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Chapter 1

General Introduction






1.1 Fundamental chemical reactions; homolysis and heterolysis

In chemistry, bond-cleavage and bond-formation of a covalent bond are
most fundamental phenomena. We know that there are two types of process-
es—heterolysis and homolysis. Ion pairs, i.e. cation and anion, are involved in
bond heterolysis. A large number of heterolysis chemistry have been reported,
and established for application of the field of not only mechanistic study, but

also materials chemistry, organic synthesis, and biological chemistry."?

Scheme 1. Heterolysis and homolysis.

heterolysis homolysis

\ /‘\ /\\ /\\
\“‘C+ _C-‘ —_— \\‘,C—C“ —_— \“‘C. .C“

{ \ /i N\ { \
cation anion radicals

Localized singlet diradicals are key intermediates in processes involving the
bond homolysis (Scheme 1).3-® A thorough research study of the molecular
structure, electronic structure and reactivity of localized singlet diradicals is
essential to understand the mechanism of homolytic bond-cleavage and
bond-formation reactions. Subsequently, the fundamental knowledge makes
it possible to be applied to many fields of chemistry, such as material chemis-
tries, organic synthesis, and biological chemistry. The lifetime of localized
singlet diradicals, however, is quite short due to the fast intramolecular radi-
cal-radical recombination. Thus, the chemistry of localized singlet diradicals
is still developing, especially in experiments.>®'! Over the last decade, the
chemistry of localized singlet diradicals has significantly developed after the
tirst findings of spectroscopically-detectable long-lived singlet diradicals.



1.2 1,3-Diradicals

“Diradicals” is defined as the molecular species having the two odd electrons in
degenerate or nearly-degenerate molecular orbital, and produce two spin states,
namely, singlet (1]; S = 0, spin multiplicity = 1) and triplet (11; S = 1, spin multi-
plicity = 3). The singlet state and triplet state are in equilibrium with one another
through the intersystem crossing (ISC) process.

In 1975, Buchwalter and Closs reported the EPR (Electron Paramagnetic
Resonance) spectrum of cyclopentane-1,3-diyls (X = H, n=1; Scheme 2), the
observation experimentally localized 1,3-diradicals for the first time.'” In
general, the lifetime of triplet diradicals is long enough to allow the diradicals to be
detected using time-resolved spectroscopic analysis at ambient temperature and
EPR spectroscopic analysis under low temperature matrix conditions. Thus, the
chemistry of triplet diradicals has already been well investigated as reactive interme-

diates and extended to the field of material chemistry, e.g. organic magnets.'?

Scheme 2. Generation of kinetic stabilized cyclopentane-1,3-diyls and cyclobutene-1,3-diyls

which makes it possible to prolong lifetime.
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Although localized singlet diradicals is quite short-lived species, significant progress
has been achieved by the application of appropriate molecular design to the genera-
tion of detectable localized singlet diradicals. Based on the findings, the direct ob-

servation of singlet diradicals has become possible, increasing the feasibility of the
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experimental investigation of carbon—carbon bond homolysis processes as the orig-
inal goals. Borden'* and ourselves'> have computationally found a notable effect of
substituent (X) at the C2 position on the ground-state spin-multiplicity of cyclo-
pentane-1,3-diyls, S-DR1 (n = 1), and cyclobutene-1,3-diyls, S-DR2 (n = 0), apply-
ing the molecular strains. These studies clarified that there are two types of localized
singlet diradicals—type-I and type-Il (Figure 1).1?* Through-space(TS) and

E

pseudo T*cx2

TS
X
//, ‘
X X - X
?2 ‘
1 ® | pseudo-mcx, | ,
|‘ \Vs\)%‘l a
) B

Vs \ , pseudo-ncx2

pseudo-ncxo

X = electron-withdrawing group X = electron-donating group

Figure 1. Through-space (TS) interaction between the two n orbitals in the 1,3-diradicals
and through-bond (TB) interaction: orbital mixing diagram of the symmetric NBMO ¥s with
pseudo 7 orbitals, ncxe and ¥ cxa.

through-bond(TB) interactions play a crucial role in determining the reac-
tivity of localized singlet diradicals. Indeed, the disrotatory ring-closing mode is
energetically favored for type-I molecules having the electron-withdrawing group (X
= OR, F) substituents to afford bicyclo[2.1.0]pentane derivatives. The type-II mol-
ecules having the electron-donating group (X = SiR3) substituents need a high en-
ergy for the bond-formation reaction because the conrotatory ring-closing mode
produces corresponding trans-fused bicyclic compounds (Scheme 3). Thus, the

type-I molecules are suitable targets for investigating the bond-homolysis processes.

Scheme 3. Reactivity of type-I (left) and type-II (right) singlet 1,3-diradicals.

X X X X X

3 XIS X=EWG S LG X X = EDG N
A T > X
dlsrotatory ' Xv conrotatory
Vs YA trans-fused formed
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1.3 Long-lived localized singlet 1,3-diradicals

The type-I localized singlet 1,3-diradicals, S-DR1, which is generated by clean
photochemical denitrogenation reactions of corresponding azoalkane (Pn, = 1),
have been directly observed in the sub-microsecond time scale to elucidate these
features. The electron-donating group substituted diradicals, S-DR1b (Ar =
P-MeOCsHs; 1203 = 1050 ns), was found to be longer-lived than that S-DR1c¢ having
electron-withdrawing substituents (Ar = p-CN-CsHs; T203= 625 ns), even though
the radical stabilization ability of the p-CN group (oc " = 0.47) is much higher than
that of the p-MeO group (oc = 0.27).24*5 Thus, S-DR1 has the characteristics of
zwitterion, ZI, as well as radical character due to the hyperconjugation (Figure 2a).
The kinetically stabilization of S-DR1d—f was achieved by using sterically hindered
substituents and a macrocyclic system to afford extremely long-lived singlet diradi-
cals with a lifetime up to ca. 14 ps at 293 K (Figures 2b,c).26-*°

OMe
X H3CO OCH X Ar\l l/Ar Ar = @
w - o, O OMe
A o
' Ar
S-DR1a-c 1 o
. O,
a: X = H, 1993¢ ~ 320 ns h \W_Ar
H 4
b: X = MeO, to93x 1050 ns d: 03¢ ~ 5394 ns ' Aﬁ
c: X = CN, 193¢ ~ 625 ns . Ar
TS1d

Ring Strain

H3CO_ OCH; HsCO_ OCH,

B é/

Stretch Stretch Stretch Stretch

S-DR1d,e CP1d,e

€: Togak ~ 12.7 us
f: tog3x ~ 14.0 us

eR=H,f R208H17

(in benzene, 20°C)
Figure 2. (a) Thermodynamic stabilization, (b) kinetic stabilization, and (c) novel kinetic sta-
bilization (stretch effect) of localized singlet 1,3-diradicals.



1.4 Heteroatom effect onlocalized singlet diradicals: type-1/type-I11

Since the beginning of 2000, the heteroatom effect has been experimentally and
computationally found to play an important role in controlling the electronic struc-

ture and reactivity of localized singlet 1,3-diradicals.*

Type-| diradicals

R'\+/R' R\+/R f
T,P\¢ T,P\¢ < /,, \ < /, /. \
— — — — >
R—B_ /@ R RoP A_\I\P/él PR, (Ga\Tlt/Ga > (Ga\rlt/ "
/A 7\
R" R R R #
Bertrand et al. Henke et al. Doddi et al.
2002 2009 2013

Type-ll diradicals |

R R‘ ' R' R' R
@ o . . .
A N fN N
RX"XR<—>RX XR- R R RSnSnR As As
M Y 5 | W N
R’ R' : R' R’ R
Niecke et al. Cox et al. Demeshko et al.
1995 2004 2013
Ito et al.
2003

Type-I localized diradicals; B,P,, ALLP», Ge,Ga,

In 2002, Bertrand and his co-workers succeeded in isolating the singlet
1,3-diradicals of B,P; as extremely air-sensitive but highly thermally stable yellow
crystals (Scheme 4a).3! Two years later, his group also succeeded in detecting a B-B
bond formation reaction, namely, entropy-controlled thermal equilibrium reaction
between B-B o-bond and corresponding singlet diradicals (Scheme 4b).3* Both of

Scheme 4. (a) Indefinitely stable type-I singlet diradicals under ambient conditions,

(b) Thermal equilibrium reaction between singlet diradicals and B-B o-bond species.

(a) i-Pr\+/i-Pr E (b) /-Pr /-Pr iPr i-Pr
T/P\¢ : T/P\¢
t-Bu—B_ /B—t—Bu . B, B—B
Bt . B ,_ EN /_
N :
-Pri-Pr ! o e = +5.9 kJ mol” o i
yellow crystals ' S =+30.1 J K" mol”
(m.p. 212 °C)



experimental and computational research study indicated that singlet 1,3-diradicals
B,P; are classified as type-1 (HOMO = W5, LUMO = Wa).

In 2009, Henke and his co-workers isolated type-I singlet diradical AP, as a green
crystal in the reaction of AlCl and LiPt-Bu.*?

In 2013, Doddi and his co-workers reported the synthesis of an unusual molecule
with a Ge—Ge 7-single bond in the reduction of GeCl, with Ga(DDP)/KCs. The
Ge-Ge bond distance was determined to 287.14 pm, which is much longer than a
typical Ge—Ge o-bond (241 pm). The computational study of the model compound

indicated the existence of a n-single-bonding system without an additional o-bond.**
Type-II localized diradicals; C,.P2, SnuN>, P2N>, Si:N»

In 1995, Niecke and his co-workers first isolated the type-II singlet diradicals us-
ing the unique effect of heteroatoms on the stabilization of the singlet state of the
C,P; molecules (HOMO = Wa; 1.6 electrons) (Scheme Sa).* Yoshifuji and Ito
reported on the isolation of analogous C,P, molecules.® Because of the negligible
intramolecular bond-formation reactivity of the type-II molecules, several type-II
singlet diradicals were identified using X-ray crystallographic analysis (Scheme Sb).
Most recently, the observation of a metastable P-heterocyclic radical by muonium,

Mu = [p*e], addition to the singlet diradicals C,P; unit has also been reported.*®

Scheme $. Reactivity of type-II singlet diradicals C,P».

(a) Niecke et al. research3®
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1.5 Nitrogen atom effect

The Chapter 1.4 provided the chemistry of heteroatom effect on the kinet-
ically stabilized four-membered ring system singlet diradicals X,Y,. This
chapter refers to another heteroatom effects, namely, nitrogen atom effect on
the localized five-membered ring system singlet 1,3-diradicals. The elec-
tron-donating nitrogen atom makes it possible not only to increase the sin-
glet—triplet energy gap (AEsr), but also to thermodynamically stabilize the
singlet diradicals due to hyperconjugative zwitterionic resonance structure,
Z1. According to the computational study, Figure 3a illustrates how the lone
pair electrons of the nitrogen affect the energy spacing between the two
non-bonding molecular orbitals, ¥s and ¥a, whose energy spacing deter-
mines the singlet—triplet energy gap. The orbital interaction of pseudo-n
combination of 2p non-bonding AOs on the nitrogen atom (nx) with the an-

tisymmetric combination of the 2p-m AOs (W4) destabilizes the energy of Wa

(@) (b)

. ; X X
| E
" pseudo-t*gxo | b
" f’.‘\VA P : N—N_:
44 (0.52) ! , | / A
NN J X, : H H
' o OF ! S-DR3
_8/ X\ | I
pseudo-n*gxz Y —— !
X‘ \x “ ,l \U A \‘ \V A : X‘ \X
E “ Il \‘ :
< P e
/N—N\ ? K ' ;s Vs X '/N_N\@
H H DN : Y
S-DR3 'Fl-'","""t'l_ |
] > Vs / Vs X I
E=C,Si -H*J (1.48) X | x X2
\\' ' / | <
N / E\ | E
2p non-bonding AOs == X : (/ W
N | :N—N
N 1 4 \
! H H
Z12

Figure 3. (a) Orbital mixing diagram of the symmetric NBMO W5 with 2p non-bonding
atomic orbital, ny. The effect of nitrogen atoms on increasing the energy difference between

Wsand Wa, (b) possible zwitterionic resonance structures of singlet diradicals, S-DR3.



but stabilizes the lone pair of electrons nn. As a consequence, the orbital in-
teraction increases the energy difference between ¥s and Wa and pulls down
energetically the singlet state below the triplet state.’” Indeed, CASSCF cal-
culations clarified that the occupation number in ¥s (HOMO) was 1.48 elec-
trons and W4 (LUMO) occupied 0.52 electrons within 2.00 electrons.’® Ex-
perimental studies on the generation, detection and reactivity of localized
singlet 1,2-diazacyclopentane-3,5-diyl derivatives has also been reported.?®>?
The singlet diradicals S-DR1a quantitatively react to afford the o-bonded
species CP1a (Scheme 6a). This intramolecular radical-radical recombina-
tion is nothing special, because o-bonded species are generally more ener-
getically favorable than the corresponding singlet diradicals. The localized
singlet 4,4-dimethoxy-1,2-diazacyclopentane-3,5-diyls S-DR4a, however,
does not afford the o-bonded species CP4a, but alkoxy-group migrated spe-
cies (Scheme 6b). The theoretical prediction regarding S-DR4 is no doubt
that the singlet diradicals S-DR4a is energetically more stable than the
o-bonded species CP4a, even though experimental findings are still insuffi-
cient. Therefore, the goal of this study was to clarify the characteristics and
reactivity of localized singlet 4,4-dialkoxy-1,2-diazacyclopentane-3,5-diyls,
S-DR4, experimentally.

Scheme 6. Nitrogen atoms effect on the localized singlet 1,3-diradicals.

(a) previous study (M, Abe et al. Chem. Soc. Rev., 2012, 41, 3808-3820.; Chem. Rev. 2013, 113, 7011-7088.)
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N
Ph
AZ1a S-DR1a CP1a
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(b) nitrogen atom effect (2006—present)
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Chapter 2

Thermal Equilibrium

Reaction (fast process)






2.1 Direct detection of an equilibrium between a localized singlet

diradicals and its o-bonded species’

As already discussed in Chapter 1, for the last few decades, the long-lived
localized singlet diradicals S-DR1 (up to 14 ps at 293 K, Anax = 580 nm; See
Chapter 1.3) and S-DR4 (up to 10 ms at 293 K, Anx = 650 nm) were de-
signed and generated through the photodenitrogenation of corresponding
azoalkanes.'™ The singlet diradicals S-DR1 quantitatively produced the
o-bonded species CP1 despite introducing the electronic and steric effects.
Thus, the formation of CP1 is reasonable, given that o-bonded species are
energetically more stable than the corresponding singlet diradicals; AEpr-ce
= +62.76 k] mol! at the (U)B3LYP/6-31G(d) level of theory.® The large en-
ergy difference between S-DR1 and CP1 made it impossible to investigate in
more detail the C-C bond-homolytic process. On the other hand, photoly-

Scheme 7. Generation of 4,4-dimethoxy-1,2-diazacyclopentane-3,5-diyls, S-DR4, and its re-

activity.
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sates isolated from photodenitrogenation of the azoalkane AZ4a in non-polar
toluene were two types of alkoxy-group migrated species MGco4aa (70%)
and MGc4aa (30%), even though o-bonded species CP4a was the expected
product (Scheme 7).* Therefore, the chemistry of the singlet diradicals
S-DR4 has a significantly potential for having a clue to elucidate the homo-
lytic process. In Chapter 2, a thermal equilibrium reaction between S-DR4
and CP4 was found for the first time using nanosecond (ns) time-resolved
spectroscopic analyses of the photochemical denitrogenation of AZ4. The
simultaneous detection of S-DR4 and CP4 made it possible to determine the
equilibrium constant K (=[CP4]/[S-DR4]) for the homolysis step, and in-
vestigate in more detail the character of the localized singlet diradicals.

