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Abstract

Abstract

There is no doubt that aromaticity plays a fundamental role in current chemistry,
aromaticity is always used to explain molecular stability and reactivity. Aromaticity
has always been a hot issue since it was proposed. As aromaticity cannot be measured
directly, there is still no clear and unambiguous definition of aromaticity. Schleyer et
al. consider aromaticity as a manifestation of electron delocalization in closed circuits,
either in two or in three dimensions. Aromatic compounds demonstrate some
distinctive characters, such as unusual reactivity, a tendency toward bond length
equalization, lower energies, induced currents, magnetic properties. Chemists have
proposed many criterion for the evaluation of aromaticity, for example reactivity
criteria, structural criteria, energetic criteria, magnetic criteria, isomerization
stabilization energy and nucleus-independent chemical shifts have been extensively
used to asses aromaticity and antiaromaticity. This thesis investigates the properties of
heterocycles and organometallics, the specific contents are summarized as follows:

1. Density functional theory (DFT) was used to investigate aromaticity of
five-membered heterocyclic rings in the lowest triplet state. The results suggest that
aromaticity of these five-membered heterocyclic rings are consistent with the
predictions of Baird’s rule. Besides, indene-isoindene isomerization stabilization
energy is more reliable to evaluate aromaticity of these compounds, and NICS(1),,
performs best to evaluate triplet aromaticity in these five-membered rings. Spin
densities are not evenly distributed under the lowest triplet state, they are mainly
located at the heteroatoms and those carbon atoms adjacent to heteroatoms.

2. DFT was wused to investigate stabilization and aromaticity of
mono-halo-substituted diazabenzenes. Aromaticity of these diazabenzenes is just a
small stabilizing factor, their stabilization depend on interactions in the formation of
chemical bonds. The aromaticity and stability orderings of these halo-substituted
diazabenzenes change with halo-substituents, it may be caused by their
electronegativity and radii.

3. Two cyclobutadienes and a pentalene can be stabilized by a metal fragment.



Abstract

DFT calculations indicate that antiaromaticity of cyclobutadienes and pentalene can
be largely reduced by introducing a metal fragment, resulting in their enhanced
stability. Both ligands and transition metals can influence the antiaromaticity and

stability of these compounds.

Keywords: Aromaticity; Antiaromaticity; Stabilization Energy; Nucleus-Independent

Chemical Shifts
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Scheme 1.1 Reactivity characteristics of benzene, anthracene, phenanthrene.
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1.2.2 S5 EN
1.2.2.1 Julg #E& A

1967 4E, Julg 2P —WR I T 3 T T I 5 F R 50k, BT
—NERIS LA R BRI — e A 2K

=1- _Z( _:)2 (1.4)

n BRI EERIELH , R RN K, Ray 72 T A B K 0PI . 13— 1 %k 225,
X IRE Kekulé g5, Aj = 05 X TARTEEIA R, A = 1. lFEHBT,

ZEFGE R T AW AR RS A, BOREIRLEF T, R Rk,
A AT LUHIBr RS 1 TR R 105 A A,
1222 FEMIERTRE (HOMA)

1972 4, Kruszewski 1 Krygowskil®Ixt Julg 1977 k347 T oiidt, “FHd Kk
B K (Rop) ATHUR, FHB BB AFAE T 564 05 & 4K & - HOMA (Harmonic
Oscillator Model of Aromaticity)fi 7 B T IXFE i) — MR b 22 B 28 K sl 48 1)
R TREEIR T I, SREI. s K e K 2 iR al
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J 4 28 XU SR K BT 7 A A R A o SR, A AT T A AT SOU S AT sk T 2.
IR RN 2.1, IR 25 (Rec = 1.524 AR 247 (Re=c = 1.334 A)f#
B AT NS B Y, IXHE Rope OTHEE A AT -

Ropt = (Rec + 2Rc=c)/3 = 1.397 A (1.5)
X5 10 K X-SHERATSHNAS AR BRR K 1.398 A 4w &1,
HOMA KTt AT

n
a
HOMA = 1 — HZ(Ropt ~ R)? (1.6)
i

N & REFZEBIHRENEH, Rop R mMEK, Ri&SLRNAHBE®S T HS
MK, o REKHEH . 40— L o = 98.89 I, XFFAEF F AR HOMA
=0, WMEFEEE R FTERKA vRMEK, B 1397 A, Il HOMA=1.
1993 4, Krygowski® W\ LR BN 7 T % 55 A 315 7 B0 k47 etk «
(1) R, B, BRBERE. BROTEE. A, SR M
“
(2) ARIE 1,3- T I A bt r i K (1.467 A) B XU i K (1.349 A)it5
K Ropd®”
BRI B8 RO Bt XU B 23 S R Ry 7R, B R4 K: Ropes I —1LH %K 01,
PL K HOMA (118 A S

Ropt = (Rs + oRg)/(1 + ©) (1.7)
@ =2[(Ry = Ropr) + (Rq— Ropt)z]_1 (1.8
HOMA = 1 - {@(CC) B[R(COope = Ri]" + a(CX) T[R(CX)ope — R +
a(CY) X[R(CY)opt — Ri]* + aXY) Z[R(XV)ope — Ri]" }/n  (1.9)
HOMA f i 55 24 20T A A6 A s B
HOMA = 1 — %zn:(Ropt,j - R’ (1.10)

o XM AR LG REL RRE o =25 JARER T AR RIKE,
BREBE AR, BRWEEE. BRAEE. BABE. BAME. SIMBESH T HOMA
9% A =B FIoxt 2 ) 2 4 (Table 1.1).
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Table 1.1 Parameters of the HOMA Model.

type of bond Rs (A) R4 (A) Ropt (A) a
cc? 1.467 1.349 1.388 257.7
CNP 1.465 1.269 1.334 93.52
Cco° 1.367 1.217 1.265 157.38
cp¢ 1.814 1.640 1.698 118.91
cs® 1.807 1.611 1.677 94.09
NN’ 1.420 1.254 1.309 130.33
NO¢ 1.415 1.164 1.248 57.21

3 Based on butadiene-1,3. ® Based on H,NCHs and HN=CH,. ¢ Based on HCOOH
monomer. ¢ Based on H,C=PCHj. ® Based on S(CHs), and H,C=S. " Based on
(CH3),C=N-N(CHj3); and H,C=S. ? Based on CH3;ON=0.

