “Average value. dOpposite ligands. “Adjacent ligands.

trans-[(py),Pd(CBT),] cis-[(bipy)Pd(CBT),]

157a

156a
155a

154a

153a
152a

151a

150a
149a
148a
147a
146a

Figure 5. DFT/ZORA/CAMY-B3LYP/TZ2P/COSMO energy level diagram and relevant molecular orbitals of trans-[(py),Pd(CBT),] and cis-
[(bipy)Pd(CBT),] in CHCI, solution. The contour values are +0.04 e/au’.

441 antibonding with the sulfur and nitrogen lone pairs (Nj,). The population of 0.36 electrons does not faithfully represent the 444

442 mixing of the Ss into the 4d 2 causes a charge transfer of 0.20 amount of charge coming out of the sulfur lone pairs and, to a 445

443 electrons from the latter to the former. This implies that the Ss lesser extent, the nitrogen lone pairs. The 4d, orbitals are 446
G https://doi.org/10.1021/acs.inorgchem.1c01092
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Table S. Vertical Excitation Energies (E,,) and Oscillator Strengths (f) Computed in CHCI; Solution for the Spin- and
Symmetry-Allowed Excited States of trans-[(py),Pd(CBT),] Contributing to the UV-vis Spectral Region Are Compared to the

Experimental Data

state” composition (%) character
1A, 75a, — 80a, (94) S, = o*
3'A, 74a, — 80a, (94) S = o*
4'A, 75a, — 8la, (91) S, —
7'A, 792, — 773, (94) Sy = 7k
8'A, 74a, — 8la, (98) Sy, —
9'A, 75a, — 82a, (94) S = 7

E,, (eV)/4 (nm) f Al (nm)
3.51/353 0.018
4.18/297 0.963 322
4.60/270 0.027
4.84/256 0.095 253
4.94/251 0.085
5.23/237 0.104

“Only the excited states with f > 0.01 are reported. bCHCI3 solution spectrum of trans-[(py),Pd(CBT),]; data obtained from this work.

Table 6. Vertical Excitation Energies (E,,) and Oscillator Strengths (f) Computed in CHCl, solution for the Spin-Allowed
Excited States of cis-[ (bipy)Pd(CBT),] Contributing to the UV-vis Spectral Region Are Compared to the Experimental Data

state” composition (%) character

2'A 153a — 155a (95) S, = o*

3'A 151a— 155a (75) 4d3 S, = o*
148a — 155a (12) 4d,, - o*

8'A 147a — 155a (45) 4d,, S, — o*
150a — 155a (45) Sip 4d,, = 0*

11'A 149a —> 154a (91) Tipy = Miipy

12'A 150a — 154a (86) S 4d,, = 7y,

13'A 148a — 154a (83) 4d,, 7y, = i,

16'A 147a — 154a (74) 4d,,, Sy, — 7,y

17'A 146a — 155a (29) 4d,,, 4d2— o*
151a— 156a (17) 4d, Sy, = iy,
151a — 155a (10) 4dz, S, - o*
148a — 155a (10) 4d,, — o*

18'A 151a— 156a (70)
146a — 155a (10)

4dz, Sy, — wyy
4d,., 4d2 — o*

E, (eV)/4 (nm) f Ay (nm)
3.00/413 0.019 450
3.12/398 0.034 356
3.77/320 0.020
4.32/287 0229 308
443/280 0.159
4.51/275 0224
4.86/255 0.122 250
491/253 0.401
4.92/252 0.108

“Only the excited states with f > 0.01 are reported. bCHCI3 solution spectrum of cis-[ (bipy)Pd(CBT),]; data obtained from this work.