To begin with, laser flash photolysis (LFP) experiments were conducted for the
photodenitrogenation of AZ4a (X = Y = H). Interestingly, a dual decay process for
S-DR4a at Anax = 650 nm—one fast (kpe = 1.42 x 10°s7!) and the other slow (kgow =
9.3 s7!) at 293 K, was found in toluene using a Nd: YAG-OPO laser (Aexc = 430 nm,
3—4 m]J per pulse, 15 ns width; Figures 4,5). A mechanism which explains this ob-
served phenomenon is proposed to involve the fast equilibrium reaction between
S-DR4a and CP4a; fast process, and a slow decay process to give MGco4a and
MGc4a; slow process. Hence, the rate constants, krst and ksiow, can be expressed by the

respective rate constants for the formation of CP4a (kce), S-DR4a (kpr), and

008 1 1 1 1 1 1 1 1 1

= 0.2 ps

0.061
8 0.041

0.02+

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4. Transient absorption spectra for S-DR4a obtained after laser flash photolysis of
azoalkane AZ4a (\exc = 430 nm, 3—4 m]J per pulse, 15 ns width; AZ4a: \nax = 416 nm green
dashed line ) at 293 K in toluene.
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alkoxy-group migrated products (kmc). The equilibrium constant (K) can be ex-
pressed by K = kcp/kpr (Scheme 7; Egs. 1-3). While S-DR4a appeared in the visible
region, it was the only detectable species by UV/Vis spectroscopic analysis. There-
fore, further knowledge regarding the molecular structure during transient decay
trace is essential for determine that fast process is the thermal equilibrium reaction
between S-DR4 and CP4; bond-homolytic process.

(a) fast process (~ us) (b) dual decay process (us ~ ms) (c) slow process (~ ms)

fast process
(ws) 0.05+

AOD

slow process

[ [

0I 5I 1(‘) 1;3 2‘0 [’) OI.5 "] 1‘.5 I2 (’) 2;)0 4(‘)0 6(‘)0 8(‘)0 10‘00
time / s time / ms time / ms
Figure S. (a) Transient decay trace of fast process of S-DR4a (Aops = 650 nm); equilibrium
constant K = [CP4a]/[S-DR4a], (b) transient decay trace of S-DR4a; observable dual process
time scale, and (c) transient decay trace to give alkoxy-group migrated species MGco4a and

MGc4a in toluene at 293K.

To gain further information on the mechanism of the dual decay process of
S-DR4a, time-resolved infrared (TR-IR) spectra, in the C=O stretching region,
1650-1840 cm™, were measured after 266 nm photolysis of AZ4a in acetonitrile
(2.5 mJ cm™, 2 Hz, 10 ns pulse width) in the 0-20 ps time window, using a
home-built TR-IR spectrometer (Figure 6a). This experiment was performed by
professor Ishibashi and his co-workers in Tsukuba university (Ibaraki). The bleach-
ing of the signals at 1745 cm™ was observed immediately after the LFP of AZ4a
(Figure 6¢). The bleached band is assigned to the asymmetric stretching of the two
C=0 groups in AZ4a, consistent with the frequencies in the steady-state IR spec-
trum of AZ4a. The quantum yield for the photodenitrogenation of AZ4a was de-
termined to be 0.97 in acetonitrile. The high quantum yield confirms that the ob-
served negative signals in Figure 6a originate from the efficient consumption of
AZ4a. Thus, the photodenitrogenation process was found to occur within the time
response of the TR-IR spectrometer (< 35 ns). New bands appeared simultaneous
with the bleaching of AZ4a. The higher wavenumber band at 1756 cm™ decayed
with a rate constant ke~ 2.2 x 10° 57 at 294 K (Figure 6¢); the band is assigned to
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S-DR4a (Figure 6b). The decay profile and rate constant were in agreement with
those determined by transient absorption spectroscopy of S-DR4a in acetonitrile;
kiast= 2.5 X 10% s7' at 294 K (estimated kecat 294 K from the slope and intercept of
the Arrhenius plot). A band at 1736 cm™! was observed to grow along with the fall of
the S-DR4a peak at 1756 cm™ (Figure 6¢c). The rate constant associated with this
growth, kgowth = 2.4 x 10° 57!, was consistent with the rate constant for the decay of
S-DR4a (1756 cm™). Hence, the species corresponding to the band at 1736 cm™ is
likely to be the primary product from S-DR4a. The alkoxy-group migrated species
MGco4aa is one of the candidates for the signal at 1736 cm™'. The C=0O bond
stretching mode of MGco4aa, at 1725 cm™, however, is inconsistent with this rising
signal. Therefore, the band at 1736 cm™ was assigned to CP4a, which was not ob-
served by transient absorption spectroscopy over the wavelength range probed by
our spectrometer (Figure 6). This assignment is confirmed by vibrational calcula-
tions performed using the complete active space multi-configuration self-consistent
field (CASSCF) method.

The model species S-DR, AZ, and CP were calculated at the CASSCF(6,6)/4-31G
level of theory using the Gaussian 09 suite of programs (top Figure 6 ). At this level
of theory, the singlet state was calculated to be more stable than the triplet state;
AEst = 24.7 k] mol™. The calculated resonance frequencies of the asymmetric
stretching modes of the C=0O moieties were in the following order: vc-o for S-DR
(1953 cm™) > ve-o for AZ (1950 cm™) > vc-o for endo-CP (1948 cm™) > vco for
exo-CP (1932 cm™). The higher frequency of the singlet diradical S-DR is rational-
ized by its zwitterionic resonance structure, in which the lone pair of the electrons
delocalizes to the diradicals moiety as shown in S-DR4a. Meanwhile, the lone pair of
electrons are delocalized into the carbonyl groups as shown in CP4a and AZ4a (left
Figure 6). Therefore, the resonance frequency of the C=0 in S-DR4a should be
higher than those of AZ4a and CP4a; vc-o for S-DR4a > vc-o for AZ4a ~ vc-o for
CP4a. The predicted order was consistent with that observed from the TR-IR
measurements (Figure 6). These experimental, including transient absorption spec-
troscopic analysis, and computational studies clarified what fast decay process for
S-DR4a corresponds to, namely, thermal equilibrium reaction between the localized
singlet diradicals and its o-bonded species. There is no question that fast decay pro-
cess for S-DR4a is C-C bond-homolytic process, so that the findings on the elec-

tronic structure and reactivity of S-DR4 are described from the next chapter.
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Figure 6. Resonance structures of S-DR4a, AZ4a, and CP4a (lower left). CASSCF(6,6)/4-31G
calculated vibrational frequencies. Values in parenthesis are scaled by 0.903 (top). (a) TRIR
difference spectra over 1650-1840 cm™ obtained after the LFP of AZ4a (Aexc= 266 nm, 2.5 mJ
cm?, 2 Hz, 10 ns pulse width) at 294 K in acetonitrile. Dots are observed data and lines are the
results of global fitting analysis. The analysis was conducted assuming that each of AZ4a,
S-DR4a, and CP4a has two vibrational bands (symmetric and asymmetric C=0 stretching) with
Gaussian shapes and concentrations varies in accordance with kinetic Scheme [Scheme 7]. (b)
IR spectra for AZ4a, S-DR4a, and CP4a estimated by fitting. (c) Temporal profiles for the
concentrations of S-DR4a, CP4a, and AZ4a by fitting.
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2.2 Electronic structure of singlet diradicals
2.2.1 Effect of substituent on stability of singlet diradicals

The aryl-symmetrically and asymmetrically substituted azoalkanes, AZ4a—j (Anax =
416 nm, £ = 455 L mol! cm™), which were precursors to S-DR4a—j, were synthe-
sized to investigate the characteristics of S-DR4, as well as their reactivity (Scheme 7,
See experimental section; as for syntheses). The transient absorption spectra in the
photochemical denitrogenation of AZ4a—j were measured in toluene using a laser
flash photolysis (LFP) method based on a Nd: YAG-OPO laser (Aexc = 430 nm, ca. 3
mJ, 15 ns width, Figures 7,8). As shown in Figure 7, the absorption maxima of all the
S-DR4 were observed at around 650 nm which is the typical absorption wavelength
for singlet diradicals.>” The species was not quenched by molecular oxygen. The
absorption maxima of the aryl-asymmetrically substituted singlet diradicals,
S-DR4h,j were slightly red-shifted from 650 to 675 nm. As described in Chapter 2.1,
the time profile of the decay traces of S-DR4 demonstrated that the S-DR4 has dual
fall process—fast and slow (Scheme 7 and Figures 4,5). From the equilibrium con-
stant K (= kcp/kpr) and rate constant kg (= kcp + kpr) (Figure 8), the respective
rate constants of kcp and kpr were determined as shown in Tables 1,2 (Egs. 1,2 in

Scheme 7, Van’t Hoff and Eyring plots are shown in Experimental section 2.4).

0.15 1 1 1 1 1 1 1 1 1 1

—— S-DR4j (CN,H)

—— S-DR4h (OMe,Br)
S-DRA4f (Br,Br)

= S-DR4b (OMe,OMe)

—— S-DR4d (FF)

—— S-DR4c (Me,Me)

— S-DRda (H,H)

0.1 4

0.05 1

Normalized AOD

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 7. Transient absorption spectrum of S-DR4a-j (p-X, p-Y), generated from azoalkanes
AZ4a-j (p-X, p-Y) by photolysis in toluene at 293 K.
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Figure 8. Transient decay traces of the aryl-symmetrically substituted singlet diradicals,
S-DR4a-g (Ao»s = 650 nm) in toluene at 270 K; (1) p-CN-C¢Hy, (2) p-Br-CsHy; orange line,
(3) p-Cl-CgHy, (4) p-MeO-CsHy, (S) p-Me-CgHy; green line, (6) p-F-CsHy, and (7) p-H-CsHa.

The bond homolysis nature and the characteristics of S-DR#4 are further discussed
in the following Chapter (Chapter 2.2.2-2.2.4). The values of logK, logkce, and
logkpr were plotted against the Brown—Okamoto parameters, o,” %, Creary’s radical
stability parameter, oc” ° (effect of substituent) and the empirical solvent parameter,
E1(30) '°(effect of solvent), respectively (Figures 9-14). These knowledges were

very useful to understand nitrogen atom effects on the singlet 1,3-diradicals.

2.2.2 Effects of substituent and solvent on equilibrium constant K

As shown in Figure 9a, the Hammett-type plots of logK both in toluene and
acetonitrile exhibited reverse V-shaped lines, with the slope; Hammett reac-
tion constant, p = 0.50 (R? = 0.99) for S-DR4a-d and p = -4.23 (R? = 0.99)
for S-DR4a,e,f. The singlet diradicals are thermodynamically stabilized by
introducing both the electron-donating group S-DR4b-d (X = Y = MeO, Me,
F) and the electron-withdrawing group S-DR4e,f (X =Y = Cl, Br) at the para
positions of the phenyl rings. Especially, the equilibration of S-DR4g (X =Y
= CN) with CP4g was not observed (Figure 8-1), indicating that the singlet
diradicals are well stabilized by the cyano group (X = Y = CN). The reverse
V-shape of the Hammett-type plots is a typical example of the substituent ef-
fect on benzyl-type radicals.!' Interestingly, the slope (p) for the elec-
tron-withdrawing group substituted S-DR4e,f (X = Y = Cl, Br) is negatively
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larger than that for the electron-donating group substituted S-DR4b-d (X =
Y = MeO, Me, F), suggesting that S-DR4 are highly stabilized by the elec-
tron-withdrawing group substituents (Figure 9a). The trend in the substitu-
ent effect is very different from that for S-DR1, in which the singlet diradicals
substituted with the electron-donating group were well stabilized than those
having the electron-withdrawing groups.>*® The equilibrium constant K of
the polar acetonitrile was found to be smaller than that of the non-polar tol-
uene, suggesting that the singlet diradicals has a small but certainly signifi-

cant zwitterionic character which is stabilized by a polar solvent (Scheme 8).
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Figure 9. Hammett-type plots with a) 0, and b) oc " for the logarithm of equilibrium constant

(logK); blue; toluene, red; acetonitrile, respectively.

The features of S-DR4 were further assessed by plotting logK against the
radical stability parameter oc ' (Figure 9b). As suggested by the Ham-
mett-type plots, a good correlation was found for S-DR4a-d substituted with
electron-donating groups, p = -1.11 (R? = 0.92). Whereas, the plots for
S-DR4e,f substituted with the electron-withdrawing groups (X =Y = Cl, Br)
were placed below the linear correlation observed for the case substituted by
the electron-donating group. The stability of singlet diradicals substituted
with electron-withdrawing groups S-DR4e,f is much larger than that of ex-
pected from radical characteristic, indicating that the benzylic carbon has an
anionic characteristic as suggested by the reaction constant for the Ham-
mett-type plot; logK versus o,". Thus, the singlet diradicals, S-DR4, possess

the zwitterionic characteristics, such as ZI2 (Scheme 8).'2
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Scheme 8. Possible resonance structures to express the electronic structure in singlet

4,4-dimethoxy-1,2-diazacyclopentane-3,5-diyls S-DR4.
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To gain further information on the characteristics of S-DR4, the effect of
solvent on the equilibrium constant K was examined in various solvents (Ta-
bles 1,2, Figure 10). The logarithms of the equilibrium constants for
S-DR4a,b,f (X =Y = H, MeO and Br), logK, were plotted against a solvent
parameter Er(30). As shown in Figure 10, even though the effect of solvent is
small’?, the slope is 0.020-0.036, with the solvent parameters being highly
correlated with logK except in the DMF case. The equilibrium constant K
slightly decreases as the solvent polarity increases. Thus, the effect of solvent
of the thermodynamic stability on the singlet diradicals was larger than that
of the corresponding o-bonded species, CP4. The effect of solvent is con-
sistent with the correlation between the equilibrium constant K and the 0,7,
oc’, demonstrating that the singlet diradicals, S-DR4, exhibit the zwitterionic
characteristic. The effect of the solvent on the electron-withdrawing groups
(X =Y = Br) was slightly larger than that on the electron-donating groups (X
=Y = MeO), as indicated by the slopes of the plots in the following order;
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~0.036 (Br) < -0.027 (H) < -0.020 (MeO). This result supports that the
electron-withdrawing substituents increase the zwitterionic resonance struc-
ture, such as ZI2 which possesses anionic characteristics at the benzylic posi-
tion. According to the observed solvent effect, the contribution of the reso-
nance forms of ZI1 and ZI4, in which the cation charge, appears at the ben-

zylic position appears to be low. To further elucidate the zwitterionic reso-
ylic p PP

05 ! ' :
- p=-0.026 + 0.001
THF 2=
Acetone / (R™=0.98)
0 ACN -
DMF
X E'S
8-05- g ! i
p=—-0.020 +0.001
& (R?=0.97)
1 / #
o p-H-CgH, p=-0.036 +0.004 B
—=— p-MeO-CgHy (R?=0.77)
—a— p-Br-CgH,
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30 35 40 45 50