Table 1.2 Parameters for HOMHED Index.

type of bond Rs (A) R4 (A) Ropt (A) a
CC 1.530 1.316 1.387 78.6
CN 1.484 1.271 1.339 87.4
CO 1.426 1.210 1.282 77.2
CS 1.819 1.559 1.672 74.4
NN 1.454 1.240 1.311 78.6
NO 1.463 1.218 1.300 60.0
NS 1.765 1.541 1.616 71.7

2012 4F, Frizzo A1 Martins®* R F st B MBI EE . BRUEE. B
Brbde . BB, REH. EMERNEKIHE ST HOMA (Rs, Ry, Ropt, 0)Z 4,
234 Martins DGBE X Fh 724597 )y HOMHED (Harmonic Oscillator Model of
Heterocycle Electron Delocalization). X Hffrfdf B (B A2 X-55 2ol 7 i £k
P b S A R B P XM, AR S Y K (Table 1.2).

T HOMA F1 HOMHED 15 Rope f1 o PR BV AN], 38 BOX P Fh 7
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A E LS A B 78 HOMA th, BRebE. B, mreUi i
KR 13T 2. WA, HIZREKIEAZHEE, X R IR
%t T HOMHED &% Ffiik, Pipfiqe sp® 24 Mi 1, K0 Ram K,
1513 o [ER .

FEAE ST T 55 B M FIER, RELEBAENSEUE NS, N
BRI IR ETTIERIR A o FEMARESE b, SIS HHE AT o 4 ) B s A RE S S
TSR HEF RO P o DRI, —AMT 8 R0 BT 5 B M R A8
MR E RS . BRI, TSNP F RO DU A

(1) IXEETFVEA AT DA 7 (K 75 & v, B n] DU SR 7 7 i —

NGB, HERAA S FRE— o BT
(2) KEBAEBL R, X F vk 5 HASRA ) 7 0 2 A AR (A O, Tl
X Ty 5 R R I AR S LU S R T v 2 TR A D
1.2.3 geEEN

HEBAE S EMMNATFIE AL, BA BRI e, Mg
X NATERNYEE. RKZHEEWT, ESWETNEEVIMR, i,
EFREENSER R BRI NELE,

Pauling A1 Wheland®17e $t 48 B8 16t 1y 1 LR A& (Resonance Energy, RE)
W, S AT 0 N IEARAE I A 7 505 A1, Scheme 1.2 1 i 1 A
R % IVHR SR RE I 7 i

1936 4, Kistyakowskil" O H 1 % 44 (I B LR AE M1 22 25 X (eq 1.11),
{HR Z IR 2R IR QIR AE NS5, 20 T3 SRR TR IR, X Ahfsk )
TEZRS TR E RS . N T R AT BRI/ N A TR S8, Chesnut!™
feth VAR eq 1.12, /D T ORI O, SN T 2R Sk

4k, Dewar H1 Schmeising! 45 H17E eq 1.11 1, FF O 4> T A TEAE sp’-sp
SEHEALNAN C-H LA, RERE IR R o T INARE X B R
R T RAFER B, T3 758 eq 1.13 M7 &R 05 &M,
K F 3 A 77 925 D04 1Y) e B 45 PR DN 05 5 A € 1K E (Aromatic  Stabilization Energy,
ASE). 7E Scheme 1.2 1, RE F1 ASE #4155k & ref 54.
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Scheme 1.2 RE and ASE methods applied to six- and five-membered rings. The

energies are given in kcal/mol.

RE =-37.5
RE =-55.3
+ 3H2C:CH2 R + 3H3C_CH3 (112)

, o~ PSE=:2 @ . 3 113)
/2 U N S — 2 (1.14)
X X X

(1.15)

1995 4E, Schleyer®™ R H eq 1.14 WA ik RHGF5F1E, 08 T &R
EARERISI TG . 2002 4F, AATTP SO eq 1.14 HEAT T 2tk (eq 1.15), AL
— K T T, BN T IR % . Cyranskil PHAN eq 1.15 A #EH
TCHME RS, e A RO/ N 5K I HAR R 2R SR 1R 7

EIRVA J7 B TR TARR B, DL E& IR Tk 58 i BRIk 7y,
AT HTEAR, 2% TR A0S B 55 R B SR 2 .y 1 T B DA R R0
TR B R T4, 2002 4E, Schleyert 3 i 1 H 5L -7 P 3L 55 4 a2 AL g
(Methyl-Methylene Isomerization Stabilization Energy, ISE)) /5% (eq 1.15, 1.16),
X P ITIEBEFR A ISEr. 1T eq 1.16 Fil eq 1.17 F AR LE NN S sRILHE 4502 11
Z5], KM eq1.18 X} eq 1.16 HHATHZIE, eq 1.18 Al eq 1.19 RN %t eq 1.17 HEATHZ
o (XA RS, S R p S e — N R B A 7 50, B sp®
Ak As gy sp® 44k, —4ELLE, Schleyert™ 4 AR T 3 4h—Fh RAILL Y 73,
Bfi- 5 81 7 #) 4 5E 1k BE (Indene-Isoindene Isomerization Stabilization Energy) (eq
1.20-1.22), ZSEMIMLAEBFR A ISEn, %75 AN AR IR _F R 1402 sp” 4
R o IX ATV R 5 AL LR e ILHE M ke 220, £ eq 1.20 HHAFAE
PR S AR 0, T ZAIEPTIR, eq 121 A RUAFAE— U ORI S Ak
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I KRR, RHTE eq 122 RIE—IK. 07kt iy B IE A5 FARSRAY 75
FE,

Scheme 1.3 ISE methods applied to benzene and cyclobutadiene. The energies are

given in kcal/mol.