447 heavily mixed with the pyridine 7 MOs in the 77a; and with
448 the sulfur lone pairs in the 76a, Except for its modest
449 involvement in the HOMO, the Pd 4d;_p is basically a
450 nonbonding orbital and lies lower in energy. Among the
451 unoccupied orbitals, there is the Pd 4d,, (42%) that is
452 destabilized by ¢ antibonding with the sulfur lone pairs (32%)
453 and nitrogen lone pairs (13%). The pertinent MO, the 80a,-
454 LUMO, is denoted in the level scheme as ¢*. This Pd—ligands
455 o-interaction is quite strong, as inferred from the considerable
456 charge acquired by the Pd 4d,, (1.0 electron). The levels above
457 the LUMO are pure 7* orbitals of the pyridine ligands ().
4ss  Comparing the level schemes of the trans-[ (py),Pd(CBT),]
459 and cis-[ (bipy) Pd(CBT),] complexes in Figure S, it is apparent
460 that the replacement of the two pyridines by the bipy ligand
461 and the cis arrangement of the CBT ligands have appreciable
462 effects on the energy and composition of the frontier MOs.
463 First, the two highest occupied levels of the cis complex, the
464 nearly degenerate 153a and 152a, which also are largely sulfur
465 lone pair orbitals, lie higher in energy than in the trans species.
466 Second, a quite large energy gap separates these MOs from the
467 151a (HOMO=-2). Unlike in the trans complex the HOMO—2
468 has a mixed sulfur/metal character, the Sy, being heavily mixed
469 in antibonding fashion with the Pd 4d; (37%) and Pd Ss
470 (11%) orbitals. Because of this mixing, the Ss acquires 0.22
471 electrons. The bonding counterpart of the 151a is the 148a
472 where, in the place of the Pd 5s enters the Pd 4d,, (24%). Most
473 of this metal orbital (40%) is found in the 146a, where it mixes
474 with the sulfur and nitrogen lone pairs in bonding and
75 antibonding fashion, respectively. A minor percentage (10%)

—

O

—_

—

of the Pd 4d,, is found in the 149a that is basically a bipy z- 476
orbital (ﬂbipyg and, as such, has no counterpart in the trans 477
complex. The Pd 4d,, contributes to the 150a (24%) and the 478
lower lying 147a (49%). In both MOs, the Pd 4d,, sets up a 479
bonding interaction with the sulfur lone pairs and antibonding 480
interaction with the nitrogen lone pairs. Besides the Pd Ss, also 4s1
the Pd Sp, orbitals are involved in the metal—ligand 482
interactions. According to the Mulliken gross population, the 483
charge of the Pd Sp, and Sp, amounts, indeed, to 0.20 and 0.19 4s4
electrons, respectively. 485

As in the trans complex, the Pd 4d,, (43%) is destabilized by 46
o antibonding with the sulfur (33%) and nitrogen (12%) lone 4s7
pairs. The pertinent orbital, the 155a (o*) lies at nearly the 4ss
same energy as the 6 of the trans complex, suggesting that the 489
o-interaction between the Pd 4d,, and the ligand lone pairs has 49
a comparable strength in the two complexes. A support to this 491
suggestion comes from the Mulliken gross population analysis 492
showing that the charge transfer from the ligands to the Pd 493
4d,, is nearly the same in the two complexes (1.02 vs 1.00 494
electrons). At variance with the trans complex, the o* is not 49s
the LUMO, however. Now, the LUMO (154a) is an almost- 496
pure 75, MO and lies 0.73 eV lower than the o*. The other 497
lowest 7f%,, MOs, the 156a and 157a, are located immediately 49s
above the o*. 499

TDDFT Calculations of the Electronic Absorption soo
Spectra. To provide an assignment of the main spectral so1
features of the two complexes, TDDFT calculations of the so2
lowest excited states have been performed. Simulated so3
electronic absorption spectra and a stick diagram of the energy so4

https://doi.org/10.1021/acs.inorgchem.1c01092
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and oscillator strength of the lowest excited states are shown in
Figure 6. The calculated excitation energies and oscillator
strengths of the trans-[(py),Pd(CBT),] and cis-[(bipy)Pd-
(CBT),] complexes, in CHCL,, are gathered in Tables S and 6,
respectively. The tables also include the composition of the
excited states, in terms of one-electron transitions.