Er(30) /kcal mol"

Figure 10. Correlation between the logarithm of equilibrium constant (logK) and the sol-
vent parameter Er(30) for the equilibrium reaction between S-DR4 and CP4; green:
p-H-CeHs, red: p-MeO-CsH, and blue: p-Br-C¢H,. Abbrev.; toluene = Tol, tetrahydrofuran =
THEF, acetone = ACE, and N,N-dimethylformamide = DMF .

nance structures in S-DR4, the aryl-asymmetrically substituted singlet dirad-
icals S-DR4h (X = MeO, Y = Br) was generated in photodenitrogenation of
azoalkane AZ4h, in which the electron-donating (MeO) and elec-
tron-withdrawing (Br) substituents were introduced at the para position and
examined by means of laser flash photolysis method (Table 1: entries
3,4,11-14). In both toluene and acetonitrile, the equilibrium constants
Kweo,s: were found to be 0.41 in toluene and 0.19 in acetonitrile, which were
nearly the same as the values obtained for X =Y = Br, Kg;s: = 0.39, 0.13 at
270 K, respectively, but differed greatly from those for X = Y = MeO,
Kmeomeo = 0.60, 0.36. The notable effect of substituent evidently indicates
that the contribution to the zwitterionic resonance structure, ZI1, is not re-
sponsible for stabilizing the singlet diradicals S-DR4. As suggested by the ef-
fect of solvent, the zwitterionic resonance structure, ZI2, is thought to con-
tribute to the stabilization of the singlet diradicals S-DR4. In addition, the

minor effect of the methoxy group on Kwmeos: suggests that the contribution
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of ZI4 is small, because the unpaired electrons of the nitrogen atoms effec-
tively stabilize the benzylic cation to possess ZI3. The observed substituent
effect on S-DR4 were very different from those on the singlet diradicals
S-DR1, which are more stabilized by the electron-donating substituents than

by the electron-withdrawing groups.3*®

2.2.3 Effects of substituent and solvent on ring-closing process kcp

To gain a further insight into the electronic characteristics of S-DR4 and its
reactivity in the o-bonded formation process, the effect of substituent on the
ring-closing reaction rate constants (kcp) was examined using Hammett-type
plots (Figure 11). Surprisingly, the ring-closing reaction rate for S-DR4b,c
substituted the electron-donating groups (X = Y = MeO, Me) were faster
than that of S-DR4a (X =Y = H), even though S-DR4 was more energetically
stabilized by introducing electron-donating substituents compared to CP4
(Figure 11a). Indeed, the equilibrium constant K for S-DR4b,c was smaller
than that for S-DR4a. In contrast to the interesting substituent effect on kcp,
the electron-withdrawing group decelerated the ring-closing reaction (Table
1: entries 9-12). The negative reaction constants p; —0.13 in toluene and
—0.45 in acetonitrile, in the Hammett-type plots, logkcp versus o,*, demon-

strate that the ring-closing reaction is accelerated by the electron-donating

(a) (b)
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5.8 MeO slope = -0.45 +0.05 L 58 MeO |
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Figure 11. Hammett-type plots with (a) ¢," and (b) oc ~ for the logarithm of ring-closing re-

action rate constant (logkce); blue; toluene, red; acetonitrile, respectively.
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substituents (Figure 11a), indicating that the benzylic carbon is more posi-
tively charged in the transition state than S-DR4. Indeed, the ring-closing
reaction was highly dependent on the solvent polarity for the elec-
tron-donating substituted S-DR4b (X = Y = MeO) (Figure 12). In contrast,
the ring-closing reaction rate for S-DR4e,f (X = Y = Cl, Br), into which the
electron-withdrawing group was substituted, were slower in polar acetonitrile
than in non-polar toluene. A linear correlation for kcp versus oc’ was ob-
served for S-DR4 substituted with the electron-donating group, p = 1.11 (R?
= 0.95) (Figure 11b). Nevertheless, the data for the case in which the elec-
tron-withdrawing groups was substituted was found to deviate from the line-
ar correlation observed for the case substituted by the electron-donating
groups. These results evidently suggested that S-DR4 substituted with elec-
tron-withdrawing group has a significant characteristic of zwitterion such as
Z12, as is the case in discussion concerning the effects of substituent and
solvent on equilibrium constant K (Scheme 8 and Chapter 2.2.2). Based on
the observed substituent and solvent effects on kcp, the energy profile for the
ring-closing process from S-DR4 to CP4 is shown in Scheme 9 (See Chapter
summary 2.3). The curved arrows in TS4pr cp describe the electron move-
ment from S-DR4 to CP4 via TS4, because the singlet diradicals S-DR4 has
the characteristic of zwitterions ZI2 and ZI3. The benzylic carbon gradually
becomes positive during the bond formation reaction. Therefore, the elec-

tron-donating groups accelerate the ring-closing reaction (Figures 11,12).

6 1 1 1
p=0.030 +0.001 ACN

- Acetone
(R*=0.97) \ THE
5.5 Tol o DMF B
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# (R?=0.76) s
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O Pty p=-0.0058 + 0.0032
—a— p-MeO-CgH, N
—A— p-Br-CgH, (REOE)
45 : . r
30 35 40 45 50

E(30) /kcal mol!

Figure 12. Correlation between the logarithm of ring-closing reaction rate constant (logkce)
and the solvent parameter E1(30) for the equilibrium reaction between S-DR4 and CP4;
green: p-H-CcH,, red: p-MeO-CsH,4 and blue: p-Br-CsHa,.

25



The transition state being more highly charged than S-DR4 explains the ef-
fect of the polar solvent on the acceleration of the ring-closing reaction for
S-DR4, substituted by the electron-donating group (Scheme 9). In contrast
to the rate acceleration induced by the electron-donating groups, the decel-
eration was observed for the singlet diradicals S-DR4 substituted by the
electron-withdrawing group, S-DR4e,f (entries 9-12 in Table 1, Figures
11,12). The notable substituent effects can be rationalized by the contribu-
tion of the zwitterionic resonance structure, ZI2, in S-DR4, which is well
stabilized by polar solvents such as acetonitrile, increasing the energy barrier
for the formation of CP4 (Scheme 9). During the bond formation, the nega-
tive charge on the benzylic carbon decreases to decrease the stabilization of
transition state, TS4, by the electron-withdrawing substituents. Thus, the
ring-closing rate constant in a polar solvent is smaller than that in a

non-polar solvent (Figures 11a,12).

2.2.4 Effects of substituent and solvent on ring-opening process kpr

Next, the substituent and solvent effects on the ring-opening rate constant
(kpr) were also examined by the Hammett-type plots using o," and oc”™ pa-
rameters to understand the homolytic bond-breaking process (Tables 1,2 and
Figures 13,14). First, the relation between o," and the ring-opening rate con-

stant logkpr was investigated (Figure 13a). Both the electron-donating and
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Figure 13. Hammett-type plots with a) ¢," and b) oc " for the logarithm of ring-opening reac-

tion rate constant (logkpr); blue; toluene, red; acetonitrile, respectively.
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electron-withdrawing groups accelerated the ring-opening reaction (V-shape
plot). Thus, the reaction constant (p) for S-DR4a,e,f, substituted by the
electron-withdrawing group, was found to be 2.9 (R? = 0.91) in toluene and
2.4 (R? = 0.94) in acetonitrile, respectively. The reaction constant p for the
S-DR4a-—c, substituted by the electron-donating group was observed to be
~0.63 (R? = 0.97) in toluene and -0.79 (R? = 0.98) in acetonitrile, respec-
tively (Figure 13a). These results clearly indicate that the transition state,
TS4, possesses a radical character, compared to CP4 (Scheme 9). The radi-
cal stabilization effect that accelerates the ring-opening process was also
proven by the good positive linear correlation of logkpr with oc’, the reaction
constant; p = 1.5 (R? = 0.96) in toluene and p = 1.8 (R? = 0.90) in acetoni-
trile (Figure 13b). Consistent with the radical character of the transition
state, the solvent effect for kpr was found to be small (Figure 14). Interest-
ingly, the plotted data for the electron-withdrawing groups (X = Y = Cl, Br)
were placed slightly above the linear correlation observed for the elec-
tron-donating groups (Figure 13b). The phenomenon is also explained by
the zwitterionic characteristic of ZI2 in S-DR4e,f, in which the anionic char-
acteristic exists in the benzylic carbon. To obtain further information on the
ring-opening reaction, we also investigated the correlation between logkpr
and the solvent parameter Er(30) (Tables 1, 2 and Figure 14). Although the
solvent effect was small'?, a good linear relation which gave a positive p value

was obtained for log kpr with the solvent parameters.
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Figure 14. Correlation between the logarithm of ring-opening reaction rate constant (logkpr)
and the solvent parameter Er(30) for the equilibrium reaction between S-DR4 and CP4; green:
p-H-CsH,, red: p-MeO-C¢H, and blue: p-Br-CsH..
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2.3  Chapter summary

This chapter originated with the direct detection of a thermal equilibrium
reaction between the localized singlet diradicals and its o-bonded species,
and focused on the electronic characteristics of the localized singlet
4,4-dialkoxy-1,2-diazacyclopentane-3,5-diyls, S-DR4, and its reactivity in the
o-bonded formation process. As shown in Scheme 9, S-DR4 possess both char-
acteristics of diradicals and zwitterion, which play an important role in determining

the reactivity of the localized singlet diradicals.

Scheme 9. Homolytic ring-closing reaction of singlet diradicals S-DR4 and homo-/heterolytic
ring-opening reaction of its c-bonded species CP4.
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2.4  Experimental section

Laser Flash Photolysis Measurements

The concentration of samples was adjusted to an optical density of ca. 0.50
at the excited wavelength (430 nm). The excitation source for the LFP sys-
tem was a tunable Nd: YAG-OPO laser that produces a 15 ns pulse of 3-4 m]
at 430 nm (LOTIS TII: LS-2145STF, LT-22140P0O). The monitoring system
consisted of a 150 W xenon lamp as light source, Unisoku-MD200 mono-
chromator and a photomultiplier. The temperature was controlled with a

CoolSpek USP-203-B (Unisoku).

500 L L

400+

300+

200+

-
o
s

Absorption coefficient (g)
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Figure 15. UV-vis absorption spectrum for the azoalkane AZ4a in toluene at 298 K.

Scheme 10. Nano second time-resolved transient absorption measuring system.
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Figure 16. Correlation between (a) logK, (b) logkce, and (c) logkpr and the other solvent pa-
rameter *'* for fast process (S-DR4 2 CP4), respectively; green: p-H-CsH, red: p-MeO-CsHs,
blue: p-Br-CsH..
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Van’t Hoff and Eyring plots: fast process

By fitting with the first-order equation [y

a; + a3 exp(— t/as)] against

transient decay trace of fast process, the equilibrium constant K which can be

expressed by K = kcp/kpr, and respective rate constants of kcp and kpr were deter-
mined; a;= [CP4], a3= [S-DR4], and a4= lifetime. The respective activation

parameters were derived using the following equations (a)-(y).

Van’t Hoff equation: InK =- AH*/(RT)+ AS*/R
Ink =1nA - E,/(RT)
In(k/T) = In(xks/T) -AH*/(RT)+ AS*/R

Arrhenius equation:

Eyring equation’s:

* AZ4a (p-H-CsH,4) in toluene

...................................

...............................................

-----------

0.5 - 8
o b0 7 e y =-4535.38x+ 23.50
A | R = 0.999
0.4 R 3 L “m
v .. = g
= y=-222.82x+1.27 z s h S
03 | R?=0.923 s y=-4312.55x+22.24 e W
: . R?=0.999 . e
) ~m
| ®&DR (CP—DR) -
BkCP (DR—CP)
0.2 T T T 1 3 . . . .
0.0035 0.0037 0.0039 0.0041 0.0043 0.0035 0.0037 0.0039 0.0041 0.0043
T1/K! T/ K1
* AZ4a in acetonitrile
0 : : : ‘ 8 -
0.0035 0.0037 0.0039 0.0041 0.0043 ..
0.1 1 MR y =-3637.85x+20.78
1 R? =0.999
0.2 ; 7 LN
0.3 - 0. L .
" £ g L T
0.4 b 4
g = y =-4403.86x+23.31
o5 o R2=0.999 . *
0.6 - y =-766.01x+ 2.52 ¢ kDR (CP—DR) "W
: R?=0.980 ’
M kCP (DR—CP)
-0.7 1 g 4 ‘ ‘ ‘ .
0.0035 0.0037 0.0039 0.0041 0.0043
-0.8 - T1/K! T1,K1

34




* AZ4ain acetone
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* AZ4b (p-MeO-CsHy4) in toluene
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* AZ4b in tetrahydrofuran (THF)
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* AZ4c in acetonitrile
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* AZ4e (p-Cl-CsH4)in toluene
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* AZ4f in acetonitrile
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* AZ4h (p-OMe-CsHs, p-Br-CsHs)in toluene
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Scheme 11. Syntheses of azoalkanes AZ4a-n.

Method A (Aryl-group substituent)
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A Typical Procedure I
(Method A: Aa-j > PZa-j)

O

(0] (@] (@]
MeO MeO MeO OMe
A

A 300 mL three-necked round-bottom flask was charged with 60% suspen-
sion of sodium hydride in mineral oil (1.08 g, 45.0 mmol, 1.5 eq.), methyl
4-methoxybenzoate (4.97 g, 30.0 mmol, 1.0 eq.), and dried THF (40 mL).
The solution of 4’-metoxyacetophenone (4.58 g, 30.5 mmol, 1.0 eq.) in dried
THF (40 mL) was added to the flask and stirred overnight at room tempera-

ture. The reaction mixture was poured into iced 1M HCI and the precipitate
was filtered, washed with iced water, and evaporated with vacuum pump to
remove water. The pale yellow solid was recrystallized from THF and 2.68 g
(9.4 mmol, 30 %) of A was afforded. '"H NMR (400 MHz, CDCl;) of A: §
3.88 (s, 6H), 6.73 (s, 1H), 6.98 (m, 4H), 7.96 (m, 4H)

PhSeSePh (0} (0]
S205(NHy),
O O weor [ Jud Sl
MeO OMe THF MeO OMe

To a solution ofA (2.68 g, 9.4 mmol, 1.0 eq.) and diphenyl diselenide (1.47
g, 4.7 mmol, 0.5 eq.) in MeOH (100 mL) and dried THF (100 mL) was
added ammonium peroxydisulfate (4.3 g, 18.8 mmol, 2.0 eq.). The resulting

mixture was refluxed at 75°C overnight. The reaction mixture was poured
into iced water, extracted with CHCls, dried with MgSOy, and filtered. After
evaporation of the solvent, 4.93 g (crude) of B as yellow oil.
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Hydrazine * H,O MeOOMe
MeO OMe CHCl, v )
OMe N—N

PZb
To a solution ofB (4.93 g) in CHCl; (75 mL) was added hydrazine hydrate
(0.87 g, 17.2 mmol, 1.2 eq.). The mixture was refluxed for 12h, chilled, and
added 1M HCI aq. After brief stirred, filtration, extracted with NaHCO3; aq.
(15 mL x 3), dried with MgSOy, and filtered. After evaporation of the solvent,
crude material was obtained. 'H NMR (400 MHz, CDCl;) of PZb: § 3.05 (s,
6H), 3.89 (s, 6H), 7.01 (m, 4H), 8.22 (m, 4H)

MeO

A Typical Procedure II
(Method B: N,N’-carbonyl diimidazole > PZk-n)

(0]
n- propanol J\
/> N" OCsH
(\/’ O neat (N; o
C
A 100 mL flask was charged with N,N’-carbonyl diimidazole (3.00 g, 18.5
mmol, 1.0 eq.) and n-propanol (4.2 mL, 56.0 mmol, 3.0 eq.). After stirring
the reaction mixture for 9h at room temperature. The solution was extracted

with water and chloroform, and organic layer was dried with MgSO,. After

filtration and evaporation, C (crude) was obtained.