CH, CHs
ISE, = -33.2
ISEjqrr. = -33.2 (1.16)
CH, CHs
ISE, = -29.6
ISEjcor. =332 (1.17)
CHs CH,
AE=0.0
- (1.18)
CH, CH,
AE =-3.6
- (1.19)

ISEjuncorr. = -21 -8 ’ (1.20)
ISEIlcorr -29. O

ISE iuncorr. = -35. 2 Eli> (1.21)
ISEjicorr. = -31 -4

AE=3.8

(1.22)

ARY

124 BFEEEN
SFRIEER . FRE . Rk ROSIESE MR AT DL IRHE N L B L
75 BRSNS T DURRE, IX SRS AR ER B T S A OC, (e FAIIEe kg T L
SE B AT R B SRk R iR
1998 4E, Wallenborn 25IUSR P75 G e AL (0 45 1) S5 AR I ) s v 3o 30 245 14
APE, 2001 4F, Herges®ALEAMHIST T Wallenborn (7732, FF4i4E B % 7 FH
FAEATE R (AU Z FRRAE R) I ACID (Anisotropy of the Induced Current
Density) - A— @77, 522 ETH75%A R, ACID 7] DLE W 2 3L
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HL7) HLOAE 80 5% T S 12

1, 3-Cyclohexadiene Benzene

Figure 1.1 Isosurfaces of the anisotropy of the induced current density (ACID) of
cyclohexane, cyclohexene, 1, 3-cyclohexadiene, and benzene at an isosurface value of
0.05. Current density vectors are plotted onto the isosurface. The vector of the
magnetic field is perpendicular to the ring plane (in the case of cyclohexane C1, C2
and the midpoint of the C4-C5 bond and in cyclohexene C2, C3 and the midpoint of
the C5-C6 bond define an approximate ring plane).
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Figure 1.2 *H NMR (ppm) chemical shifts of compounds 1-5.
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Figure 1.3 'H NMR (ppm) chemical shifts of compounds 6-8.
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Figure 1.4 "Li NMR (ppm) chemical shifts of compounds 9-11.
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Figure 2.1 Structures and spin densities (in parentheses) of fulvene and cyclopentane
in the T, state. Bond lengths are given in A.
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Figure 2.2 Structures and spin densities (in parentheses) of species 1-18 in the T

state. Bond lengths are given in A.
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Figure 2.3 Species with a five-membered ring in this study.

Table 2.1 Structures and Excitation of (C4H;X) Five-Membered Monoheterocycles
Computed at the B3LYP/6-311++G** Level.

species planarity T spices planarity -
BeH" Yes Yes CF; Yes Yes
BH Yes Yes CCly° - -
AlH Yes Yes C=CH,’ Yes Yes
GaH Yes Yes C=S Yes No
BH,? No - C=Se Yes No
AlH,* No - SiH* Yes Yes
GaH,*? No - GeH" Yes Yes
Al Yes No NH? No -
CH Yes No NH," Yes Yes
CH* Yes Yes PH," Yes Yes
CH, Yes Yes AsH," Yes Yes
SiH; Yes Yes N Yes No
GeH, Yes Yes P Yes No
C(CH>), Yes Yes As Yes No
C(CHa): Yes Yes o? No -
C(SiHs), Yes Yes s° No -
C(GeHa3),* No - Se? No -
C(SnHz),” - -

# As these species are nonplanar in the T; state, we do not check whether they have
n-m excitation or not. ® Species are broken in the Ty state. © This species is excluded

because almost half of total spin density is distributed on the exocyclic carbon atom.
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Table 2.2 Structures and Excitation of Five-Membered Polyheterocycles Computed at

the B3LYP/6-311++G** Level.

species planarity m-m spices planarity 7-m
2-phosphafuran Yse Yse 3-phosphafuran? No -
2-phosphathiophene® No - 3-phosphathiophene® No -
2-phosphapyrrole? No - 3-phosphapyrrole® No -
2-azafuran® No - 2,5-diphosphafuran? Yes No
2-azathiophene® No - 2,5-diphosphathiophene® No -
2-azapyrrole® No - 2,5-diphosphapyrrole® No -
3-azafuran® No - 3,4-diazathiophene® No -
3-azathiophene® No - 3,4-diazapyrrole No -
3-azapyrrole? No - 3,4-diphosphafuran® No -
2,3-diazafuran® No - 3,4-diphosphathiophene® No -
2,3-diazathiophene® - - 3,4-diphosphapyrrole? No -
2,3-diazapyrrole® No - 2,3,4-triphosphafuran® No -
2,5-diazafuran® No - 2,3,4-triphosphathiophene® No -
2,5-diazathiophene® No - 2,3,4-triphosphapyrrole? No -
2,5-diazapyrrole® No - 2,3,5-triphosphafuran® No -
2,3,4-triazapyrrole® No - 2,3,5-triphosphathiophene® No -
2,3,4-triazathiophene® No - 2,3,5-triphosphapyrrole? No -
2,3,5-triazapyrrole® No - 2,3,4,5-tetraphosphafuran® No -
2,3,5-triazathiophene” - - 2,3,4,5-tetraphosphathiophene® No -
2 4-diazafuran® No - 2,3,4,5-tetraphosphapyrrole® No -
2,4-diazathiophene® No -

% As these species are nonplanar in the T; state, we do not check whether they have

n-m excitation or not. ® Species are broken in the T; state.
2.3 GARMTIR
Scheme 2.1 Energetic methods applied to evaluate aromaticity of species 1-18.
©+ij (VAT -
X X (
YIX\S + Y/ + @ + ! 5
\—/ X
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TEZ RIHIRTFE T, JEAT ASE (eq 2.1)#% F Sk P-4l T ICFR I 75 2 1126 70
I, To & FRATE B RIX T IRTIA bt i H h — AR BB BEAE T, & T I
H(Fig. 2.1), TRBAIEASHILADAIRER VL. Schleyer™ 242 H T 5 41 %
il ISE (Isomerization Stabilization Energy) WAt 1k &4 75 B 15, TFRAT14 &
22 IH P B R T VA R B Ty 2500 TR RPN 53, TR AR -7 P 2 S5
taka e b AE(ISE), eq 2.2)RIEfi- 5 Bl M ke AL RE(ISE, eq 2.3)IX P Fh 5 7k M B &
VAL A 1-18 (175 #F M (Table 2.3).