When comparing the simulated and experimental spectra of
the two complexes, it is apparent that the experimental spectral
profiles are reproduced quite well theoretically, although the
energy of the main features is slightly overestimated by the
calculations. Considering first the trans-[(py),Pd(CBT),]
complex, the TDDFT results indicate that the most intense
band appearing in the spectrum at 322 nm originates from the
I'A, (Sp) = 3'A, (S;) excitation computed at 297 nm and
with oscillator strength of 0.963. According to its composition,
the 3'A, excited state originates from the 74a, — 80a, Sy, — o*
transition. The much weaker 1'A, (S,) = 1'A, (S,) excitation
calculated at 353 nm and with the same S;, > o™ character
contributes to the red tail of the 322 absorption. In the 270—
237 nm energy range, we compute four excited states of
appreciable intensity and with §;, — #7 interligand character,
the 4'A,, 7'A,, 8'A,, and 9'A,. Of these, the 4'A,, 7'A, and
8'A, are responsible for the shoulder at ~253 nm, the most
intense 9'A, accounts for the absorption rising to the blue of
this shoulder.

Coming to the cis-[(bipy)Pd(CBT),] complex, the best
candidates for assignment of the very broad and weak
absorption in the 330—550 nm region are the 2!A, 3!A, and
8'A excited states that involve transitions out of Sy, and/or
mixed S;,/metal orbitals into the 6*. The longest wavelength
absorption at 450 nm, which is peculiar of the electronic
spectrum of the cis complex, is accounted for by the S, — S,
(I'A — 2'A) excitation computed at 413 nm and with
oscillator strength of 0.019. According to the composition of
the 2'A excited state in Table 6, this state originates from a
transition out of a pure S, MO, the 153-HOMO, into the o*.
In the trans complex, the excited state having the same
character as the 2'A is the 1'A,. This state has nearly the same
oscillator strength as the 2'A (0.018 vs 0.019) but is computed
at a shorter wavelength (353 nm vs 413 nm) because the MO
out of which the one-electron transition responsible for this
state originates, the 75a, is lower in energy than the
corresponding MO of the cis complex, the 153a (—=7.31 eV
vs —6.88 eV).

The 3'A and 8'A excited states contributing to the broad
and more intense features at shorter wavelength than the 450
nm absorption have a dominant d,d character and have no
counterpart in the trans complex. In the 330—550 nm region,
we also find excited states with extremely weak intensity (not
shown in Table 6) involving transitions from the HOMO and
HOMO-1 into the 154a zf,, MO and hence with a clear
interligand CT character.

The quite intense feature appearing in the spectrum of the
cis-[ (bipy)Pd(CBT),] complex at 308 nm is assigned to the S,
— S, (1'"A > 11'A) and S, — S;, (1'A — 12'A) excitations.
The former transition has a clear intra ligand =, — 7,
character, the latter has a charge transfer (CT) character as it
originates from a one-electron transition out of the 150a that is
largely localized on the §;, and Pd 4d,, orbitals, into a zf,,
MO, the 154a. The quite intense S, — S;; (1'A— 13'A)
excitation can be assigned to the low-energy tail of the
asymmetric band peaking at 250 nm nicely accounted for by
the S, — S;, (1'A — 17'A) excitation computed at 253 nm

1.0
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0.8
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0.6
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Figure 6. TDDFT/ZORA/CAMY-B3LYP/TZ2P simulated elec-
tronic absorption spectra (top) and stick diagram of the energy and
oscillator strength (bottom) of the lowest excited states of trans-
[(py),Pd(CBT),] and cis-[ (bipy)Pd(CBT),] in CHCl,.

and with oscillator strength of 0.401. As inferred from the
excited-state compositions in Table 6, the 17'A state has a
multitransition character and involves one-electron transitions
out of metal or mixed metal/S;, orbitals into the ¢* or 7,
MOs. The rather intense Sy — S, (1'A — 16'A) and Sy — S;¢
(1'A — 18'A) excitations computed at 255 and 252 nm, are
likely to contribute to the intensity of the feature with a
maximum at 250 nm.

In conclusion, the intense near-UV features appearing at 322
nm in the trans complex and at 308 nm in the cis complex have
a quite different character, the former originating from a §;, —
o* transition, the latter from a 7, — i, intraligand and a
Sy 4d,, = i, charge-transfer transition.

Moreover, the absorption appearing in the electronic
spectrum of the cis-[(bipy)Pd(CBT),] complex (and of the
[{Pd(CBT),},LM]-«H,0 pentanuclear complexes) at ~450
nm is clearly related to the cis arrangement of the CBT groups,
because the S, — ¢™ transition responsible for this absorption
shifts to longer wavelength upon going from the trans to the cis
CBT derivative, because of the upshift of the pertinent Sy, lone
pair MO.