(0]
(0]
J\ Hydrazine*H,O
HoN
(/:1’\1 OC3H; 2 NJ\OC3H7
N= H
C D

A solution of C and hydrazine hydrate (1.1 mL, 22.7 mmol) was refluxed at
100°C for 28h. After the reaction was completed, MgSO, was added to the

reaction mixture, filtered, evaporated, and then D (crude) was obtained.
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o)
HoN J\ M3SOs \(N\ J\
H

\” OCH7  acetone
D E
D (crude) was stirred with MgSO, (3.20 g) in acetone (80 mL) at room

temperature for 22h under dry nitrogen. The crude reaction mixture was fil-

tered and concentrated to give E as pale yellow oil.

0 AcO OC3H7
g Pb(OAc), M
N ~
= N OC3H7 N\\ o
H CH,Cl, N
E F

The solution of E (3.12 g, crude) in CH,Cl, (40 mL) was added over 30min
to the flask charged with lead tetraacetate (5.94 g, 13.4 mmol) in CH,Cl, (48
mL) at 0°C under dry nitrogen. After the addition, the solution was kept in
the ice bath for 2h and then at room temperature overnight. After filtration
through celite, the solution was washed with 10% NaHCOj3 aq (20 mL x 4)
and organic layer was dried with MgSO4. After filtration and evaporation,

yellow oil containing desired oxazoline F was obtained.

AcO OCzH; n-propanol CzH;O OC3H;
TFA(cat.) N o

}ll* CH,Cl, N«#

F G

A solution of F (2.93 g, crude) and n-propanol (3.00 mL) in dried CH,ClL
(20 mL) was acidified with catalytic trifluoroacetic acid (0.0087 mL). After
refluxing for 17h under dry nitrogen, the solution was extracted with 10%
NaHCO; aq. (20 mL x 3). Separation of the organic layer, drying with
MgSOy, and filtration resulted in a solution of the desired oxadiazoline G in

CH,CL. Evaporation of the solvent and purification of the residue by column
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chromatography on SiO; (hexane / EtOAc = 10 / 1 (v/v)) afforded G (2.37
g, S step: 59%) as colorless oil. Ry = 0.60 (hexane / EtOAc =10 / 1 (v/v));
'H NMR (400 MHz, CDCl5): § 0.94 (t, J = 7.3 Hz, 6H), 1.53 (s, 6H), 1.64
(sixt, ] = 7.2 Hz, 4H), 3.56-3.72 (m, 4H).

C3H,0 OC3H;

N—N
Ph— —Ph  CsH/O_OCsH;
N=N Ph Ph

N (6]
\\
N* \
benzene N—N

G PZk

The pressure-resistant test tube was charged with 3,6-diphenyl-tetrazine
(0.509 g, 2.14 mmol, 1.0 eq.) and the solution of G (0.462 g, 2.14 mmol, 1.0
eq.) in dried benzene (5.15 mL). The reaction mixture was stirred at 120 °C
overnight under dry nitrogen and chilled. Evaporation of the solvent and pu-
rification of the residue by column chromatography on SiO, (hexane /
EtOAc = 10 / 1 (v/v)) afforded PZk as yellow solid. Ry = 0.20 (hexane /
EtOAc = 10 / 1 (v/v)); 'H NMR (400 MHz, CDCL): § 0.71 (t, J = 7.2 Hz,
6H), 1.47 (sixt, ] = 6.6 Hz, 4H), 3.06 (t, ] = 6.6 Hz, 4H), 7.48-7.57 (m, 6H),
8.31 (m, 4H).

PZa-n > AZ4a-n (Diels-Alder reactions)

l|Dh 1 2
N R'O OR

o) 0 o)
o T o Ay ferYCoHs
X R'Q OR Y N=N NC ) N
>—N— 7
9 N
l}l I{l benzene p-XCgH,

PZa-n AZ4a-n

A 50 mL two-necked round-bottom flask was charged with a solution of
4-phenyl-1,2,4-triazoline-3,5-dione(PTAD) (3 eq.) and PZa-n (1 eq.) in
benzene (25 mL) and heated at 50°C for 2 days under nitrogen atmosphere.
After removing the solvent using evaporator, azoalkane 6a-n as yellow solid
was isolated by column chromatography on SiO; and recrystallization from
MeOH.
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4-phenyl-1,2,4-triazoline-3,5-dione (PTAD)!¢

Ph 4-phenylurazole Ph
tert-butyl hypochlorite o N

i T v

A S0 mL three-necked round-bottom flask was charged with 10 mL of ethyl
acetate and 3.99 ¢ (0.023 mol) of 4-phenylurazole. 2.3 mL (0.020 mol) of
tert-butyl hypochlorite was added to the flask over 40 minutes under dry ni-
trogen, the reaction mixture was being maintained close to room temperature
with a cold-water bath. After addition was completed, the resulting suspen-
sion is stirred for 1h at room temperature. The solvent was removed with
evaporator and sublimated under vacuum to afford 1.34 g (38%) of the tria-
zoline as carmine-red crystals. 'H NMR (500 MHz, CDCl;) § 7.58-7.54 (m,
2H), 7.51-7.46 (m, 3H); HRMS (APCI) Calcd for [M+H]* CsHsO,N3
176.04SS, found 176.0456
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Azoalkane AZA4b.

'"H NMR (400 MHz, d6-benzene): § 2.53 (s, 3 H), 2.91 (s, 3 H), 3.25 (s, 6 H),
6.76-6.83 (m, 3 H), 6.88 (m, 4 H), 7.15 (m, 2 H), 8.29 (m, 4 H). '*C NMR (100
MHz, d6-benzene): § 161.24, 154.83, 130.40, 130.18, 128.65, 128.32, 125.85,
120.59,113.93,108.79, 99.51, 54.41, 51.91, 51.87.

ESI-MS found: 533.21399, calc. for C27 H29 O6 N6 ([M+NH4]*): 533.21431.

Azoalkane AZ4c (p-Me-AZ).

"H NMR (400 MHz, d6-benzene): § 2.06 (s, 6 H),2.49 (s, 3H), 2.87 (s, 3H), 6.78
(m, 3 H), 7.12 (m, 5§ H), 828 (d, ] = 8.4 Hz, 4 H). 3C NMR (100 MHz,
d6-benzene): § 154.8, 139.9, 130.9, 129.0, 128.8, 128.6, 128.3, 128.1, 125.9, 125.8,
109.2,99.7, 52.0, 51.9,20.9.

ESI-MS found: 501.22421, calc. for C27 H29 O4 N6 ([M+NH.4]*): 501.22448.
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Azoalkane AZ4d (p-F-AZ).

'"H NMR (400 MHz, d1-chloroform): 8§ 2.83 (s, 3 H), 3.17 (s, 3 H), 7.30 (m,
9 H),8.13 (m, 4 H).

13C NMR (100 MHz, d1-chloroform): § 165.4, 162.9, 130.6, 130.5, 130.4,
129.1, 128.9,125.6,123.8,123.7,115.9, 115.7, 109.1, 98.9, 52.8, 52.7.
ESI-MS found: 509.17398, calc. for C25 H23 04 N6 F2 ([M+Na]*):
509.17434.

Azoalkane AZ4e (p-Cl-AZ).

'H NMR (400 MHz, d6-benzene): § 2.27 (s, 3 H), 2.65 (s, 3 H), 6.79 (m, 3
H),7.12 (d, ] = 7.2 Hz, 2 H), 7.20 (d, ] = 8.4 Hz, 4 H), 8.04 (d, ] = 8.8 Hz, 4
H). C NMR (100 MHz, d6-benzene): § 154.58, 136.43, 130.62, 130.09,
128.77, 128.68, 128.34, 127.98, 126.98, 125.61, 109.33, 99.08, 51.95, 51.90.
ESI-MS found: 546.07019, calc. for C25 H19 O4 NS CI2 Na ([M+Na]*):
546.07063.
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Azoalkane AZ4f (p-Br-AZ).

'H NMR (400 MHz, dl-chloroform): § 2.83 (s, 3 H), 3.17 (s, 3 H),
7.28-7.39 (m, 5 H), 7.69 (m, 4 H), 8.00 (m, 4 H). 3*C NMR (100 MHz,
d1-chloroform): § 154.6, 131.9, 130.3, 130.1, 129.1, 128.9, 128.3, 126.9,
125.5,125.1, 109.4, 99.0, 52.9, 52.8.

ESI-MS found: 629.01465, calc. for C25 H23 04 N6 Br2 ([M+NH4]*):
629.01420.

Azoalkane AZ4g (p-CN-AZ).

AZ4g

'H NMR (400 MHz, dl-chloroform): § 2.82 (s, 3 H), 3.17 (s, 3 H),
7.26-7.28 (m, 2 H), 7.34-7.41 (m, 3 H), 7.87 (m, 4 H), 8.26 (m, 4 H). 1*C
NMR (100 MHz, d1-chloroform): § 154.49, 132.70, 132.35, 130.01, 129.38,
129.27,129.23,125.51,118.07, 114.65, 110.53, 98.9, 53.11, 53.08.

ESI-MS found: 528.13959, calc. for C27 H19 O4 N7 Na ([M+Na]*):
528.13907.

S0



Asymmetric azoalkane AZ4h (p-MeO, p-Br-AZ).

'"H NMR (400 MHz, d6-benzene): § 2.39 (s, 3 H), 2.76 (s, 3 H), 3.23 (s, 3H),
6.78 (m,3H), 6.87 (d,]=8.8 Hz,2 H), 7.13 (m,2 H), 7.35(d, ] = 8.8 Hz, 2
H),8.01 (d,J=8.8Hz,2H),826(d,J=8.8Hz, 2 H).

ESI-MS found: 581.11493, calc. for C26 H26 OS N6 Br ([M+NH4]*):
581.11426.
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2.5

Supplementary material

Azoalkane precursor: PZa—j (Method A), PZk-n (Method B) *: TMS, H,O, CH,Cl,
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Figure 17. 'H NMR (400 MHz, CDCl;) spectra of PZb.

vy |
MeO OMe ° 2
pMeCoHi— p-MeCgHg [
N—
. = PZc

7 6 5

4
5/ ppm

3

Figure 18. '"H NMR (400 MHz, CDCl;) spectra of PZc.
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Figure 19. 'H NMR (400 MHz, CDCl;) spectra of PZd.
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Figure 20. '"H NMR (400 MHz, CDCl;) spectra of PZe (impurity).
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Figure 21. '"H NMR (400 MHz, CDCl;) spectra of PZf.
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Figure 22. '"H NMR (400 MHz, CDCl;) spectra of PZg.
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Figure 23. 'H NMR (400 MHz, CDCl;) spectra of PZh.
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Figure 24. '"H NMR (400 MHz, CDCl;) spectra of PZi.
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Figure 26. '"H NMR (400 MHz, CDCl;) spectra of PZk.
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Figure 28. 'H NMR (400 MHz, CDCl;) spectra of PZm(n).
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Figure 29. 'H NMR (400 MHz, d6-benzene) spectrum of AZ4b. *1: H,O, *2: dichloromethane.
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Figure 30. (a) *C NMR (100 MHz, d6-benzene) spectra of AZ4b, (b) DEPT13S, (c) DEPT90.
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Figure 32. (a) "C NMR (100 MHz, d6-benzene) spectra of AZ4c, (b) DEPT13S, (c) DEPT90.
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Figure 34. (a) *C NMR (100 MHz, d1-chloroform) spectra of AZ4d, (b) DEPT13S and (c)
DEPT90. * TMS
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Figure 35. '"H NMR (400 MHz, d1-chloroform) spectrum of AZ4f. *1: TMS, *2: H,O
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Figure 36. (a) *C NMR (100 MHz, d1-chloroform) spectra of AZ4f, (b) DEPT135 and (c)
DEPT90. * TMS
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Figure 35. '"H NMR (400 MHz, d1-chloroform) spectrum of AZ4g. *1: TMS, *2: H,O
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Chapter 3

Alkoxy-group Migration

Reaction (slow process)






3.1 Photodenitrogenation of azoalkane

As mentioned at the beginning of Chapter 2, two photolysates isolated in
the ratio 7 to 3 (> 95% conversions) were alkoxy-group migrated species
MGco4aa and MGc4aa in the photodenitrogenation of the azoalkane AZ4a
(Amax = 416 nm, £ = 455 L mol! cm™) in a nonpolar solvent such as toluene
or benzene."” To obtain further information about the reaction mechanism
of the alkoxy-group migration reaction of singlet diradicals, S-DR4, the pho-
todenitrogenation of azoalkane, AZ4a, was conducted using 416 nm irradia-
tion in polar aprotic solvent such as acetonitrile. The solvent was used after
thorough dehydration (for the detailed operation see the experimental sec-
tion in Chapter 3.8).% After the disappearance of AZ4a the photolysate was
analyzed by 'H NMR to identify the products and determine the chemical
yields using triphenylmethane as an internal standard (Table 3). In contrast
to the photoreaction in non-polar aprotic solvent toluene, surprisingly, the
major product of the photolysis was not the alkoxy-group migrated species
MGco4aa (25% yield), but another alkoxy-group migrated species MGc4aa
(63% yield) (entries 2,4 in Table 3).

Table 3. Product distribution for photodenitrogenation of AZ4a.
OCHs OCH;

H3CO OCH; hy PhWPh Ph \%XOCW
o]
) N—N Ph

+
Ph\N)\N— Ph (416 £ 10 nm

N—N
N — 0 *
o)*l\i l\/l/ 2toluene O%\NJ( O%\N/&O
|

Ph @ acetonitrile Bh OCHjs Bh
(hmax”;szfs - > 90% MG¢odaa MGcdaa
Conc. Rations of
Entry Solv. Yield of MGcodaa  Yield of MGc4aa
/ mM MGco/MGc
1 Tol 30 7S5 22 77/23
2 ACN 30 25 63 28/72
3 Tol 100 70 29 71/29
4 ACN 100 29 67 30/70

“The solvents were dried using 3 A molecular sieves at 300 °C for 24 h in vacuo. "Product yields were determined

by 'H NMR analysis. PhsCH was used as an internal standard, £ 5% error.
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Thus, the alkoxy-group migration products selectivity was found to be
highly dependent on the solvent polarity, as is clear when entries 1 and 3 are
compared with entries 2 and 4. No concentration effect was, however, ob-
served for the chemical yields or product ratios, as is clear when entries 1 and

2 are compared with entries 3 and 4 (Table 3).