Table 2.3 %I T FrG L&) ISE 1 NICS {H . R¥E Baird #L0], L5
1, WRIRAE T ANZARRA BN, FL b, PATTEA 2 ISE B 5
4 0.6, -2.2 keal/mol, #z23r T2, i HLER T NICS(0),, HoAh =AM R #IE T2,
X EEHH R AR R IR TE To &R AR & M. iR 5 £ NICS(0),, (+28.4 ppm)
A REAE Ty BARIE A FRVRAE 75 F bk o 43R 0 10 sp® Z400mi_E i AU 74
R T IR G , B 57 ) NICS(1), AT ISE 1 278 — SUARIR IR IR R & M T
SR AFEARIY, Ferndndez, Wu, Schleyerl™ S &iEBfL &4 8 1R4E “HiSLHiT%
a7, CR BRI 72 p SLERITER . NICS(0),, (+12.7 ppm)FH— XK I H
RIERME, & Et MG 8 K&k, XT1b&4% 8, 5 ISE, (-13.4
kcal/mol)#HLEL, ISE; (-4.3 kcal/mol) B R AKAL 1B 5 & k. fEeq2.2 H1, M
AR b sp® ZAUBRBUR RS, AE eq 2.3 o SRR P PR _E R A R B0 1Y
sp? kB Bk, EARHIERIEMRER T, AR ISE, VA 195 7 v HARYE ISE,
VPGS BRI, AAN, LAY AT 78 T S RIS F RN, X it—iE
SE 1 Baird BN So AFEF FIERMLEYILE T AELIEFT FIENT

th&Y) 2, IR IRIEE T, R4 Baird U, CRZAT EER. S
XAEERT, PIFP 5T ISE {E(ISE) A1 ISE) 437iA-22.5, -20.9 keal/mol) &R f1, 3
PR AT BN . 1 H, NICS(1) (NICS(1)iso A1 NICS(1),) % L NICS(0)
(NICS(0)iso A1 NICS(0),,) E A& EE, X527 Schleyer®USe T2 FIR T I (T
FARZEAL, #JZ NICS(1)Et NICS(0)5E Aedkfft fe o5 &k & 3, A4
FH) NICS(1),, AT ISE {H s L&) 2 I RIR=HEER ST k. &FH
6 N TR EY) 15 (2-BmkiR), HAIER NICS(L), 1 ISEyfH, BiHHEAE
T &R ER, 5 Baird HUNAHST .

b
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Table 2.3 Computed NICS and ISE Values of Planar Compounds 1-18 in the T; State.

Species  NICS(1),® NICS(0), NICS(1)isss NICS(0)is® ISE® ISE,* Symmetry

1 @ 23 28.4 0.1 3.2 06 -2.2 Cay

2 @ 251 3.2 1103 25 225 -20.9 Dy,
—

3 [[osm 202 31 8.6 37  -137 -168  Cy
-

4 QBH -20.3 0.3 77 0.2 168 201 Ca
-

5 QAIH 132 33 4.9 0.9 109 -154  Cy
=

6 [ s 66 16.3 42 21 10 -106  Cy
-

7 w125 46 3.2 55 76 -132  Ca
-

8 QCFZ 9.1 12.7 47 1.9 43 134 Gy
-

9 QGaH 146 53 54 1.0 102 -155  Cy

10 @GeHz 34 18.8 23 14 17 79 Ca
-

n [ 72 143 45 1.9 33 -11.9 Ca
-

12 Qsmz 43 15.8 26 15 40 97 Ca
-

13 [ voeH 202 01 84 32 98 -88 Co
-

14 [ 009 24.2 16 07 53 24 Co
-

5 [ o 10.6 323 2.9 31 22 105 C.

P

@Q 6.1 32.1 15 4.4 46 22 Cs

16

17 E>< 0.7 25.6 0.7 2.2 04 -30 Ca

SiH,
18 E><Sm3 12.1 38.8 3.6 6.7 20 47 C.

& All the values are computed at UB3LYP/6-311++G(d,p) level. The NICS and ISE

values are given in ppm and kcal/mol, respectively.
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10 T T T T T T 10 T T T T T
i it 2 = Linear fit: r? = 0.664
5 Linear fit: r* = 0.694 .14 ’ 14 ’
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54 5
R 04
2 5
£ 5] g -5
[v3 =
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7 -104 E -101
= 5]
-15 -15 4
20 K -20
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12 10 -8 -6 4 2 0 2 4 -4 2 0 2 4 6 8
NICS(T+;1)iso (PPM) NICS(T+;0)iso (PPM)

Figure 2.4 Plots of ISE, vs NICS for planar monocyclic species (1-18) in the T, state.
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30 25 20 15 10 5 0 5 10 15 -10 0 10 20 30 40
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; . N ; e 2
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Figure 2.5 Plots of ISE,; vs NICS for planar monocyclic species (1-18) in the T, state.
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KT EEIR S EHIE, RATKIM T & T, NICS(1),, 5 ISE| R AR ML
FZA(r = 0.694, Fig. 2.4), NICS(0),, Fl NICS(1)iso 5 ISE, 22 I8 {1 £ P 5 R A k28
557 —&&, NICS(0)iso 5 ISE| BB WA LR R T o« BT ISEy R B
B RIBRARRE sp® 2 AAE, I sp? A4k AN B ], RS B U 1R N 55 A
PE, EXH, HATWHSESES] 7 EIFR NICS 5 ISE) HIZitk &R (Fig. 2.5).
NICS(1), 5 ISEy FILEEAR M1 BB RHETH(r = 0.840), 5 IL[H I NICS(0),, Al
NICS(L)iso 5 ISEy HIZMEAR R AT BE4F |, 1H& NICS(0)iso 5 ISEn HIZEIEAH
SRR ZE(r® = 0.328). MUk, AICASHUXBERILE®: AT MR 18 ME
EOMiE, EXPYAATLAHER NICS #5504, NICS(L), &t Bk &1 75
A, NICS(0)iso A~ REF SR VTAL 75 & 14

1.0 Linear fit: r> = 0.708 1.0 Linear fit: r> = 0.611
>
T 12 19 18
4 0.8 - 8
0.8 A .560
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* 12 16 ¢ .
511 10 " 16
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Figure 2.6 Plot of ASpin vs NICS(1) for planar monocyclic species (1-18) in the T;
state.