Mechanism of the cis-[(bipy)Pd(CBT),] — trans-
[(py),Pd(CBT),] Conversion. In this section, we discuss the
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Figure 7. Potential energy profile for the reaction of cis-[(bipy)Pd(CBT),] with pyridine in CHCl;. The molecular structures of the species
involved in the reaction are also shown. The energies are in kJ/mol and include ZPE correction and solvation effects.

so1 DFT results concerning the mechanism of the cis-[(bipy)Pd-

s92 (CBT),] — trans-[(py),Pd(CBT),] conversion reaction. The TS1 ) ’
£7 so3 potential energy profile for the reaction is shown in Figure 7, Pd-N1 =2.196
t7 s94 and the relevant energy data are summarized in Table 7. A Pd-N2 = 2.588
7S

Pd-N3 = 2.408
Table 7. Energy Data for the cis-[ (bipy)Pd(CBT),] — trans-

[(py),Pd(CBT),] Conversion

3

energy term

value (kJ/mol)

v
AE 60.1 \
T Pd-S1 = 2.311 P
AE; 34.5
A, s Pd-S2 = 2.303

| 4 \
»
ARy, 121 < 2N »
AETS; 39.0 A

TS ZN3PdST=144.3

AR, 239 [ \z £ N3PdN2 = 76.0
AE. ~93 *o07 AT 4 /NSt = 137.9

Ay = B(TS,) — E(R) (R = cis (bipy)PA(CBT),] + 2py); AE, = £ S2PdST=907 /1 =~ 17

E(L,) — E(R); AE, = E(L,) — E(L,); AEp = E(P,) — E(R) (P, =cis- £ S2PdN2=106.5 £ NTPdS2 =176

[(py)de(CBT) 2] + biPY)i AETSz = E(Tsz) - E(Iz)i AEI3 = E(Is) -

Z S2PdN3 = 87.6
E(1,); AEp = E(P) — E(R) (P = trans-[(py),Pd(CBT) ,] + bipy).

Figure 8. DFT/ZORA/CAMY-B3LYP/TZP optimized structure of
TS, with bond lengths in angstroms and angles in degrees. The
associated normal mode is also shown.

595

The key geometrical features of the species involved in the

596 reaction are shown in Figures 8 and 10, as well as in Figures S3 The entering pyridine was placed at a position 3.000 A c02
s97 and S4 in the Supporting Information.

above the cis-[ (bipy)Pd(CBT),] molecular plane and the Pd— 603
so8  The first step of the reaction was investigated through a N3 distance was reduced in steps of 0.100 A up to 2.200 A. o+
599 relaxed PES scan in which the distance between Pd and the

The corresponding minimum energy path (MEP) was easily cos
600 incoming pyridine N3 atom (see Figure 8) was chosen as the followed, allowing the determination of a good guess for the 606
601 reaction coordinate.

full optimization of the transition state (TS, detailed in Figure 607

8
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8). According to this study, the first step proceeds through a
distorted trigonal bipyramidal transition state, as found in
virtually all substitution reactions at square planar reaction
centers.”” In TS, the entering pyridine occupies an equatorial
position in the trigonal bipyramid and is bent toward the N2
atom of the leaving arm of bipy (<N3PdN2 = 76°). Such a
bending, which is driven by the necessity to relieve the steric
hindrance between the pyridine 7-system and the B—H bonds
of the carborane cage opposite to N2, sums up to the labilizing
effect of the trans CBT ligand facilitating the substitution
reaction. As a matter of fact, the geometrical parameters in
Figure 8 show that, in TS,, the incoming pyridine ligand is
closer to Pd than the leaving arm of bipy (dpg_n; = 2.408 A
and dpy_y;, = 2.588 A), which means that we are dealing with a
rather early transition state, in keeping with the relatively low
energy barrier of 60.1 kJ/mol (Table 7). We note, in passing,
that the preliminary B3LYP/def2-SV(P) calculations provided
a similar description of the first pyridine attack. Actually, the
gas-phase TS; energy computed at the B3LYP/def2-SV(P)
level was 47.5 kJ/mol, compared to the 44.7 kJ/mol value
computed in the gas phase at the ZORA/CAMY-B3LYP/TZP
level.