3.2 Crossover experiments

To gain further insights into the mechanism of the alkoxy-group migration
reactions, the respective azoalkanes AZ4k (OR = OC;H;) and AZA4l
(OC10H21) were prepared and crossover experiments in dry solvents were
conducted for the photoreaction of equimolar mixtures of AZ4a + AZ4k and
AZ4a + AZ4], respectively (Scheme 12, See experimental section in Chapter 2.4;
as for syntheses). In both reactions, no crossover products were observed for
alkoxy-group 1,2-migrated species MGc4, but were observed for MGco4;
MGco4ak (OCH;, OCs;H;) and MGco4ka (OCsH;, OCH;), as well as
MGeco4al (OCHs3, OCioH21) and MGco4la (OCioH21, OCHj3) (Tables 4,5).
The results of the crossover experiments indicate that MGco#4 is an intermo-
lecular reaction product (out-of-cage product), while MG¢4 is an intramolec-
ular reaction product (in-cage product). The alkoxy-migrated products,
MGco4aa, MGco4ak, MGco4kk, and MGco4ka, produced by the photolysis
of a 1:1 mixture of azoalkanes AZ4a (OR = OCHj3;) and AZ4k were observed
at the same product ratio of 21% in toluene and 5-7% in acetonitrile (Table
4, entries 1,2). Nevertheless, in-cage products MGco4aa and MGco4ll were
preferably formed by the photoreaction of AZ4a and AZ41 both in toluene
and acetonitrile (entries 1,2 in Table 5). The preferable formation of the
in-cage products of MGco4 can be rationalized by the slower diffusion rate of
the large decyloxy group (-OCioHai) than the propoxy group (-OCs;H7).*
Again, these knowledges regarding crossover experiments were essential for
elucidating the alkoxy-group migration reaction mechanism, and clarified
that the respective alkoxy-group migrated species MGco4 and MGc4 are

generated via different reaction pathway—stepwise or concerted.
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Scheme 12. Crossover experiments examining formation of MGco4 and MGc4 in photodeni-

trogenation of AZ4a,k,l.

H3CO OCH, C3H;0 OC3H OH300 OCHs C1oH21O OCygHy
[e] o o
Ph Ph
Phep~ N- PNh . Ph\N)k!\‘_ Fl)\lh Ph\N;!\j_ - Ph\N)\!\‘_ !
/ / / / /y
N >N o7 NN >N
Ph Ph Ph Ph
AZ4a AZ4k AZ4a AZ4l
hv 2toluene hv 2toluene

(416 £ 10 nm) | @ gcetonitrile (416 £ 10 nm) | @ gcetonitrile

OCH; OCHj OCHg OCHg OCH3

OCH;
OCH
Ph\(S/Ph Ph\(S/Ph Phw 8 ph%/Ph Ph\%/Ph PhWOCH:i
/ / Ph Y/ / Ph
N-N + N—N + N—N N—N + N—N

+

- N—N
[¢] o
o%\ /[k o%\ O%\ /go oa\ %\ %\ k
N N N N 07Ny 07N 0
| OCH, ! OC4H; \ | OCH, | OCioHas \
Ph Ph Ph Ph Ph Ph
MGodaa MGco4ak MGc4aa MG¢odaa MGcodal MGc4aa
OC3H7 OC3H; OC3H; OC1oH21

OC1oHa1 OC+oH21
Ph\(S/Ph Ph\(%/Ph Ph WOCP’H? PhWPh PhWPh Ph WOC"’HN
N—N Ph N—N

o + N—N o + N—N o) + N—N o + N—N Ph
OJ\N/Z( Oél\N/[( o%\N/¥O Oé/\N/Z( O/A/N/Z( Oéz\N)§o
) OC3H; ) OCHg ) ! OC1oH21 I OCHj, )

Ph Ph Ph Ph Ph Ph
MGodkk MGodka MG 4Kk MG o4l MGodla MG4ll

Table 4. Product distribution in photodenitrogenation of 1:1 mixture of AZ4a and AZ4k.be

MGco
Entry SOIV. MGc04aa MGC()4kk MGC()4ak MGco4ka MGc4aa MGc4kk
/MGc
1 Tol 21 21 21 21 7 9 84/16
2 ACN 8 7 S S 37 38 24/76

Table S. Product distribution in photodenitrogenation of 1:1 mixture of AZ4a and AZ41.>¢

MGCO
Entry SOIV. MGco4aa MGC()411 MGC()4al MG(:()4la MGc4aa MG(:‘I-H
/MGc
1 Tol 31 30 8 6 9 10 80/20
2 ACN 19 18 S 2 26 23 47/53

“The solvents were dried using 3 A molecular sieves at 300 °C for 24 h in vacuo. "Product yields were determined
by '‘H NMR analysis. PhsCH was used as an internal standard, + 5% error. ‘MGco = MGco4aa + MGco4kk (or 411) +
MGco4ak (or 4al) + MGco4ka (or 4la), MGc = MGc4aa + MGedkk (or 411).

69



Table 6 illustrates the results of another crossover experiments. The respec-
tive alkoxy-group-asymmetrically substituted azoalkanes AZ4m (OR' =
OCH;, OR?> = OCjoH,;) and AZ4n (OR! = OC;oH,;, OR> = OCH3) were
prepared with reference to the experimental section (Scheme 11 in Chapter
2.4, Method B). Crossover experiments in dry solvents were carried out for
the photodenitrogenation of AZ4m and AZ4n, respectively (Table 6). As
described above, in any reactions, crossover products were not observed for
alkoxy-group 1,2-migrated species MGc4, but were observed for MGco4;
MGco4aa (OCHs, OCH;3) and MGco4ll (OCioHzi, OCioHz:1). The interest-
ing findings in these experiments are how the C-O bond of the alkoxy-group
cleave. The major alkoxy-migrated product isolated with a ca. 50% yield was
MGco4la (OC;oH,1, OCH3) in toluene (entries 1,3), and MGc4la (OCioHzi,
OCH3) in acetonitrile (entry 2) in the photo chemical denitrogenation of the
respective azoalkanes AZ4m, AZ4n. These results indicate that the C-O
bond of the methoxy group (C-OCHs) is more easily cleaved than that of the
decyloxy group (C-OC1oHa1).

Table 6. Product distribution in photodenitrogenation of asymmetric-alkoxy azoalkanes
AZ4m(OCH3, OC10H21) and AZ411(OC10H21, OCH3)b

OCH; OCHs OCH;
OH3C° OC1oHz1 Ph\%/Ph Ph%/Ph Ph\NOCmHm
l/
Ph~p N N-N NN N-N "
!
PN oA A o=k A oA Ao
N N N
Ph I}’h OCHj3; | OC1oH24 |
AZ4m hv Ph Ph
(416 + 10 nm) MG odaa MG o4al MG 4al
or a ol
toluene
OC1oH OCoH
@ acetonitrile o 1o chgzéH
C13H210 OCHs Ph— N, —Ph Ph—_~\_-Ph N7 3
l/
Ph<n~N— 'Lh N-N + N=N + N-N T
!
U
O%N N Oé/\N/[( OJ\N/[( O%\NAO
Ph Ié’h OC1oH24 | OCHj |
AZdn Ph Ph
MG o4l MGco4la MGc4la

El’ltl’y AZ SOIV. MGco4aa MGC()411 MGC()4al MGC()4la MGc4al MGc4la

1 4m Tol 9 8 10 46 3 11
2 4m  ACN 6 S 3 22 10 53
3 4n Tol 16 16 4 46 4 9

“The solvents were dried using 3 A molecular sieves at 300 °C for 24 h in vacuo. "Product yields were determined

by 'H NMR analysis. PhsCH was used as an internal standard, + 5% error.
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Based on the results of a series of crossover experiments and the effect of
solvent on the product ratio of MGco4 versus MGc4, the mechanism for the
alkoxy-group migration reaction is proposed in Scheme 13. After the fast
equilibration of S-DR4 with CP4, the intramolecular 1,2-alkoxy migration
occurs to produce MGc4 from S-DR4, with the process being accelerated in a
polar solvent (Tables 3-6). The formation of out-of-cage product MGco4
may be rationalized by the triplet pair of radical species RPc and OR -, de-
rived from the C-O bond fission in the triplet diradical T-DR4. After the in-
tersystem crossing (ISC) process to the singlet state, bond-formation selec-
tively occurs for the carbonyl carbon to produce isomer, MGco4. If the tri-
plet pair of radicals, T-RPs, is formed, the respective radical species may be

trapped by spin-trapping agents such as N-tert-butyl-a-phenylnitrone (PBN).

Scheme 13. Proposed mechanism for formation of MGco4 and MGc4 via singlet and/or triplet

diradicals.
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3.3 Spin-trapping experiments
3.3.1 Introduction®*

Lifetime of the free radicals is too short to detect with electron paramag-
netic resonance (EPR) spectroscopy. Spin-trapping technique made it possi-
ble to detect the free radicals and, therefore, has been widely employed in the
identification of radical intermediates, especially unstable species. To put it
simply, the short-lived reactive free radicals (R - ) may be transformed into
more persistent paramagnetic species (the “spin adduct” abbreviation:
ST-R-) by adding spin-trapped agents. As a consequence, the short-lived free
radicals can be indirectly detected and identified by applying to EPR spec-
troscopy and mass spectrometry. The general spin trap reaction is repre-

sented by the following equation.
R+ +ST — (ST-R*)

In general, nitrones and nitroso-compounds as the spin-trapped agents, e.g.
N-tert-butyl-a-phenylnitrone (PBN), 5,5-dimethyl-pyrroline-N-oxide
(DMPO), nitrosodurene (ND), and tri-t-butylnitrosobenzene (TBN), are

used owing to stable nitroxide radicals.

Radical Spin-trapped agents (ST)
(R) Nitroso Nitrone
Et e N//O
_ ® EPR measurement
?
HO - @ﬁzl}rl—t-Bu m Mass spectrometry
HOO - ND PBN
(Terabe et al., 1973) Stable nitroxide raidcals®
CH3O M
_0 . oo ¢
N - 0'2 + 7'c2 : >N_O
CH;C - tBu LB 7@ Od @n* ; 1
’g_ N=0 : I
' +e @
Ph - o 00 ! “N-0
. DMPO . 2
tBu * (Terabe and Konaka, 1973)
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3.3.2 Evidence for the formation of triplet radical pairs

Spin-trapping experiments were conducted to examine the photodenitro-
genation (high-pressure mercury lamp through the band-pass filter; 360-440
nm) of azoalkanes AZ4a (X =Y = H, oc": 0.00), AZ4b (X =Y = MeO, 0.27),
and AZ4f (X = Y = Br, 0.11) (ca. 17 mM) in the presence of
N-tert-butyl-a-phenylnitrone (PBN) (ca. 102 mM) in dry benzene at room
temperature (Figures 40,52). Although the in-situ EPR signals observed in
the photolysis of AZ4a and AZ4f were relatively complicated (Figure 52),
fortunately, the EPR signals of a nitroxide having the hyperfine coupling
constants of A;N = 14.71 G, Ai""f = 4.79 G were detected for the spin-trapping
experiments in the photolysis of AZ4b (Figure 40). Atmospheric pressure
chemical ionization (APCI) mass spectroscopic analysis of the in-situ EPR
sample demonstrated the formation of molecular ion peaks of M+; m/z
633.27 (8: 1.798 ppm, Theo. Mass: 633.27) that correspond to the RP¢ spin
adduct of PBN (Composition: C37 H37 O6 N4-; Scheme 14, Figures 50,51).

Scheme 14. Spin-trapping reactions between azoalkane AZ4 and spin-trapped agents PBN.

H3CO. OCH, H3CO OCH, OCH; }0OCH;
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S-DR4 \ T-DR4 Radical pairs: T-RPs4
MG4 l
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o 74
5 e e oo
o
H3CO Ar HoT 07 ™70
("J—N—t—Bu IIDh
/ OCH
Ar N/N\fo 3 RP¢
%N PBN-OCH, OCHj
(0] Ph Ar // Ar
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O
5 \/r O%\N
| OCH
Orst e
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H ©) MGco4
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(N-tert-butyl-a-phenylnitrone)
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Thus, the out-of-cage product MGco4 is proposed to be formed via the tri-
plet radical pairs T-RPs4 after the C-O bond homolytic cleavage from the
triplet diradicals T-DR4. As an additional information, the EPR signals did
not conform to the reported MeO - radical trapped nitroxide (AN = 13.73 G
and A"f = 1.93 G) with PBN.%4

400000 L L 1 1 1 L I I !
N =
300000 A1H 14.71 G I
AP =479G

200000 L
> 100000+ L
2 ]
2 0 A -
£

-100000-] L

-2000004 — During irra. |

Immediately after 40 minjirra.
-3000004 — 2 h later AZ4b : PBN [
— 7 days later 16
-400000

T T T T T T T T T
3460 3470 3480 3490 3500 3510 3520 3530 3540 3550 3560
Magnetic field / G

Figure 38. Spin-trapping experiments using EPR measurements. EPR spectrum obtained from
photodenitrogenation of AZ4b in the presence of PBN in the concentration ratio of one to six.
(AZ4b:PBN = 1:6)

Furthermore, the EPR signals of the MeO - radical trapped nitroxide (A3)
were observed at higher concentration of PBN (Figure 41). The short-lived

alkoxy radicals (OR ) can be captured in the presence of excess spin-trapped

agents.>
3000000 L L L L L L L . L
AN=1465G
2000000+ Ps\ AP=474G b
N —
1000000 - AN=1326G ||
> AP =156G
®
8 01
=
-1000000-
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-20000007  — 1100 L
==+ 1:10
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Figure 39. Concentration dependence on spin-trapping experiments. EPR spectra of P, (blue
dotted line): RPc spin adduct of PBN (in concentration ratios of 1:10 of AZ4b:PBN); P;
(green line): MeO radical trapped nitroxide (in concentration ratios of 1:100 of AZ4b:PBN).
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3.4 Regioselectivity of alkoxy-group migration reactions

To obtain further information on the mechanism of the respective
alkoxy-group migrated products MGco4 and MGc4 formations, the product
selectivity ~was investigated in the photodenitrogenation of ar-
yl-group-asymmetrically substituted azoalkanes AZ4i (X = MeO, Y = H) and
AZ4j (X=CN,Y =H) at 293 K using Xenon lamp (Aexc = 416 £ 10 nm) (Ta-
ble 7). The combination of these three substituents; H (o,*, 0c” = 0.00, 0.00),
MeO (-0.78, 0.27), and CN (0.99, 0.47), takes into account not only elec-
tronic effects but also radical stabilization at the benzylic position. In the
photodenitrogenation for AZ4i, the four expected products; MGco4,
MGco4i’, MGc4i, and MGc4i’, were observed at products ratio of 37:38:19:6
in toluene and 9:9:55:27 in acetonitrile with > 90% total yields (entries 1,2 in
Table 7), which were analyzed by '"H NMR spectroscopy. No regioselectivity
was observed for MGco4, either in toluene or acetonitrile. The selective for-
mation of MGc4i was, however, observed at a ratio of ca. 70:30 of
MGc4i:MGc4i’ (entries 1,2). Methoxy-group migrated reaction selectively
occurred for the p-MeOCsHy-substituted carbon. In contrast to the effect of

substituents on the regioselectivity, the selective formation of the MGc4j’

Table 7. Product distributions for photodenitrogenation of azoalkanes AZ4i(entries 1,2) and
AZ4j (entries 3,4) in dried toluene and acetonitrile at 293 K, respectively.