54k, Baird 15 P n-n BRI TR A S T IR SRR TN . AR E)
O T A EZR TR H T 2B A2 A o AR N T IIEX—
RIZEBREIHER TCIMER, FANHE THED 1-18 3 ERAE T BE
% 1% ZE (ASpin = |Spinmax| - [SPiNmin|, Table 2.4) . [Spinmax|F1|Spinmin 43 A% E XA
I b D e PR O P e 0o e R R B /N RV o FRAT 1A I 1 e 55 5 7 21
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7t

T, &R T5 A A G PP BT LA R, Bhlnn, 10 Table 2.4 1 Fig. 2.6 B 2230
PACKE, TiSRFFEAEDMED) 15, 18 HE R KM H % E % (ASpin 437
N 0.94,093), 5T, TISFEENNEY 2, 3,4,5,9,13, b&
Yo7 BRAh, EATERE RN E R 2, B oo R TS E LA YR A
BN B TEAAE Y 7 AR K ASpin 1T g8 RUNEE R 75 HoAth )51 2 (7]
A eSS, & SRS IR T 2 B ) Wiberg 4% 73714 0.47 (Be-H).
0.26 (Be-C). iXFE—3K, e mh e e S AU A IR 1 b, (453 A e )%
G A 5 HA Ty 55 A B B e BE A B AR KR IE o M Fig. 2.2 ] BUK I —
AR AT IR sp? 24 Ab BB bE S A B A 5 I [ . W Fig.
2.6 fiizm, T1 A F NICS(1), 55 ASpin 2 [A14£4E 254 S (r? = 0.708) .

Table 2.4 Spin Density Population of Planar Five-membered Rings.

Entry Species |Spinmax| |Spinmin| ASpin
1 CH, 0.94 0.15 0.79
2 CH* 0.42 0.42 0.00
3 SiH* 0.57 0.25 0.32
4 BH 0.66 0.26 0.40
5 AlH 0.79 0.18 0.61
6 AsH," 0.83 0.05 0.78
7 BeH" 0.87 0.03 0.84
8 CF, 0.85 0.09 0.76
9 GaH 0.78 0.18 0.60
10 GeH, 0.90 0.11 0.79
1 PH," 0.81 0.07 0.74
12 SiH, 0.88 0.09 0.79
13 GeH" 0.59 0.23 0.36
14 NH," 0.89 0.09 0.80
15 2-phosphafuran 0.98 0.04 0.94
16 C(CHy): 0.90 0.18 0.72
17 C(CHa): 1.00 0.16 0.84
18 C(SiHz3)2 1.04 0.11 0.93
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Figure 2.7 Plots of ISE, vs NICS(1) for neutral species in the T; state.
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Figure 2.8 Plots of ISE;; vs NICS(1),, for neutral species in the T, state.
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Figure2.9 Plot of ASpin vs NICS(1),, for neutral species in the T, state.
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SOMR(Fig. 3.1). FRAUKIEIREERM RAYAA BT Hraw 44, G0, 2-pifRmsng
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1 1
N_ X N N N N. 2 N
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S Y3 X N~ ~X 5 73 X
X X
2-X-a 4-X-a 5-X-a X-b 3-X-c 4-X-c

X=F,Cl,Br,l

Figure 3.1 Halogen substituted diazabenzenes.
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EHHAT AL . GBI ARBN AT T R B R, B AT LI R R e A
R FE AL,

3.3 LRMTVIL

331 FER-EEMNSEM
BATE i H ISE 1AL B A5 &, T B, WH RS kA

AL B SR 2 AR AN [E] ) ISE 4B, A TR AT BE B8 — R ) e A AL AN [
FRAEIE DL RN FEIE . PR T R SR R s AL eI B K
HE1F 150 JE 7 FITE OB (Scheme 3.1). Shishkin 25 A 715 8135 75 1 B 6% 52 W BF 1)
AR, R BA T T BRI A M5 % (%) ISE NICS. s*{i il Table 3.1.
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Scheme 3.1 Homodesmotic reactions used to calculate the isomerization stabilization

%NVX

energies (ISE) of halogen substituted diazabenzenes.
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+
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BT ISE VPG S A . R A EI, AL S IRIUR I BRI O
FEHRF A 4-X-¢ > 3-X-¢ > X-b > 4-X-a > 5-X-a > 2-X-a, B - EEN T EHME
NFFEHN 4-1-c > 3-1-c > I-b > 2-1-a >4-1-a > 5-1-a, MACHENE ()55 B ML & 4L T A%
o BURAL B ARIF, BURFEARFIR, J5 8 MR, & B BRI R R 55 .
AR BT, e AMARE 05 A R s AR S R R Y, R AR .
REEHRZ I F5 B TR S b J5 K/ B B AU 6, o 5 il 52 ) —

P PR 23T 2 T 0 7 5

HWK, KH NICS {5 1FAE 75 7 1 (Table 3.1). EH EH T, NICS 57 TR
75 A HERAT, NICS(L)FRIRIEFRH L EJ7 1 AR FTE 21 NICS {H, NICS,,
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). NICS(1)&WiE £ o) 75 FEMFan . 2-X-a < 4-X-a < 5-X-a, 3-X-¢c <

4-X-Co
Table 3.1 NICS, ISE, s* Values of Halogen Substituted Diazabenzenes.

NICS(1)iss" NICS(1) NICS(1),* NICS(1)* ISE? s* RFE?
2-F-a -9.6 -27.6 -10.1 -25.6 -452 268 -7.8
4-F-a -9.7 -27.9 -10.4 -25.8 -505 227 -64
5-F-a -10.4 -29.6 -11.3 -27.8 476 114 25
F-b -10.2 -29.5 -10.6 -21.7 527 84 00
3-F-c -10.2 -28.7 -10.7 -27.3 -535 124 1938
4-F-c -10.6 -29.9 -11.2 -27.8 541 74 238
2-Cl-a -9.3 -26.9 -10.2 -25.6 -45.0 217 -44
4-Cl-a -94 -27.1 -10.3 -25.7 -46.5 200 -52
5-Cl-a -9.7 -27.9 -10.5 -26.8 -459 125 -1.9
Cl-b -9.8 -28.4 -10.4 -27.3 -485 65 00
3-Cl-c -9.8 -27.7 -10.6 -26.9 -50.7 95 1938
4-Cl-c -10.1 -28.5 -10.6 -27.3 -51.4 7.0 205
2-Br-a -9.2 -26.6 -10.2 -25.7 -448 217 -39
4-Br-a -9.3 -26.8 -10.3 -25.8 -453 198 -5.0
5-Br-a -9.6 -27.5 -10.8 -26.7 -448 125 -2.6
Br-b -9.7 -28.1 -10.4 -27.3 473 6.2 00
3-Br-c -9.7 -27.3 -10.5 -26.9 -49.4 9.6 1938
4-Br-c -10.0 -28.2 -10.9 -27.3 -50.2 6.9 201
2-1-a -9.2 -26.3 -10.1 -25.9 -440 205 -34
4-1-a -9.2 -26.4 -10.5 -26.0 -43.8 188 -4.7
5-1-a -9.4 -26.8 -10.6 -26.7 -43.2 130 -34
I-b -9.6 -27.7 -10.2 -27.4 -459 55 00
3-1-c -9.5 -26.9 -10.4 -27.0 477 9.0 195
4-1-c -9.8 -27.7 -10.8 -27.4 -488 6.9 197
% The NICS and ISE, RFE (Relative Free Energy) values are given in ppm and

kcal/mol, respectively.