Because of the lengthening of the Pd—N2 bond, the two
pyridines of bipy are no longer coplanar in the transition state,
the dihedral angle between them amounting to 22.2°. This
angle further increases (35.4°) upon relaxation of TS, toward
the intermediate cis-[ (kN"-bipy) (py)Pd(CBT),] species, I,,
where the PA—N2 bond is virtually broken (dpg_y, = 2.917 A)
and the pertinent pyridine moiety of bipy is replaced by the
entering pyridine, so restoring the square planar coordination
of the central metal (Figure S3 in the Supporting Information).

To get more insight into the intimate mechanism underlying
the formation of TS;, we have performed an energy
decomposition analysis of the interaction energy, AE,
between the cis-[ (bipy)Pd(CBT),] complex and the entering
pyridine ligand in the reactant complex (a complex in which
the metal center of the complex is weakly bound to the
pyridine nitrogen lone pair) en route to TS;, and at TS, (Pd—
N3 = 2.408 A). According to the energy terms gathered in
Table 8, the stabilizing AV, term becomes more and more
negative as the TS, is approached.

The destabilizing AEp,; term also increases as the TS, is
approached, less rapidly in the proximity of TS, however, to
the result that the AE°(AEp,; + AV, term that is
increasingly destabilizing in the range 2.808—2.458 A drops at
the transition state. As for the attractive AE,; term, this is
increasingly stabilizing, not enough however to overcome the

Table 8. Energy Decomposition Analysis of the Interaction
Energy AE,,, (kJ/mol) Between the cis-[ (bipy)Pd(CBT),]
Complex and the Entering Pyridine Ligand at TS, (Pd—N3
= 2.408 A) and En Route to TS,

Interaction Energy, AE,,, (kJ/mol)
Pd—-N3 = Pd-—N3 = Pd-N3=

Pd—N3 = Pd—N3 =

2808 A 2,608 A 2508 A 2458 A 2408 A
AEpi 93.1 149.5 193.9 220.7 222.6
AV e -69.6 —109.1 —141.6 —161.9 —189.9
AE’(AEp,; + 23.5 40.4 52.3 58.8 32.6
AV )
AE, -25.8 —-38.1 —47.4 —53.0 -732
AE,, (AE® + -2.3 24 4.8 5.8 —40.6
AE)

destabilizing AE® term, except that at the transition state,
where the AE,, (AE° + AE,;) term is —40.6 kJ/mol. Electronic
structure analysis of the interacting fragments en route to TS,
reveals that the orbital interaction term, AE;, largely accounts
for the charge transfer out of the pyridine lone pair (the 21a-
HOMO) into the Pd Spy and Sp, orbitals, and, in the close
proximity of the transition state, also into the Pd 4d,, that at
this stage becomes suitable for interaction. According to the
Mulliken gross population analysis of the fragment orbitals the
charge transfer from the pyridine 21a MO into the metal
orbitals amounts to only 0.02 electrons at 2.808 A but becomes
0.10 electrons at the transition state. Note that, initially, the
pyridine lone pair interacts with the occupied MOs of the cis-
[(bipy)Pd(CBT),] fragment with large amplitude on the Pd
4d; and/or 4d, orbitals (see Figure 9a for an example).

Figure 9. Schematic level diagrams of (a) selected MOs of the
reactant complexen route to TS, (Pd—Npy = 2.808 A) and (b) at
TS,. The contour values are +0.04 e/au’.

Although these interactions represent mostly Pauli repulsion,
they enable the just-mentioned charge transfer, thanks to the
admixture of the Pd-based occupied MOs with the Pd Sp, and
Sp, orbitals.

In the close proximity of TS,, the pyridine lone pair mainly
interacts with the empty Pd 4d,,, leading to a more effective
pyridine to metal charge transfer and, hence, to a more
stabilizing AE,; term. The interaction of the pyridine 21a with

668
669 f9

673 f10
674
675
676
677

the Pd 4d,, at the transition state is apparent from the plot of ¢7s

the 176a-0* in Figure 9b.