H3CO_ OCHs OCHs OCH;, OCHj OCHj
o) H
Py P NP Pth-X-CGH‘t P\~ X-Cetl Ph\%xoc s H3CO>8§/p-x-ceH4
N X
SN N—N oN-N N—N  PXCeHa  PRT

N ] + + +
a::;c:t%i?t?ile o%\'ﬂ/l{ocm ; CO)\\’\IIAO o%\'ﬂ/&o O%\'}‘/&O
Ph ° Ph Ph Ph

MG o4i,j MG¢odi',j' MG4i,j MGc4i',j'

>90 %
X
AZ4i: X = OMe
AZ4j: X =CN

El’ltl‘y Sample (X) SOIV.a MGCQ42MGc04':MGc4~IMGc4’ MGc4/ MG(;4,

1 AZ4i (MeO) Tol 37:38:19:6 76/24
2 AZ4i (MeO) ACN 9:9:55:27 67/33
3 AZ4j (CN) Tol 40:40:5:15 24/76
4 AZ4j (CN) ACN 0:0:28:72 28/72

“The solvents were dried using 3 A molecular sieves at 300 °C for 24 h in vacuo.
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isomer, occurred at the p-HCsHy-substituted carbon, was observed at a ratio
of ca. 30:70 of MGc4j:MGc4j’ in the reaction of AZ4j (entries 3,4). No re-
gioselectivity in MGco4 products was also observed for the photodenitro-
genation of AZ4j, either in toluene or acetonitrile (entries 3,4).

The selective formation of MGc4i and MGc4j’ is rationalized by the charge
distribution on the singlet diradicals S-DR4i and S-DR4j (Scheme 15a). The
contribution of ZI2, EDG = p-MeOCsH4 and relatively EWG = Ph for
S-DR4i, relatively EDG = Ph and EWG = p-CNC¢H4 for S-DR4j, should be
larger than ZI2’, because the electron-withdrawing group stabilizes the anion.
Thus, the methoxy group selectively migrates to the EDG group substituted
carbon. Meanwhile, in the intermediate C that produces MGco4 (Scheme
15a), an equal charge distribution would be expected because the positive
charge is well stabilized by the nitrogen atoms. Thus, the methoxide equally
attacks the carbonyl carbon of C and C’ to give a 1:1 mixture of MGco4 and
MGco4’. The observed effect of substituents on these 1,2-alkoxy-group mi-
gration reactions were quite different from those on the 1,2-alkoxy-group
migration reactions of aryl-group-asymmetrically substituted S-DR1, which

quantitative migrates to the EDG group substituted carbon.”*"

Scheme 15. (a) Resonance structures of donor-acceptor aryl-substituted S-DR4. (b) previous
study: the electronic character in singlet 2,2-dimethoxycyclopentane-1,3-diyls, S-DR1.7%
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3.5 Effect of temperature on regioselectivity of alkoxy-group migra-

tion reactions

To obtain knowledges regarding the potential energy profile of the
alkoxy-group migration reactions of S-DR4, the effect of temperature on the
product selectivity, MGco4 versus MGc4, was investigated in the photo-
chemical denitrogenation of AZ4a (X =Y = H), 4b (MeO), 4e (Cl) in dried
toluene and acetonitrile over a temperatures region of 273-313 K (Figure 42,
4b, 4e: see Figures 54-56 in Chapter 3.8). At 273 K, MGco4aa was mainly
observed in dried toluene (MGco4aa/MGc4aa = 94/6) (Figures 42,43). The
amount of MGc4aa increased with the reaction temperature
(MGco4aa/MGc4aa =83/17 at 293 K, 65/35 at 303 K, and 62/38 at 308 K).
Unexpectedly, the yield of MGc4aa suddenly increased at temperatures
above ca. 308 K. At around this temperature, the product ratio became dras-
tically inverted from MGc4aa/MGco4aa = 62/38 (308 K) to 9/91 (311 K).
Both MGco4aa and MGc4aa were stable under the reaction conditions. Thus,

the effect of temperature clearly suggests that the activation entropy plays a

: | Major
(d) Reaction temp.: 313K “ “ product
‘|| || MGc4aa
KReaction temp.: 311 K [‘ "
| A \
: - \7 B ‘|7 R
Reaction temp.: 308 K : |
(C)< P [ ) ' ‘!-I| I I\
A /'“'\. ."‘\
. I |
Reaction temp.: 303K ‘ |
Co : l
~ . M iy | f L
(b)  Reaction temp.: 293 K ‘1 q
| !'Il ‘ll 1
L T o N
()  Reaction temp.: 273K | “
I‘ Il MG¢odaa
85 8 15 7 Y 32 3
5/ ppm ;

Figure 40. '"H NMR spectroscopic analyses for photodenitrogenation of AZ4a in toluene in a
variety of reaction temperature; (a) 273 K, (b) 293 K, (c) 303-311 Kand (d) 313 K.
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crucial role in the product selectivity. Almost MGco4aa was observed at a
reaction temperature below 263 K (> ca. 95% yield; Figures 42a,43). At a re-
action temperature above 318 K, however, only MGc4aa was detected using
'"H NMR spectroscopic analysis (> ca. 95% yield; Figures 42d,43). The effect
of temperature on the product selectivity suggests that the rate-determining
step changes around 273-313 K. In contrast to the effect of temperature, in
acetonitrile, the effect of temperature is essentially negligible for product ra-
tios of MGco4aa/MGc4aa = 14/86 (273 K) to 9/91 (313 K). To obtain fur-
ther information on effects of the temperature and solvent, as well as the re-
action mechanism, on the product selectivity of MGco4aa/MGc4aa, the ef-
fect of temperature on the decay rate (ksow) for slow process of S-DR4a was
investigated in both toluene and acetonitrile (Scheme 7, and Figure S in
Chapter 2.1, Figure 44).

Temperature / °C
40 30 20 10 0

(MG¢o4aa:MG4aa)
3.
________ :
T 2 GREOE (94:6)
) 35) -
o 11 (62:38) ( 2). MGcodaa
= " 1
8 0
©
% 1
MGc4
0 ! . (14:86) e
~ ) | |
£ 21 9 (901 (18:82)
-3 [] | toluene
. (5:95) W acetonitrile
31 32 33 34 35 36 37 38
102 11/ K"

Figure 41. Temperature dependence of the alkoxy-group migrated product ratios MGco4aa
versus MGc4aa. Below 273 K, MGco4aa was selectively isolated (> ca. 95%). Above 308 K, the
alkoxy-group 1,2-migrated species MGco4aa was selectively isolated (> ca. 95%).

The Eyring plots, In(ksow/T) versus 1/T, in dry toluene and acetonitrile are
shown in Figure 44. The linearity of the Eyring plot was not obtained in
toluene over a temperature range of 273-313 K (II). At this temperature
both MGco4aa and MGc4aa were formed (Figures 42,43). Two different
linear correlations were observed in those regions with temperatures above
313 K (40 °C) (I) and below 263 K (-10 °C) (III) (Figure 44a). According
to the knowledge as to the effect of temperature on the product selectivity by
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Figure 42. Eyring plots for alkoxy-group migrated reaction (AZ4a > MGco4aa + MGc4aa) in

dry (a) toluene and (b) acetonitrile.

means of 'TH NMR spectroscopic analysis, MGc4aa was exclusively formed in
temperature region (I), and only MGco4aa was detected in temperature re-
gion (III) (Figures 43,44a). The obtained activation parameters in tempera-
ture regions (I) and (III) are summarized in Table 8. In temperature region
(I), the enthalpy factor dominates the Gibbs activation energy, AH* = 66.8 k]
mol?, AS* = -7.1 J K mol™!, AG* = 68.6 k] mol™" at 253 K, and AG* = 69.3
k] mol™! at 353 K. On the other hand, the entropy factor greatly affects the
rate constant ko in temperature region (III). In this region, the activation
parameters were obtained as AH* = 21.4 kJ mol™, AS* = -145.3 ] K! mol™},
AG* = 58.2 k] mol™" at 253 K, and AG* = 72.7 kJ mol™! at 353 K. The large
entropy contribution in the low temperature region (III) is reasonable for the
reason that MGco4 is formed from triplet diradicals T-DR4 via the intersys-
tem crossing (ISC) process from singlet diradicals S-DR4 as apparent from
the spin-trapping experiments (Scheme 13, Chapter 3.3). The spin-forbidden
ISC process is known to provide entropy control whereby, in general, large
negative entropy and small log(A/s') values, the Arrhenius pre-exponential
factors, are observed.®® Meanwhile, the log(A/s?) value of ca. 12, which is
observed at a temperature above 313 K, supports the spin-allowed reaction
process.!® Indeed, in the high-temperature region (I), the activated Gibbs
energy barrier for the ISC process becomes larger than the energy barrier for
another reaction pathway from S-DR4a to MGc4aa; AG' (S-DR4aa >
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MGc4aa) = 69.3 k] mol ! versus AG* (S-DR4aa > T-DR4aa) = 72.7 k] mol!
at 353 K. Thus, a drastic effect of temperature was observed for the product
selectivity in the photodenitrogenation of azoalkane AZ4a. The notable ef-
fect of temperature on the product selectivity is visualized in Scheme 17 in
the following Chapter 3.7. In the low temperature region (III), the ISC pro-
cess dominates the fate of S-DR4 to give the triplet state T-DR4, from which
the C-O bond scission occurs to finally afford MGco4. In the higher temper-
ature region (I), the energy barrier of the methoxy-migration step becomes
smaller than the ISC process to produce MGc4 predominantly. Incidentally,
in dry acetonitrile, the only one linear Eyring plot was obtained in the tem-
perature region (IV) addressed in the present study (Figure 44b). The
product ratio of MGco4aa:MGc4aa was constant at ca. 10:90 (Figure 43),
that is, the obtained linear Eyring plot demonstrates the process giving
MGc4aa. The activated Gibbs energy barrier was determined to be smaller
than that in toluene. Thus, the concerted alkoxy-group 1,2-migration reac-

tion is accelerated by the polar solvent.

Table 8. Activation parameters AHY, AS*, E, and log(A/s™") for the alkoxy-group migrated reac-

tion under several appropriate measurement conditions.

Reaction Temperature AH*“ AS*H?
Solv. Reactions
conditions range/K (E.) log(A/s™)
66.8 -7.1
1 Tol S-DR4a > MGc4aa 314-358
(69.6) (12.9)
S-DR4a > MGco4aa
I Tol + 273-308 — _
MGc4aa
21.4 -14S8.3
I Tol S-DR4a > MGco4aa 225-260
(23.4) (5.5)
56.2 -12.1
I\Y ACN S-DR4a-> MGc4aa 251-322
(58.6) (12.6)

¢ Activation enthalpy (activation energy) in k] mol'! and * Activation entropy in J K mol! for the alkoxy-group
migrated reaction using Eqs. (1)-(3) in Scheme 7 in Chapter 2.
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3.6 1,2-alkoxy-group migrated product in ethanol

To elucidate the existence of the ion pair, IPs4, involved in formation of
MGco4, the photodenitrogenation of azoalkane AZ4b (X = Y = MeO) was
conducted in protic solvent ethanol. In dry toluene, the absorption maxima of
S-DR4b was only observed at around 650 nm (Figure 7 in Chapter 2.2). In ethanol,
however, the decay of the absorption of S-DR4b was accompanied by increasing
absorption at around 460 nm (T3 > 10 ms) [According to Ref. 2, by laser flash
photolysis of AZ4a (X =Y = H) in ethanol was given the absorption at ca. 380 nm;
the red-shifted (from 380 nm to 460 nm) was observed due to the extended conju-
gation system by introducing electron-donating substituents at the para-positions].
The decay rate constant of the species observed at ca. 650 nm (kg,ss0) was found to
be 1.06 + 0.05 x 107 s with single-exponential fitting, and was in good agreement
with the growth rate constant of the species observed at ca. 460 nm (kg 460 = 1.03 £
0.05 x 107 s'). The ethoxy-group migrated product MGco4b(-OC2Hs) was
selective formed from the thermal reaction of MG¢4b with ethanol at room
temperature (Scheme 16). These results strongly suggests the existence of the ion

pair, IPs4, through the reaction mechanism of the present study (Scheme 13).

Scheme 16. Transformation MGc4 into MGco4 and generation of allylic cation (Amax = 460

nm).
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3.7 Chapter summary

In Chapter 3, the formation mechanism of alkoxy-group migrated species in
the photodenitrogenation of azoalkane, AZ4, was described in detail; crosso-
ver, spin-trapping, regioselectivity and LFP experiments for the slow decay process.
In especially, effect of temperature on regioselectivity suggested that the acti-
vation entropy (AS*) plays a key role in the product selectivity (MGco4 ver-
sus MGc4). Thus, reaction temperature makes it possible to change the respec-
tive rate-limiting step. Specifically, the intersystem crossing (ISC) process was found
to be a key step in the formation of intermolecular migrated species MGco4, and the
intramolecular alkoxy-group 1,2-migrated species MGc4 was found to be accelerat-

ed by a polar solvent (Scheme 17).

Scheme 17. Solvent polarity and temperature dependency of product selectivity for S-DR4a.
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3.8 Experimental section

Dry toluene (Tol, Spectro grade), benzene (Spectro grade), acetonitrile
(ACN, Spectro grade), tetrahydrofuran (THF, super dehydrated, stabilizer
free), acetone (Spectro grade) and dimethylformamide (DMF, super dehy-
drated) were purchased from commercial suppliers and stored at least 24 h
under nitrogen gas over activated 3 A molecular sieves (3 A MS), which were
predried at 300 °C for 24 h before use.’ Azoalkanes AZ4a-n were synthesized
according to the literature procedure (Scheme 11 in Chapter 2.4). 'TH NMR
spectra were obtained at 400 MHz, chemical shifts are reported in ppm, and
referenced to the CHCI; and C¢He singlet at 7.26 and 7.16 ppm, respectively.
1®C NMR spectra were obtained at 100 MHz and referenced to the center
peak of the CsDs triplet at 128.06 ppm. The abbreviations s, d, t, quin, sext,
dt, td and m stand for the resonance multiplicities singlet, doublet, triplet,
quintet, sextet, doublet of triplets, triplet of doublets and multiplet, respec-
tively. UV-vis spectra were recorded on a SIMADZU UV-3600 Plus spectro-
photometer. Mass-spectrometric data were measured with a mass spectro-
metric Thermo Fisher Scientific LTQ Orbitrap XL.

Scheme 18. How to prepare the sample for photodenitrogenation of azoalkane. Step 1: Prepa-
ration of dried solvent; Solvent stored at least 24h under nitrogen gas over activated 3 A molec-
ular sieves, which were predried at 300 °C for 24 h before use. Step 2: Transfer dried solvent to

the reaction vessel on the vacuum line by means of oil diffusion.

pressure
oil-diffusion pump <—:O{ —> measuring
Q instrument

1.0x1.0 cm cuvette

stirred bar//

sample _*activated 3A MS

(azoalkane)

/

dried solvent tank
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Alkoxy-migrated product after photodenitrogenation: MGc4aa. A solution of
AZ4a (ca. 7 mg, S mmol) in 3 mL dry toluene was irradiated in J. Young
quartz cuvette with 416 nm light for 2 hours at 40 °C. The photoreaction was
followed by 'H, *C, HMBC NMR. After the solvent was removed a colorless

oil was obtained.