WA TG % s° R/MBEE o0 BT AT TG SIS T . & 3 B
FH 2 KNBFEN: 2-X-a> 4-X-a > 5-X-a > 3-X-¢ > 4-X-¢ > X-b. FA EHEN
2-F-a > 4-F-a > 3-F-c >5-F-a > F-b > 4-F-c. fR4f L X} 55 & 2 1)
ST, BATNAWNMITZE o, WS EMEME. & 8=, BUR AR M A
J7 7 §% NGB EAIE A R K 95 B PR A R RFE: 2-X-a < 4-X-a < 5-X-a, 3-X-C
<4-X-c, X-b(H i fRALR) 5 B dF (RGN . FFEME WIS

§? KN -
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332 R-_ERTRENY

TRATTR I 5 A4 7 [ H1 8 (Gibbs Free Energy, G) WAL piAR =B K MR ENE, LA
I ARILIE ) G A2 % (Table 3.1). ‘EffIMARE WA AR HARZERT
58 V5 A =A™ pi J5 - U BRI R PR AN 7] o 38R = R IR AR E Mt
FFA 2-F-a > 4-F-a > F-b > 5-F-a > 3-F-¢ > 4-F-¢, &, . BEYCH ZE AN
SEMENRF A 4-X-a > 2-X-a > 5-X-a > X-b > 3-X-¢ > 4-X-c. X SR K MfasE k2
[ Z RIS S A W W SO Ak /N TR/, A1 o S5 PR R AR — 8
FEJE by LS g A = B R AR e 1

Sola #1 PoaterI Ll &z Verevkint®3 43 5 5% FHl & & 43 fi% (Energy Decomposition
Analysis, EDA) 17 AW 7 AR 1k R R e M. BRATHX s AR &R i3E4T T EDA
53 #r(Fig. 3.2 - 3.5). fEREMMELEHI B, A MFTA B B E LS A
SE AR, T AN ) B ER R 2 IR (AL A ) B B SR I 458, A Efifh Bz
AT R SR Ho AE AL, B0 T ARRR(AEL. AE)FIHH HLAE e
(AEs), BAMEEY) T HGEFRVE e RIAERT B, [RIFE LA AR g 1 e & A

%,

73 73
N 7% F N 923
Pl (]
“_N L8N
AE = 257.7 3, AE; = -266.0 %)
= / ° 3 : AE = -256.3 F AEj3 = -263.6
-7.8 6.4 .
N __F __F N N __F __F N
R I o« o
: .- .- : : :/N :/N :
opt AE;=58 opt AE{ =51
AE2=2.5 AE2=2.1
AE1 + AE2 + AE3 =-257.7 = AE AE1 + AE2 + AE3 =-256.4 = AE
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Figure 3.2 EDA of fluoro-substituted diazabenzenes, energies are given in kcal/mol.
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Figure 3.3 EDA of chloro-substituted pyrimidines, energies are given in kcal/mol.

7
N7 Br N

i A

738 7
%) "3
AE = -246.6 % AE3=-2555 AE =-247.7 ‘b AEg = -255.6
3.9 5 0
N A Br . (Br N N ) N
AR S S A SR A A
| :/N . ! ! ._N :
opt AE =64 opt AE1 =56
AE,=25 AE,=23

AEq + AE, + AE3 = -246.6 = AE

AE»] + AEZ + AE3 =-247.7 = AE

Figure 3.4 EDA of bromo-substituted pyrimidines, energies are given in kcal/mol.
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Figure 3.5 EDA of iodo-substituted diazabenzenes, energies are given in kcal/mol.
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Scheme 4.1 ASE methods applied to different metallacycles. The ASE values are

given in kcal/mol.
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Scheme 4.2 ISE methods applied to different metallacycles. The ISE values are given
in kcal/mol.
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Scheme 4.3 [2 + 2] Cycloaddition reactions of osmapentalyne with alkynes.
COOH BF;

=——COOH =

- ~1Os] 4.8)
CH,Cl, R A AP
__[Os} BF; RT, 1 day PPhs
RN "X "PPh; OEt BF;
R = COOMe —OFt ~ ,
[Os] = OsCI(PPhs), L ~[Os (4.9)
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64%

AFTRSE, HT ZIRCIR s B R RS BN, ARER A, (B2
BI5GB G R A R AR e A AR PERS 2SR g B Xia AR B4
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4.1), REACEVIIALE A FIE AT Coy SR E

[Ru]' = Ru(PHs), [Ru]' = Ru(PF3), [Ru]' = Ru(CO),
2a 2b 2c

Figure 4.1 Species researched in this chapter.

4.3 GRMITiL
431 €BRENT _HBITENER

Figure 4.2 The optimized structures with selected bond lengths (A), bond angles (9
in 1a, 1b, 1c, 2a, 2b, 2c.

Fig. 4.2 FT7RI2 1a, 1b, 1c, 2a, 2b, 2¢ b G EIIEE R, e A AL
BEKEEA . FRATCL 1a A1, WS EXTEAT#T 8. la B& 5 & HENEYN
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A539.95 AT LA NP e A e AR A PRifEF AT N A AT, 36 B CC K AE
1.361 ~1.438 A 2 [i], /- CC Xiat K 1.334 A Flpsdat K 1.524 A2, i8] cC
SR B, JUHR TUTI CC K/ A 1.391 A, 1.405 A, 1.408 A, +
IR CC # K 1.398 A, 0s-C # 4K 43 74 Os-C1 2.178 A.2.097 A,
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Table 4.1 The Bond Lengths(A), Bond Orders in 1a.

