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Three broad fields in Boron Chemistry
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-This talk focusses mainly on electronic structure of polyhedral
heteroboranes in combination with: themselves (nD), metals and
biomolecules

- Polyhedral Boron chemistry has provided very rich molecular
architectural constructs since the second half of XX™ century and
beginning of the XXIs' century

- Scarce knowledge on electronic structure of Polyhedral Boron
Chemistry and Solid-State Boron Chemistry

- Biological role for Boron unknown



POLYHEDRAL HETEROBORANE QUANTUM CHEMISTRY

Electronic Structure in Spin > 0 one-, two- and
three-Dimensional Architectural Constructs

Endohedral and Transition-Metal Complexes

Excited States

Experiments on Ion-Molecule Reactions
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Electronic Structure as Function of Charge (q), Spin (S),
Vertex/Cage Subtituents (R) and Wave-Function Nature (V)

L

Valence-Bond Theoretic Approach <> Composite-System
Models 4




Electronic Structure/Geometry as Function of Substituent R

Neutral Icosahedral ortho-carboranes
1,2-(R),-1,2-C,B1oHyg >

C:--C distance as function of
substituent R

Dianions: C--:C distance as function of
substituent R




B3LYP/6-31G* optimized
geomeftries
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Dianions

1L2<(NH );-1,2-C,B4Hyy 1,200 );-1.2-C3BsHyo 1.2+(8)2-1,2-CaBroH
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ethane

syn-n-butane R (substituent) —

syn-1,2-diaminoethane
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Biradicals derived from Monomers and Dimers of
r- C,ByoHy, , r={ortho, meta, para}

O ={-C=C-, -CH=CH- }




"Broken-Symmetry" - "Spin-Projected” Method
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Calibration for Singlet Diradicals: CASPT2 < "Broken-Symmetry” Model
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Quantum-Chemical Computations of
Singlet-Triplet Energy Gaps

Type I11

AEsr=0.37 eV AEsr=0.04 eV’ AEs7=0.76 eV’

: - Singlet States lower
Broken-Symmetry Solutions Calibrated than Triplet States for

with CASPT2 computations any Double Hydrogen
Removal




Type IIT

LUMO(0.47) LUMO(1.00) LUMO(0.90) LUMO(1.00) LUMO(0.40) LUMO(1.00)

SO Tl So Tl SO Tl

m-(4,8) Class Ic m-(2,10) Class IlIc m-(1,12) Class ITTb
AE,= 0.37 eV AE,= 0.04 eV AE, = 0.76 eV




Dimers: Unit structure CB;;H,, — Non-Metal Free (Poly)Radicals

O = { -C=C-, -CH=CH- }

l ESR Experiments

AE  ou, 2.0037x(9.3x107*J/T) X37G x107*T/G : 8
v, = AE _ gHsB _ 2.0037x(0.3x1077 V) X37G X107 1T/G 1 1435101,

h h 6.6x107 T
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Every vertex — BH
0={0,-}

Table 1

Relative energies (AE;), vertical (AE,) or adiabatic (AE,) singlet-triplet energy gaps (all in eV), and other properties for the low-lying states of the dimers studied in this work at
different levels of theory: DFT/(U)B3LYP/6-31+G(d) — DFT and CASPT2//DFT/6-31+G(d) — CP2.

System (q)° <§%> PGS" IMAG” AR AE S AET AE S AE, AE

Dianion

S (=2)F 0.0000 C, 20i 0.00 5,12
cis-T; (—2) 2.0043 C, = = =
trans-T, (-2) 2.0066 Cy -
Radical anion

Do (—1) 0.7521 C, 2.83

Neutral biradical

So (0)f 1.0080 C, 13i 9.19 0.013
T, (0) 2.0075 G, 8i = =

— 0.00 5.51 —
3.79 — — 3.64
— 3.78 3.49

0.004

A closed-shell Sy (@,) structure is found with <5°> zero 0.04 eV higher in energy than the biradical broken-symmetry solution.
¢ System(q) — singlet (S), doublet (D) or triplet (T) state with charge q.
b Point-group symmetiy, (PGS) and residual imaginary frequency (IMAG) of the optimized structure.
AE, is the relative energy, of each compound from the singlet (ground) state of the dianion as the most stable case.
AE, is the singlet—triplet gap. at the singlet (ground) state geometry.
For the singlet dianion the pute DFT/(U)B3LYP and broken-symmetry solutions are equivalent.
f Broken-symmetry solution. The DET singlet-triplet energy gaps are approximated as AE = 2(Egs — Ep)/(<5%>1 — <§%>gq).

‘AESTN 0005 eV < kBT (0025 eV)




Neutral Biradical with -HC=CH- bridge

. = -713.817812au |

= -713.819606 au Lunes— L
s WA=~ Ep=—eS T 0,003 eV
<§2>,,¢=0.7818

1 — b~
UB3LYP/6-31+G(d) Computations y

=
=
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unr.S=1/2

Figure 6. The four trimers derived from the two posible orientations A/B of carborane CByHyy (s=1/2) —
see Figure 5 above — connected through acetylene bridge unions: (a) A-CC-A-CC-A, (b) A-CC-B-CC-A.,
(c) A-CC-B-CC-B, and (d) B-CC-B-CC-A. The dot in each cage representes one unpaired electron.