OCHj
oh OCHjs

L Ph
oﬁjQN/¥>o

|
Ph

MGc4aa

'H NMR (400 MHz, d6-benzene): § 3.06 (s, 3 H), 3.31 (s, 3 H), 6.87 (m, 1
H),7.27 (t, ] = 7.6 Hz, 2 H), 7.44 (d, ] = 8.4 Hz, 2 H), 7.71 (d, ] = 8.4 Hz, 2
H), 8.02 (d, ] = 8.0 Hz, 2 H). 3C NMR (100 MHz, d6-benzene): § 150.79,
149.80, 138.53, 137.00, 131.78, 129.77, 129.08, 128.97, 128.94, 128.66,
128.62, 128.32, 128.18, 127.08, 126.76, 125.34, 122.94, 96.81, 58.13, 50.68.
ESI-MS found: 450.14258, calc. for C25H2104N3Na ([M+Na]*):
450.14243.

Alkoxy-migrated product after photodenitrogenation: MGco4aa. A solution of AZ4a
(ca. 7 mg, S mmol) in 3 mL dry toluene was irradiated in J. Young quartz cuvette
with 416 nm light for 2 hours at 0 °C. The photoreaction was followed by 'H, *C,
HMBC NMR. After the solvent was removed a colorless oil was obtained.

OCHj,

Ph /// Ph

N—N

o)
04(\N

R

Ph

MGco4aa

CH3

'"H NMR (400 MHz, d6-benzene): § 3.14 (s, 3 H), 3.31 (s, 3H), 6.90 (m, 1H), 6.99
(m, 2 H),7.10 (m, 1 H),7.27 (m, 2 H), 7.33 (m, 2 H), 7.65 (m, 2 H), 8.32 (m, 2 H).
3C NMR (100 MHz, d6-benzene): § 154.36, 151.15, 145.53, 143.99, 138.49,
135.16, 131.54, 129.77, 128.93, 128.73, 128.65, 128.32, 128.04, 127.98, 127.89,
127.79, 127.56, 127.11, 60.74, 53.41. ESI-MS found: 428.15985, calc. for
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C25H2204N3 ([M+H]*): 428.16048.

Azoalkane AZ4k.
_\—O O—/_
Ph\NS\N_ F,’\lh
>N
Ph
AZ4k
'H NMR (400 MHz, d6-benzene): § 0.51 (t,] =7.4 Hz, 3 H),0.81 (t,] = 7.4
Hz, 3 H), 1.00 (sext, ] = 7.0 Hz, 2 H), 1.39 (sext, ] = 7.0 Hz, 2 H), 2.86 (t, ] =
6.6 Hz, 2 H), 3.22 (t, ] = 6.4 Hz, 2 H), 6.73-6.82 (m, 2 H), 7.09(m, 2 H),
7.18(m, 2 H), 2.78(t, ] = 7.6, 2 H), 8.44(m, 2 H). 3C NMR (100 MHz,
d6-benzene): § 150.79, 149.80, 138.53, 137.52, 137.00, 131.78, 129.77,
129.08, 128.97, 128.94, 128.66, 128.62, 128.32, 128.18, 127.08, 126.76,
125.34, 122.94, 96.81, 58.13, 50.68, 21.03. ESI-MS found: 529.25580, calc.
for C29H3304N6 ([M+NH4]*): 529.25578.

Azoalkane AZ4l1.

(ONNO)

0
Ph
Ph\N)\N_ .
/
O%N N

Ph
AZA4|

'H NMR (500 MHz, d1-chloroform): § 0.88 (t, ] = 6.8 Hz, 6 H), 0.97-1.34
(m,32H),2.92 (t, ] = 6.4 Hz, 2 H), 3.25 (t, ] = 6.6 Hz, 2 H), 7.30-7.35 (m, 5
H), 7.52-7.54 (m, 6 H), 8.13-8.15 (m, 4 H). 3C NMR (125 MHz,
d1-chloroform): § 154.89, 130.61, 130.22, 128.96, 128.66, 128.55, 128.33,
128.28, 125.58, 119.55, 99.59, 65.26, 64.97, 31.91, 31.90, 29.75, 29.53, 29.46,
29.43,29.33,29.29, 29.22, 29.08, 25.82, 25.54, 22.69, 14.12.

ESI-MS found: 730.4300, calc. for C43 HS57 O4 NS Na ([M+Na]*):
730.4303.
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Figure 43. '"H NMR (400 MHz, d6-benzene) spectrum of migrated products MGco4ll, MG 411
after photodenitrogenation of AZ4l in acetonitrile. ®: MGc41l, 0: MGco4ll

Alkoxy-migrated products after photodenitrogenation: MGco4ll, MGc4ll. A solution of
AZA] (ca. 10 mg, 22 mmol) in 0.7 mL dry acetonitrile was irradiated in J. Young
quartz cuvette with 416 nm light for 2 hours at 25 °C. The photoreaction was fol-

lowed by 'TH NMR. After the solvent was removed a colorless oil was obtained.
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0]

Ph%/Ph

N

Oﬁl\N /[(o
Ph

MGodll /\/\/\/\/\

MGco41l: "H NMR (400 MHz, d6-benzene): § 0.93 (t, J= 4.0 Hz, 6 H), 0.95-1.42
(m,32H),3.58(t,J=6.0 Hz,2 H),4.09 (t,J= 6.0 Hz,2 H), 7.42 (d, ]= 6.0 Hz, 2 H),
7.77 (d, J= 40 Hz, 2 H), 843 (d, J= 40 Hz, 2 H). ®*C NMR (100 MHz,
d6-benzene): § 154.08, 151.48, 145.95, 143.23, 138.69, 131.76, 129.80, 128.92,
128.85, 128.69, 127.97, 127.74, 127.61, 127.49, 127.23, 127.07, 74.35, 67.39, 64.93,
31.99, 29.51, 29.44, 22.80, 14.06. ESI-MS found: 680.4423, calc. for C43 HS8 O4
N3 ([M+H]*): 680.4422.

Ph
MGc4ll
MGc4ll: '"H NMR (400 MHz, d6-benzene): § 0.93 (m, 6 H), 0.95-1.42 (m,
28 H), 1.50 (quin, 2H), 1.76 (quin, 2 H), 3.63 (m, 2 H), 3.75 (dt, 1 H), 3.96
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(dt, 1 H), 6.87 (t,] =7.6 Hz, 1 H), 7.00 (t,] = 7.8 Hz, 2 H), 7.10-7.20 (m, 4
H),7.31(t,]=7.8Hz,2H),7.49 (m, 2H), 7.84 (m, 2H), 8.14 (m, 2H).

Asymmetric-alkoxy Azoalkane AZ4m.

—0 O

0
Ph~pn~ > N-A<PP
S p
0”7 NN

Ph
AZ4m
'H NMR (400 MHz, d6-benzene): § 0.92 (t, J= 7.0 Hz, 3 H), 0.96-1.32 (m,
16 H), 2.88 (t, ] = 6.4 Hz, 2 H), 2.91 (s, 3 H), 6.75-6.82 (m, 3), 7.12 (m, 2
H), 7.19 (m, 2 H), 7.28 (m, 4 H), 8.41 (m, 4 H). *C NMR (100 MHz,
d6-benzene): § 154.73, 130.89, 129.95, 128.95, 128.89, 128.63, 128.32,
128.17, 128.08, 127.98, 125.74, 109.45, 99.73, 64.70, 52.18, 31.92, 29.51,
29.44, 29.34, 29.09, 25.53, 22.73, 13.99. ESI-MS found: 599.33423, calc. for
C34 H43 04 N6 ([M+NH4]*): 599.33403.

Asymmetric-alkoxy Azoalkane AZ4n.

0 0—
0

Ph—p~~N— Fr’\lh
o> N—~

Ph

AZ4n
'H NMR (400 MHz, d6-benzene): § 0.92 (t, J= 7.0 Hz, 3 H), 1.12-1.39 (m,
14 H), 1.45 (quin, J = 6.8 Hz, 2 H), 2.51 (s, 3 H), 3.24 (t, ] = 6.6 Hz, 2 H),
6.72-6.81 (m, 3 H), 7.07 (m, 2 H), 7.19 (m, 2 H), 7.28 (m, 4 H), 8.43 (m, 4
H). 3C NMR (100 MHz, d6-benzene): § 154.84, 130.86, 129.94, 128.99,
128.86, 128.61, 128.32, 128.19, 128.11, 127.98, 125.79, 109.38, 99.85, 64.77,
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52.14, 31.92, 29.67, 29.57, 29.55, 29.36, 29.30, 25.87, 22.73, 13.96. ESI-MS
found: 599.33417, calc. for C34 H43 04 N6 ([M+NH4]*): 599.33403.

OCqoH21
ph_~_OCHs

N—N Ph

oA =0

I
Ph

MGc4la

MGc4la: '"H NMR (400 MHz, d6-benzene): § 0.92 (t, J= 7.0 Hz, 3 H),
0.95-1.39 (m, 16 H), 3.40 (s, 3 H), 3.56 (td, ] = 6.4, 2.0 Hz, 2 H), 6.88 (t, ] =
7.4 Hz, 1 H), 6.98 (t, 8.0 Hz, 2 H), 7.10 (m, 4 H), 7.30 (t, ] = 8.0, 2 H), 7.47
(m,2H),7.77 (m, 2 H), 8.09 (m, 2 H). 3C NMR (100 MHz, d6-benzene): §
150.75, 149.86, 138.47, 137.19, 131.80, 128.98, 126.82, 125.37, 123.01,

96.88, 71.39, 50.83, 31.93, 29.61, 29.52, 29.48, 29.36, 29.03, 25.50, 22.74,
14.00.

O/

Ph%/Ph

N

—N
0
O%N/[(o
Ph

MGco4al /\/\/\/\/\

MGco4al: '"H NMR (400 MHz, d6-benzene): § 0.92 (t, J= 7.0 Hz, 3 H),
0.95-1.40 (m, 16 H), 3.34 (s, 3 H), 3.52 (t, ] = 6.4 Hz,2 H), 6.92 (t, ] = 7.4
Hz, 1 H), 7.00 (t,7.8 Hz,2 H), 7.11 (m, 1 H), 7.21 (m, 3 H), 7.31 (m, 4 H),
7.73 (m,2 H), 8.39 (m, 2 H).
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Crossover experiments

H3CO OCH; OCH;3 OCHjs OCHjs
OCH
8\ Ph Ph\(S/Ph Ph\(S/Ph Ph\(y ’
Ph~N~N— / / Ph
>N N ifN o + N—N o + i7L
o N
e © ’\\I/Z(OCH O%\N/[(oc H © N ©
|
AZ4a hv Ph ° Ph o Ph
(416 £ 10 nm)
+ —_— MG¢o4aa MG¢odak MGc4aa
atoluene

C3H;0 OCzH; 2 acetonitrile
OC3H; OC3Hy OC3H;

o)

Phey -~ pn—[XPh
N~ N OC3H
- N N7 y Ph N7 y Ph Ph—_~ sh7
o N N Ph

—N + N—N + N—N
Ph o} 0
AZak O%NJ( OJ\N/[( O%\N/&o
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@ The solvents were dried with 3 A MS that was dried at 300 °C for 24 h in vacuo.
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Figure 44. '"H NMR (400 MHz, d6-benzene) spectra after photodenitrogenation of 1:1 mixture
AZ4a and AZ4k.

(a) in acetonitrile at 293 K, (b) in toluene at 293 K, (c) in toluene at 323 K *toluene
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OCH; OCH; OCH;

H,CO OCHs Ph— 7 —Ph Ph—\, -Ph Ph OCHs
] Y/
ph\N)kN_ Ph N=N o + N-N + N-N PP
N
}_,\i / O%\ /[( O%\ /[< O%\ AO
o N r\Il OCH ’}‘ OC4oH ';l
Ph Ph ’ PO Ph
AZ4a hv
(416 + 10 nm) MG¢o4aa MG p4al MGc4aa
+
@ toluene
C1oH210, OCyoHz¢ ?acetonitrile OC10H21 OC1oH21 0010';2(1’ y
o) o Ph—\,_-Ph Ph—_~\,_-Ph Ph— o
Ph\N)\!\l_ N \ K‘ / + N_n Ph
PN / N, + N=N -
(0] N
| OCoH |
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Figure 45. 'H NMR (400 MHz, d6-benzene) spectra after photodenitrogenation of 1:1 mixture
AZ4a and AZ41 (a) in acetonitrile at 293 K, (b) in toluene at 293 K. *1: H,O, *2: toluene
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OCH; OCH, OCHs
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Figure 46. '"H NMR (400 MHz, d6-benzene) spectra after photodenitrogenation of (a) AZ4m
and (b) AZ4n in toluene at 323 K, respectively. * H,O, toluene
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Spin-trapping experiments

456.16

[PBN-R(OMe)]*
C37 H37 O6 N4
(m/z: 633.27190 8: 1.798)

647.25

[MG4b + H]*
C27 H26 06 N3
(m/z: 488.18178 §: 0.344)

488.1/

679.28

62127
L8

530.27
N ‘.27

663.22 | 70229

|497.38
Tt e by
500 520

54626 56822 73728 79831
L - L
o . s e iy

T T T y T T T
620 640 660 680 700 720 760 780 800

miz

L T T (hetiogt Hats iec ace o
460 480 540 560 580 600 740

Figure 47. The mass spectrum using Atmospheric Pressure Chemical lonization (APCI meth-

od) obtained from the photoreaction AZ4b in the presence of PBN in benzene.
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Figure 48. a) spin adduct PBN-R(MeO) (m/z 633.27), b) computer simulation of (a).
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Chart 1. Expected molecular structures observable by means of mass spectroscopic analysis for

this spin-trapping experiments.

N—N
A7
OMe
0= A
| OCHj3y |
Ph Ph
MGodb MG4b
Chemical Formula: C57H25N30¢ Chemical Formula: C57H25N30¢6
Exact Mass: 487.17 Exact Mass: 487.17
o
H |
CI:_N_C(CH3)3
OMe
Spin adducts: PBN-R(OMe) Spin adducts: PBN-OMe
Chemical Formula: C37H37N4O¢’ Chemical Formula: C,HgNO,’
Exact Mass: 633.27 Exact Mass: 208.13
(a) (b)
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Figure 49. Spin-trapping experiments using EPR measurement. EPR spectrum obtained from
the photoreaction of (a) AZ4a (X =Y = H) and PBN in benzene at room temperature. (b) AZ4f
(X =Y = Br) and PBN.
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Regioselectivity of alkoxy-group migration reactions

Asymmetric substituted azoalkane AZ4i ((p-OMe, p-H)-AZ).

HsCO OCHs
3 Ph
Ph<p~“N- .

/ /)
O%N

N

AZ4i OMe

'H NMR (400 MHz, d6-benzene): § 2.46 (s, 3 H), 2.84 (s, 3 H), 3.23 (s, 3H),
6.77 (m,3H), 6.87 (d,] = 8.8 Hz,2 H), 7.12 (m, 3 H), 7.25 (t, ] = 7.6 Hz, 2
H),8.28 (d, ] = 8.8 Hz, 2 H), 8.35 (m, 2 H). ESI-MS found: 508.15875, calc.
for C26 H23 O5 N5 Na ([M+Na]*): 508.15914.

Asymmetric substituted azoalkane AZ4j ((p-CN, p-H)-AZ).

HsCO OCHj
0
Ph
Ph~p~“N- .