-z l\ 2

A0s & Bond length Bond order

N 4

5

Os-C1 2.178 0.52
Os-C3 2.097 0.60
Os-C6 2.089 0.59
C1-C2 1.361 1.73
C2-C3 1.438 1.20
C3-C4 1.391 1.43
C4-C5 1.405 1.38
C5-C6 1.408 1.37
Os-P 2.359 0.47
P-H 1.428 0.95

NiE— ST IR, #E4T T NBO 44T (Table 4.1). NBO #4747
KW, &ESHERZ AFERITIINE, B LR EHSAE 1.20 ~ 1.73
18], ViR JE T pe FEL T A SSAFAE IR, M0 B T o3 EE U e SN B,
A, BIEINT. g5 ERTIR, SRR, b SRR T B VER
432 ERFAHT _HBITEYNEE Y RBFEH

P K H ehi- 57 B 7/ A2 52 1k BE (Indene-Isoindene  Isomerization Stabilization
Energy) /7 =it 1a 1175 M (Scheme 4.4) . 7 2 () Firit- 501 ISE # 2 R AL IE
(¥, JFH ISE /2 Al FRe it e RN, AMEFSRIER. T, it
NI ISE {543 73)°8-2.2 keal/mol. -17.6 kcal/mol, 1 5] —{M {1 PO G 34 A 1 3R )
JE ISE i 4-21.3 keal/mol, 5ZKfIALHREIE M) ISE {4-21.8 keal/molPIAHZANK .
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Scheme 4.4 Indene-Isoindene ISE(kcal/mol) values of la, calculated by purely

electronic energies.

X =_ N
/[ S],\ ISE = -2.2 P S].\ ws)
NN N
=z '\
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\ N

ISE = -21.3 O
— T . A5 (5.0)
NG
[OS]' = OS(PH3)2
/ﬁ[ S X €4
SEN ) 5 9 -
[OS]v = OS(PH3)2
z J
]Li :

/
@

d 99

x HOMO (-5.17 eV) HOMO-1 (-5.70 eV) HOMO-3 (-6.30 eV)
33.9/43.1 7.5/-0.6 -1.011.5
J
J
HOMO-5 (-7.26 eV) HOMO-9 (-8.66 eV) HOMO-11 (-9.37 eV) HOMO-13 (-10.04 eV)
-4.6/-10.7 -3.4/-4.4 -5.5/- 54 -4.6/-7.1

Figure 4.3 NICS(1),, contributions(ppm) of occupied = molecular orbitals of model
complex la. The eigenvalues of the molecular orbitals are given in parentheses. The
NICS(1),, values given before and after the °/* are those computed at the geometrical

centres of rings A and B, respectively.
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FEPRAL, DT B R AE 57 A YRR 1a DY TR AT 1L 7e 34 ) NICS (1), 70 %19 19.2 ppm.y
11.0 ppm, Hd 7 HUEE R TTER > 54 22.4 ppm. 16.3 ppm, B4 o BLIE R sTER At
3 H1N-3.2 ppm, -5.3 ppm. [FL, NICS{ETEHH 1a &N NAE n 5 &N, o
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total (1c) n-system (1c) c-system (1¢)

Figure 4.4 ACID isosurfaces of 1a, 1b, 1c separated into the o and = contributions at
an isosurface value of 0.04. Current density vectors are plotted onto the ACID
isosurface to indicate dia- and paratropic ring currents. The magnetic field vector is
orthogonal with respect to the ring plane and points upward (clockwise currents are

diatropic).
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FH O SCHR 2R, BN 43 i S 7T DAZE A ()RR B2 b o 45 8 2 1) 0 A 1k
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4.2, Table 4.2), AFRCHRSE, —h & @ikeEh, SRS (Table 4.1, 4.2); 7
— 7 TSR AR AR /N . X T RER RN 4 8 5 UMK PR3, CO (AR ELAE FH 1
SR, BEIMHIS9 68 53 ERRIVAH EAER], BRIC T &R s i sl 7 =% .
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Table 4.2 The Bond Lengths(A), Bond Orders in 1b, 1c.

1b Bond length Bond order 1c Bond length Bond order

Os-C1 2.187 0.50 Os-C1 2.185 0.50
Os-C3 2.127 0.54 Os-C3 2.124 0.55
Os-C6 2.105 0.56 Os-C6 2.105 0.56
C1l-C2 1.358 1.73 Cl-C2 1.358 1.73
C2-C3 1.431 1.22 C2-C3 1.430 1.22
C3-C4 1.383 1.46 C3-C4 1.382 1.47
C4-C5 1.407 1.35 C4-C5 1.407 1.35
C5-C6 1.401 1.39 C5-C6 1.401 1.39

P-F 1.623 0.63 Cc=0 1.141 2.17

Os-P 2.273 0.52 Os-CO 1.957 0.70

Table 4.3 The Bond Lengths(A), Bond Orders of P-H Bond, P-F Bond, C=0 Bond in

PH3, PF3, CO.
Species Bond length Bond order
PH;3 1.436 1.00
PF; 1.642 0.63
CO 1.128 2.27

Table 4.4 The Bond Lengths(A), Bond Orders in 2a, 2b, 2c.

1b Bond Bond 2b Bond Bond 2c Bond  Bond
length  order length  order length  order

Ru-C1 2177 047 Ru-Cl 2182 046 Ru-Cl 2185 0.46
Ru-C3  2.126 054 Ru-C3 2126 050 Ru-C3 2124 0.50
Ru-C6 2.110 054 Ru-C6 2110 051 Ru-C6 2105 0.51
C1-C2 1.360 172 C1-C2 1356 172 C1-C2 1.356 1.72
C2-C3 1.430 123 C2-C3 1425 123 C2-C3 1425 1.23
C3-C4 1.387 145 C3-C4 1.380 148 C3-C4 1.380 1.48
C4-C5 1.406 136 C4-C5 1.407 134 C4-C5 1407 1.34
C5-C6 1.403 139 C5-C6 1.398 140 C5-C6 1.398 1.41

P-H 1.428 0.96 P-F 1.626 0.62 C=0 1.138 2.19
Ru-P  2.362 0.43 Ru-P 2.271 047 Ru-CO 1.963 0.62

PFs & — ol il 13, REINGI 2 d 12 5 3¢ e Ak 2 1] i A B
ER, Hsr eI EAEM . 1b 5 1a #HEL, Os-P SEEEEI K, BK4Ek. CO
rEHERRAEET, #F d By bS] CO M/ liE, E/3AC1A CO M
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K, B2 N B&(Table 4.2, 4.3) . PFs Fl CO #BAE NI 55 428 5 HABRR KA HAFH
AR T & B 53R R R BT = %, 43 1b A Lc ) m HL T4 R 1 23
R B E R, /N o TR R IR B (Fig. 4.4).