At this point one may wonder whether the first step of the
conversion reaction could occur through a dissociative path
leading to the dangling kN'-bipy ligand, followed by a fast
coordination of the entering pyridine. To verify this, we have
computed at B3LYP/def2-SV(P) level the energy barrier of the
dissociative step and found that it amounts to 106.1 kJ/mol, a
value that reasonably rules out any competition with the
associative mechanism discussed above. Therefore, the
alternative dissociative mechanism was no further investigated.

The second step of the reaction consists in the cis-[ (kN'-
bipy) (py)Pd(CBT),] — trans-[(py),Pd(CBT),] isomerization
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Figure 10. DFT/ZORA/CAMY-B3LYP/TZP optimized structure of
TS, with bond lengths in angstroms and angles in degrees. The
associated normal mode is also shown.

691 reaction. Once formed, the I, intermediate releases the
692 dangling kN'-bipy ligand forming the three-coordinate T-
693 shaped cis-[(py)Pd(CBT),] species, I,. This dissociative
694 process is endothermic by only 57.2 kJ/mol, which is
695 consistent with the Pd—N1 bond being relatively weak in I,
696 (Pd—N1 = 2.189 A) (see Figure S3 in the Supporting
697 Information) and was described by the calculations as a
698 barrierless step. Involvement of a three-coordinate T-shaped
699 intermediate species in the cis-to-trans and trans-to-cis
700 isomerization reactions of square planar d® complexes has
701 already been reported.””

702 The direct attack of the second pyridine on I, through an
703 associative mechanism was also explored. However, the
704 performed relaxed scans and direct searches of an associative
705 transition state were unsuccessful in the gas phase and in
706 CHCl,; solution (COSMO), both at B3LYP/def2-SV(P) and
707 ZORA/CAMY-B3LYP/TZP level of theory. A direct attack of
708 the solvent (CHCl;) on I, was also explored through relaxed
709 PES scans. Again, no associative pathways were found.

710 Once obtained from I, the I, intermediate may convert to
711 the trans-counterpart I through TS, and/or react with the
712 excess of pyridine to afford the cis-[ (py),Pd(CBT),] complex.
713 However, this complex is rather unstable thermodynamically
714 and, albeit formed, is likely to rapidly release one pyridine to
715 reform the I, species and, hence, convert to the trans-
716 counterpart I through TS,. On the other hand, there was no
717 evidence of formation of the cis-[(py),Pd(CBT),] complex
718 after reaction of cis-[ (bipy)Pd(CBT),] with pyridine and any
719 attempt to synthesize the cis-[(py),Pd(CBT),] complex was
790 unsuccessful. According to the AErs, value in Table 7, the

—

=

721 conversion of the cis-[(py)Pd(CBT),] species into the trans-
722 counterpart I occurs through an energy barrier of only 39.0
723 kJ/mol. Any involvement of the solvent (CHCL,) in the I, —
724 I; isomerization reaction was ruled out by the calculations.
725 CHCl; resulted indeed unable to occupy the fourth
726 coordination site of the metal in I,

727 Upon reaction with pyridine I; evolves toward the final
728 product, the trans-[(py),Pd(CBT),] complex. This process is
729 highly exothermic (—125.2 kJ/mol) and drives the conversion
730 of I into the final product that is more stable than its isomer
731 cis-[(py),Pd(CBT),] and the starting complex, the cis-
732 [(bipy)Pd(CBT),], by 21.4 and 9.3 kJ/mol, respectively.

From the potential energy profile in Figure 7 and the energy 733
data in Table 7, we may conclude that the second step of the 734
cis-[ (bipy)Pd(CBT),] — trans-[(py),Pd(CBT),] reaction is 735
the rate-determining step. The energy barrier, which comprises 736
the I, dissociation energy and the I, isomerization energy, 737
indeed amounts to 96.8 kJ/mol. 738