Cyclic Polyradical Systems

System, Spin | Energy (au)
(1) -952.829852
(1) -952.829762
System, Spin | Energy (au)
(II) -1181.351576
(II) -1181.350845

UB3LYP/6-31G* method




1D Heteroborane Chains with Transition Metals
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Tetrahedron Supercluster: [{(HyB,,C)C=C}*],

E(q=-4,S=0)=-1725.452994 au

g=-3,S=%
q=-2,5=1
q=-1,S=3/2

g=0,S=2




Origin Chemical Bond <¢&====p> Quantum Effect

Energy

Triplet Curve

Paralel Spin

o — o
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H-H Distance
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Dissociation: H, - H+ H

_0-90IIII|IIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII

T <« 1;=1.99. n,=0.07 */111:1.07, 1,=0.93

TNT119, 1m0 81
ni=1.42, n,=0.58

-0.92
-0.94
-0.96

-0.98
-1.00

Energy (au) -1.02
-1.04
-1.06 <« 1n;=1.89, np,=0.11

-1.08

<« 11=1.99. n,=0.03

1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Model System: H, clusters — Map onto 1D, 2D and 3D
Boron Cluster Architectures

Polyhedrons considered here:

1) Planar Cycles : Perfect triangle, square, pentagon and hexagon

11) 3D Polyhedra: Octahedron, cube and icosahedron
7\ <Dy




(ii) Endohedral Complexes

192 kcal/mol

(Thermal) Energy Landscapes in Li,B . H,, ‘@f

139 kcal/mol
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— Reaction Coordinate —

Figure 2. Energy landscape - to scale - in Li,Bj;H, groundstate Sy Thermal ejection mechanism
Li[Li@B;>H;»] — Li,B>H;». showing reactant (R, exo/endo complex). transition state (TS) and product
(P. diexo complex). B3LYP/6-311+G(d.p) computations.
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Energy Landscapes from Solid State Chemistry
[-c@By,Hyl"

The crystal structure of
ScBy, consists of fused large
B,, and small B, truncated
octahedra and cubes
respectively

Energy Minima

[Bz4H24]2_

>

[ @B,Hy]"




(Excited State) Energy Landscapes of B;gH,, isomers

syn - BigH,;
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Ion-Molecule Experiments with Heteroboranes

7-Tesla Fourier Transform Ion
Cyclotron Resonance (7T FT-ICR)

Triple quadrupole MS/MS
with Electrospray Ionization
Source (ESI)
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[CB,,H,,-Li-CB,,H,,]”
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Figure 1. FT-ICR spectrum of LiCB,,H,, sample, showing peaks with an isotopic mass distribution corresponding
to the following anions: (a) dimer [CB,,H,,-Li-CB,,H,,]*"; (b) monomer [CB,,H,,]7; (c) dimer [CB,,H,,-Li-CB,;H,,]*
; (d) dimer [CB,,H,,-Li-CB,H,,]7; (e) dimer [CB,,H,,-Na-CB,H,,]”
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Figure 2. FT-ICR spectrum of Li,B,,H,, sample. It shows several peaks being the most intense: (a) [LiB,,H,,]~

at m/z= 149.2 Da; (b) overlap of [LiB,,H,,-Li,B,,H,,]"and [LiB,,H,,-Li,B,,H,,],7? at m/z=304.5 Da. These peaks
are very well resolved (enlargement is shown). The peaks for m/z> 370 are polymeric anions (with a charge
of -2) of [LiB,,H. -Li,B, H. ]~ formed adding successively Li,B. H
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Figure 4. Optimized geometry of (Li,B,,H,,)" (left) and the most probable energy minimum for the dimer
(Li,B,,Hy,)(LiB,H,,) " = [Li,, ,(B,Hy,),, 17 with n = 2 (right), calculated at the B3LYP/6-31G* level.




Boron Neutron Capture Therapy (BNCT)

"B +n — 'Li (0.84 MeV) + *He (1.47 MeV) + Y (0.478 MeV)

Natural Isotopes
10B = ZO°/o, I=3
Incident Epithermal
MNeutrons

E = 1.47 MeV

. E Y D48 McV[94%)

e AN
B> 3 Ip

¥ -12
t~10 sacs

GELY

E, =0.84Mev [

Li




Two metallaboranes are joined by a linker chain with a central quaternary amine

X-Ray structure of the inhibitor bound to the enzime
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Valence-Bond- |D>= ¢ (1) &(2) ... Jy(N)
theoretic model
Hamiltonian \ <X> = <Q|X|D>

H=2p ]P'P

Solution: Find % so that <PH>=2, 9, <P-Q> P € 8

Jp = Jo real ( for standard H)

Jp reflect point-group & space-group symmetries

9, ~ N & otherwise 7, ~ N° (or less)
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- We have explored properties on groundstate and excited state
in polyhedral heteroboranes and endohedral derived systems

- Polyradical heteroborane superclusters as model systems for
magnetism in 1D, 2D and 3D needs a mapping on Spin
Hamiltonians or developing a VB-based Composite-System
model (with Doug Klein)

P=P(R,q,S,¥)

- Large stability of polyhedral closed (closo) cages — ideal
candidates for experimental and computational studies of soft
interactions with biomolecules - role of boron in biology?
(recently started research line with experimentalists)

Electronegativities: (C) > x(H) > x(B)
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