GBI O NEN G, EARARRIN, BB AR, £ iR K 5k
s KA Z A K(Fig. 4.2). NBO 73#r(Table 4.2, 4.4)57R, FTHRHEHIHEIAR EL
RO R B TR /N, A 48 S A ] A ELAE ARS8 o X AT RE S RN ER S5 47
[¥1 d T ANE L 7E 1a, 1b, 1c HPET I 5d HLF 51k R T TE R o B o 48, 7E 2a, 2b,
2¢c AT 4d T SRR TR o S8 A0 m 5, 5d M S INSREL SR T RIAH
HAEF S, DN Rk R B B

BT ISE AN REARGF (PPl Z A0 S0 05 B 1, BRI RATTAS B ISE 572
BRI F . 8 FRA ACID (Fig. 4.4, 4.5)F1 NICS FFf 51540 Hr e Ai1H)
7M. Xtk ACID Kl (Fig. 4.4, 4.5), AXERBL, 2a,2b, 2¢ Il n K R iFHE S
FEL %5 FE LGB La, 1b, Lc i A4 5 5 5 30 B 3 2% BE IR, 1 HHF ST i THI P 475 00
4d HLT 5 BRI EAE LG 5d F TS5 ERRAOA TLAER 85 PRs. CO BERER%
K48 53 Lk Z R B i 1 = 25 R, AR T B 58 DB IG IR T I i % &
PE. JEIEX H(Fig. 4.4, 4.5, 4.6), " LLRIL&EB AP IR HEFLIE IR T 06
FOHEIR PR R SS,  Ud IE I 51 N4 R 55 T e AT = 05 & 1k
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Figure 4.5 ACID isosurfaces of 2a separated into the ¢ and = contributions at an
isosurface value of 0.04. Current density vectors are plotted onto the ACID isosurface
to indicate dia- and paratropic ring currents. The magnetic field vector is orthogonal

with respect to the ring plane and points upward (clockwise currents are diatropic).

Table 4.5 NICS(1) Values (ppm) of 1a, 1b, 1c, NICS Values Given Before and After
/> Are Those Computed 1 A Above the Geometrical Centers of Four- and

Five-Membered Rings, Respectively.

Ligands NICS(1) NICS(1),, NICS(L), NICS(L)..
PHs 1.9/1.1 19.2/11.0 7.2/5.4 22.4/16.3
PFs 0.1/0.4 11.6/7.8 5.3/6.8 15.1/16.6
co 0.6/0.8 13.7/8.8 3.1/3.8 12.1/11.3
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Table 4.6 NICS(1) Values (ppm) of 2a, 2b, 2c, NICS Values Given Before and After
‘" Are Those Computed 1 A Above the Geometrical Centers of Four- and

Five-Membered Rings, Respectively.

Ligands NICS(1) NICS(1)., NICS(L), NICS(L),..
PHs 0.6/0.2 14.6/7.7 5.0/4.4 17.2/12.7
PFs -1.1/-05 8.4/5.3 4.4/5.6 11.9/13.3
co -0.5/0.2 10.9/6.7 1.3/2.5 9.7/9.5

Toib &8 R TR OS2 AT, AFECAKT N PG NICS, [HH FHIRAR:
M(PH3); > M(PFs3); > M(CO),o X Rl X =i A4 B 1K <5 i 5 0Bk ] 1) 19 35
BT B R /I HIBF 9: PHs < PR3 < CO. AR TREIEHR LB ISl T 52 i
(IRE Ik, AR TN TR R R, AT S . 4L
A, WA SR PR TR T 0 B0, 85 =AML T WA T e b
IE EJ7, DR PY CER NICS A8 19520 Lot 7o ER NICS EIIs2I K, iX
ARV TCIR NICS {H B & BC AR 1A [F A BORESCE T fLoc#h i) NICS fH AR
KRIJSAL . Table 4.6 T/ NICS {E#BLLXT R[¥) Table 4.5 /)y, #+2KH 5d B4
W ERRAHEAER, 472 R 4d 7530 BRckH BARE, SRS BRE 7 A B4R A
5, S9N T & B S R M EEE T % E, fRERNSENAEMAAER
PR A B, MR SR, {45 NICS (IR, 48 -HRi s gL
e ACID W] LUR -t f B 4 J8 5 50 F Rk 5 1] ARAE LA A ELAE R
UK, IRHPLE . A, B ETERE SR I HR A PR T B I
PR P LR T s A A B B B 2 BEARAR 22, BISS T T ) A e 4 1)
5 B (Fig. 4.6)0 B 78T LU MG IR T A1 4B I S 0% & ik, K3
[ 386 SR ER T M R0 S HE s e Ve HL
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total (pentalene) n-system (pentalene) o-system (pentalene)

Figure 4.6 ACID isosurfaces of cyclobutadiene and pentalene separated into the ¢ and
n contributions at an isosurface value of 0.04. Current density vectors are plotted onto
the ACID isosurface to indicate dia- and paratropic ring currents. The magnetic field
vector is orthogonal with respect to the ring plane and points upward (clockwise

currents are diatropic).

4.4 25

TRAFH 3 FEVZ R B AR S M B 5 47 T B R S S A R T
SRR BASRIET T IRNBTIC . SCIR A R, RERIE ISE ZEVHE GBI T =
1S BT SIS B, R2EBOR, A NICS. ACID X FifikE
TRIT BRI, WA BRI E Y. TR AT, BOpk T LA
WA RIS, $5I8 PHy < PRy ~ CO IS RUNIE. SINSIRET, &
JB d BUl SBIE T p T E SRR, SRR TR IR, BT
IR R 5 e, SARER T I R LA M A S 1
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o3 oy B &

[M]' = transition metal fragment
Figure 5.1 The proposed future research structures.
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