B CONCLUSIONS 739

The trans-[(py),Pd(CBT),] species previously obtained upon 740
reaction with pyridine of the (~py),Pd(CBT), groups 741
appended to the periphery of the [{Pd(CBT),},LZn]-«H,0 74
complex* has now been directly prepared by reaction of trans- 743
[(py),PdCl,] with CBTH. A parallel and appropriately 744
adapted synthetic procedure has also been used to synthesize 745
the bis CBT analogue cis-[ (bipy)Pd(CBT),] taken as a model 746
of the (~py),Pd(CBT), groups. Both complexes have been 747
thoroughly characterized by IR and UV—vis spectroscopy, as 748
well as via single-crystal X-ray studies and DFT/TDDFT 749
calculations of the ground and excited states. The UV—vis 750
spectra of the two complexes in various nonaqueous solvents 751
exhibit intense absorptions in the region below 400 nm, but 752
only the cis complex shows a very broad and weak absorption 753
to the red of the near-UV intense band, in the 330—550 nm 754
region, with detectable features at 356 and 450 nm in CHCI;. 755
The position and intensity of the 450 nm feature are consistent 756
with those exhibited by the absorption appearing in the 400— 757
500 nm region of the spectra of the [{Pd(CBT),},LZn]-«H,0 7s8
pentanuclear complex and previously associated with the 759
presence of the peripheral (~py),Pd(CBT), groups. To 760
understand why in the [(py),Pd(CBT),] complex formed 761
upon reaction of the pentanuclear species with pyridine the 762
CBT units assume a trans instead of the cis arrangement they 763
show in the pentanuclear complex, the cis-[ (bipy)Pd(CBT),] 764
complex was reacted with pyridine in CHCI; solution and in 765
neat pyridine. In both solvents, the reaction quantitatively 766
afforded the trans-[(py),Pd(CBT),] complex, just as observed 767
for the pentanuclear complex. 768

DFT calculations of the ground-state molecular structure 769
well reproduce the observed elongation of the Pd—N bonds 770
and concomitant shortening of the Pd—S bonds upon going 771
from the trans-[ (py),Pd(CBT),] to the cis-[(bipy)Pd(CBT),] 772
complex, a behavior that is most likely related to a significant 773
trans influence of the thiolate ligands on the Pd—N bonds. 774

Analysis of the ground-state electronic structure of the trans- 775
[(py),Pd(CBT),] and cis-[(bipy)Pd(CBT),] complexes re- 776
veals that replacement of the pyridines by bipy and the trans to 777
cis arrangement change of the CBT ligands have appreciable 778
effects on the energy and composition of the frontier MOs. In 779
particular, upon going from the trans to the cis complex, the 780
highest occupied S;,-based MOs uptshift and the LUMO is no 7s1
longer the ¢*, which in both complexes lies at nearly the same 752
energy, but the lowest 7%, MO. 783

TDDFT calculations of the lowest excited states nicely 784
reproduce the experimental spectral profiles, although the 7ss
energy of the main features is slightly overestimated. From the 786
composition of the excited states, in terms of one-electron 787
transitions, it emerges that the intense near-UV feature 788
appearing at 322 nm in the trans complex and at 308 nm in 789
the cis complex have a quite different character, the former 790
originating from a §;, > o™ transition, the latter from a 791
combination of #i, — i, and Sy, 4d,, — f,, transitions. 792
Moreover, it is found that the absorption appearing in the 793
electronic spectrum of the cis-[(bipy)Pd(CBT),] complex 794
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795 (and of the [{Pd(CBT),},LM]-xH,O pentanuclear com-
796 plexes) at ~450 nm originates from a Sy, = o* transition
797 and is related to the cis arrangement of the CBT groups.

798  The theoretical study of the mechanism of the cis-
799 [(bipy)Pd(CBT),] — trans-[(py),Pd(CBT),] conversion re-
800 action shows that the process occurs in two steps. In the first
801 step, one arm of the bipy ligand is replaced by pyridine through
802 an associative mechanism that involves a trigonal bipyramidal
803 transition state and has a quite low energy barrier of 60.1 kJ/
804 mol. The second step is the rate-determining step of the
805 reaction, the energy barrier amounting to 95.3 kJ/mol. This
806 step involves the dissociation of the bipy ligand with formation
807 of the three-coordinate T-shaped cis-[ (py)Pd(CBT),] species
808 (AE = 57.2 kJ/mol) and subsequent isomerization of this
species into the trans counterpart (AEyg, = 39.0 kJ/mol) that

eventually affords the trans-[(py),Pd(CBT),] product after
reaction with pyridine.
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