I /)
O%N

N

AZ4j CN

'"H NMR (400 MHz, d6-benzene): § 2.25 (s, 3 H), 2.64 (s, 3 H), 6.79 (m, 3
H), 7.09 (m, S H), 7.98 (m, 2 H), 8.28 (m, 2 H). ESI-MS found: 503.14322,
calc. for C26 H20 O4 N6 Na ([M+Na]*): 503.14382.
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Figure 50. 'H NMR (400 MHz, d6-benzene) spectra after photodenitrogenation of AZ4i
in (a) toluene at 298 K and (b) acetonitrile at 298 K, respectively. *1: H,O, *2: toluene
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Figure 51.'H NMR spectrum after photodenitrogenation of AZ4j in (a) toluene, (b) acetoni-

trile. * H,O, toluene
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Effect of temperature on regioselectivity of alkoxy-group migration

reactions
OCH, OCH,
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Figure 52. Temperature dependence on the alkoxy-migrated products rate (MGco4 vs. MGc4).
aryl-substituted: (a) p-MeO-CsHy, (b) p-Cl-CsH,4
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Figure 5§3. "H NMR spectroscopic analyses for photodenitrogenation of AZ4b in toluene in a
variety of reaction temperature; (a) 273 K, (b) 293 K, (c) 303 K, (d) 313 Kand (e) 323 K.
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Figure 54. '"H NMR spectroscopic analyses for photodenitrogenation of AZ4e in toluene in a
variety of reaction temperature; (a) 273 K, (b) 293 K, (¢) 303K, (d) 313 Kand (e) 323 K.
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Alkoxy-migrated product MGco4b.

MeO O OCH3 OMe

%\M

L OCHs

MGc04b

'"H NMR (400 MHz, d6-benzene): § 3.24 (s, 6 H), 3.29 (s, 3H), 3.36 (s, 3H),
6.80(d,J=8.8 Hz,2 H),6.90 (m,3H), 7.01 (t,J=7.8 Hz,2 H),7.39 (d,] =
7.2 Hz, 2 H),7.63 (d, ] = 8.8 Hz, 2 H), 8.33 (d, ] = 9.2 Hz, 2 H). '*C NMR
(100 MHz, d6-benzene): § 160.57, 160.23, 154.51, 151.31, 145.52, 143.62,
138.69, 136.57, 136.15, 131.62, 131.20, 128.92, 128.88, 128.59, 128.32,
127.98, 127.88, 127.68, 124.13, 123.79, 120.90, 119.29, 114.22, 113.70,
113.31, 60.57, 54.44, 54.38, 53.38. ESI-MS found: 510.16330, calc. for C27
H25 06 N3 Na ([M+Na]*): 510.16356.

Alkoxy-migrated product MGco4e.

OAHO7

%\M

1 OCH;

MGco4e

'H NMR (400 MHz, d6-benzene): § 3.00 (s, 3 H), 3.28 (s, 3H), 6.91 (m, 1
H), 7.00-7.06 (m, 4 H), 7.22 (m, 2 H), 7.30 (m, 2 H),7.36 (m, 2 H), 8.06 (m,
2 H). '3C NMR (100 MHz, d6-benzene): § 154.63, 151.38, 144.72, 144.25,
138.64, 135.46, 134.20, 131.48, 130.08, 128.84, 128.65, 128.54, 128.18,
127.95, 127.24, 61.06, 53.86.
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3.9  Supplementary material
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Figure 55. '"H NMR (400 MHz, d6-benzene) spectrum of MGc4aa. *1: H,O, *2: toluene
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Figure 56. °C NMR (100 MHz, d6-benzene) spectrum of MGc4aa. * toluene
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Figure 61. '"H NMR (400 MHz, d6-benzene) spectrum of AZ4k. * H,O
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Figure 66. '"H NMR (400 MHz, d6-benzene) spectrum of AZ4m.
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Figure 69. (a) *C NMR (100 MHz, d6-benzene) spectra of AZ4n. (b) DEPT13S, (c) DEPT90.
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Figure 85. 'H NMR (400 MHz, d6-benzene) spectrum of MGco4e. * toluene

61.06
53.86

"

180 160 140 120 100 80 60 40 20
5/ ppm

Figure 86. °C NMR (100 MHz, d6-benzene) spectra of MGco4e. * toluene

123




*

124

| ‘IJL
|ppm(1H) T T T T T
9 8 7 6 5 4 ] 2 0
2 1
o H H
pom{H) i . ] .
% 3
e — |
— o™
Lo 7 =
- g
] C1 4 @
_ 1 |Lo
© 8
K= Cz ¢ ®
o0
(=
S 8
o
1 I8 H
—_— . - .
= S " il :
= (=]
©
—~ 2
2=
|
alg
o™
1
O
cl & ci
OAL
/
N—N 0
2
O4/\N i H2
L 2 O’%
Ph H?
MGco4e
Figure 87.'H, C-HMBC (d6-benzene) spectrum of MGco4e. * toluene




3.10 Reference

(1). Yoshidomi, S.; Mishima, M.; Seyama, S.; Abe, M.; Fujiwara, Y.; Ishibashi, T. Di-
rect Detection of a Chemical Equilibrium between a Localized Singlet Diradical and Its
o-Bonded Species by Time-Resolved UV/Vis and IR Spectroscopy. Angew. Chem., Int. Ed.
2017, 56, 2984-2988.

(2). Abe, M.; Kubo, E.; Nozaki, K.; Matsuo, T.; Hayashi, T. An Extremely Long-Lived
Singlet 4,4-Dimethoxy-3,5-diphenylpyrazolidine-3,5-diyl Derivative: A Notable Nitro-
gen-Atom Effect on Intra- and Intermolecular Reactivity. Angew. Chem., Int. Ed. 2006, 435,
7828-7831; Corrigendum, idem, ibid, 2012, 51, 11911.

(3). Bradley, D.; Williams, G.; Lawton, M. Drying of Organic Solvents: Quantitative
Evaluation of the Efficiency of Several Desiccants. J. Org. Chem. 2010, 75, 8351-8354.

(4). Einstein, A. Uber die von der molekularkinetischen Theorie der Wirme ge-
forderte Bewegung von in ruhenden Flissigkeiten suspendierten Teilchen. Annalen. der.
Physik, 1905, 17, 549-560.

(5). (a) Perkins, M. J.; Spin Trapping. In Advances in Physical Organic Chemistry;
Gold, V.; Bethell, D., Eds.; Academic Press: New York, 1980; Vol. 17, pp 1-64. (b) Mao,
S. W.,; Kevan, L. Electron paramagnetic resonance studies of spin trapping of the primary
neutral radicals formed in y-irradiated methanol. Chem. Phys. Lett. 1974, 24, 505-507.
(c) Schlick, S.; Kevan, L. Spin trapping of radicals formed in gamma-irradiated metha-
nol: Effect of the irradiation temperature from 77 K to 300 K. Chem. Phys. Lett. 1976, 38,
505-509. (d) Halpern, A. Spin trapping of radicals in tritiated methanol. Chem. Phys.
Lett. 1984, 103, 523-525. (d) Acken, B. J.; Warshaw, J. A.; Gallis, D. E.; Crist, D. R.
Acyclic a-Alkoxynitrones. A New Class of Spin-Trapping Agents. . Org. Chem. 1989. 54,
1743-1745. (e) Ledwith, A.; Russell, P. J.; Sutcliffe. L. H. Alkoxy radical intermediates
in the thermal and photochemical oxidation of alcohols. Proc. R. Soc. Lond. A. 1973, 332,
151-166.

(6). Forrester, A. R.; Thomson, R. H. Nature. 1964, 203, 74-75.

(7). (a) Abe, M.; Adam, W.; Hara, M.; Hattori, M.; Majima, T.; Nojima, M.; Tachi-
bana, K. Tojo, S. On the Electronic Character of Localized Singlet
2,2-Dimethoxycyclopentane-1,3-diyl Diradicals: Substituent Effects on the Lifetime. J.
Am. Chem. Soc. 2002, 124, 6540-6541. (b) Abe, M.; Hattori, M.; Takegami, A.; Ma-
suyama, A.; Hayashi, T.; Seki, S.; Tagawa, S. Experimental Probe for Hyperconjugative

128



Resonance Contribution in Stabilizing the Singlet State of 2,2-Dialkoxy-1,3-diyls: Regi-
oselective 1,2-Oxygen Migration. ]. Am. Chem. Soc. 2006, 128, 8008-8014.

(8). Kita, F.; Adam, W.; Jordan, P.; Nau, W. M.; Wirz, J. 1,3-Cyclopentanediyl Dirad-
icals: Substituent and Temperature Dependence of Triplet—Singlet Intersystem Crossing.
J. Am. Chem. Soc. 1999, 121, 9265-9275.

(9). Mizuno, T.; Abe, M.; Ikeda, N. Simultaneous Observation of Triplet and Singlet
Cyclopentane-1,3-diyl Diradicals in the Intersystem Crossing Process. Aust. J. Chem.
2015, 68, 1700—~1706.

(10). (a) Abe, M.; Tada, S.; Mizuno, T.; Yamasaki, K. Impact of Diradical Spin State
(Singlet vs Triplet) and Structure (Puckered vs Planar) on the Photodenitrogenation
Stereoselectivity of 2,3-Diazabicyclo[2.2.1]heptanes. J. Phys. Chem. B, 2016, 120,
7217-7226. (b) Ye, J.; Fujiwara, Y.; Abe, M. Substituent effect on the energy barrier for
o-bond formation from n-single-bonded species, singlet

2,2-dialkoxycyclopentane-1,3-diyls. Beilstein. J. Org. Chem. 2013, 9, 925-933.

126



Chapter 4

Computational Study






4.1 Nitrogen atom effect on the singlet 1,3-diradicals

The experimental results described in Chapter 2 demonstrate that I) the
immediate fate of singlet diradicals, S-DR4, is undoubtedly the bond for-
mation reaction to afford the o-bonded species, CP4; II) S-DR4 is ca. 2-11
k] mol™! more stable in enthalpy than CP4; III) the equilibrium constant K
between S-DR4 and CP4 in polar solvent is smaller than that in non-polar
solvent; 1.54 in toluene > 0.72 in acetonitrile (Ar = p-H-CsH4).

In Chapter 4.1, to understand the nitrogen atom effect on the small energy
difference between S-DR4 and CP4, the isodesmic reactions shown in fol-
lowing Equations (1), (2) were calculated using the broken-symmetry
(BS)!'-(R,U)CAM-B3LYP?/6-31G(d) level of theory (Scheme 19), because
the experimentally obtained AG°;9; between S-DR4a and CP4a was well re-
produced at this level of theory; AG®:93toluene = —1.3 and AG°cic. = —1.4 kJ
mol~!. Equation (1) was calculated to be endothermic, AH:= +15.5 k] mol™},
while Equation (2) was found to be exothermic, AH; = —5.9 k] mol~!. These
results suggested that the notable effect of the nitrogen atoms on the equilib-
rium constant K is mainly due to the enthalpic stabilization of S-DR4, not
the ring-strain destabilization by introducing nitrogen atom. Thus, the zwit-
terionic resonance structures, ZI, which are shown in Scheme 8 (in Chapter

2) rationalize the nitrogen atoms effect on the stabilization of S-DR4.

Scheme 19. Isodesmic reaction.

HsCO, OCHj HsCO, OCH3
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4.2  Conformers of open-shell singlet diradicals and o-bonded species

The four conformers of the open-shell singlet diradicals S-DR4a, i.e.
S-DR4a-ii , S-DR4a-ig, S-DR4a-gg, and S-DR4a-gi (i: in, g: gauche), were
found as equilibrium structures using the broken-symmetry (BS) method at
the (U)B3LYP/6-31G(d) and (U)CAM-B3LYP/6-31G(d) level of theory
(Scheme 20). The value of <S?> was found to be ca.0.75 (0.95)* for all the
four conformers, suggesting the singlet ground state of S-DR4a,® *values in
parenthesis are calculated at the (BS)-(U)CAM-B3LYP/6-31G(d) level of
theory. The in-in conformation of the acetal moiety, i.e. S-DR4a-ii, was low-
er in energy than S-DR4a-ig, S-DR4a-gi, and S-DR4a-gg by 9.2 (8.3), 14.6
(16.0), and 32.5 (32.3) kJ mol™!, respectively. Figure 90 illustrates further in-
sight into the four conformation; the potential energy surfaces around the
dihedral angle (¢) of the acetal moiety were calculated for the respective sin-
glet diradicals at the (BS)-(U)CAM-B3LYP/6-31G(d) level of theory.

The singlet state was calculated to be more stable than the triplet state by
25.9 (22.0) kJ mol!, which were computed after correction for spin contam-
ination in singlet state by wusing Yamaguchi’s formula; AEsr =
(<8?r>/(<8%r> — <8%>)) x AEstr.! The singlet-triplet energy gap was well
consistent with the value of 24.7 k] mol~! determined at the CASSCF(6/6)
level of theory.*

Scheme 20. Four conformers of open-shell singlet diradicals S-DR4.

HsCO, OCHj;
Phwf\~Ph  Ph_ O Ph, O : Ph. O : Ph. O
\%Tﬁ N Y NG NG Nt
NN = 1 N A NP AN AN
%\ /& ) N = 0 N = 0 N = 0 N
0 N o) 6] 0] (@] (@)
. ph / ph / ph | ph
Ph
S-DR4a S-DR4a-ii S-DR4a-ig S-DR4a-gg S-DR4a-gi
AEpe 0.0 +9.2 +32.5 +14.6
inkJ mol"  (0.0) (+8.3) (+32.3) (+16.0)
) 0.76 0.77 0.73 0.78
<S>
(0.95) (0.96) (0.95) (0.94)

At the (BS)-(U)B3LYP/6-31G(d) level of theory.

Values in parenthesis are calculated at the (BS)-(U)CAM-B3LYP/6-31G(d) level of theory.
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Figure 88. Relaxed potential energy scan of singlet diradicals S-DR4a calculated by scanning
the dihedral angle 9C8-06-C1-O7 and ¢C9-O7-C1-0O6 in gas phase at
(BS)-(U)CAM-B3LYP/6-31G(d) level; black line is ii > ig (ig’) surface, blue dased line is ii >
gi (gi’) surface, red line is ig > gg surface, and black dashed line is gi > gg surface. AE is the en-
ergy relative to the lowest energy conformer (¢C8-06-C1-O7 and ¢C9-0O7-C1-06 = 0°).

According to the computationally finding, the endo-isomer of o-species,

endo-CP4a, was calculated to be more stable in energy than the exo isomer,

exo-CP4a, by 35.8 (37.9) k] mol"' at the (R)B3LYP/6-31G(d) and
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(R)CAM-B3LYP/6-31G(d) level of theory. The energetic preference of the
endo-isomer is rationalized by the electron delocalization of lone-pair elec-
trons (LP) on the nitrogen atoms to the C-C o* (BD*) of the cyclopropane
ring. Indeed, the N5-C2 bond in endo-CP4a, 1.48 (1.47) A, was found to be
shorter than that in exo-CP4a, 1.50 (1.48) A (Scheme 21). Furthermore, the

Scheme 21. Two conformers of o-bonded species; (a) endo-isomer and (b) exo-isomer.

(a) (b)

6
H3CO 1:\OCHa (1‘ ( HyCO, OCHy
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| 4

Ph |I°h J
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1 46(0) 1.48(4) 1.48(8)

1.44(4)
/ 1.43(2)

(front)

(front)

In gas phase at (R)CAM-B3LYP/6-31G(d) level of theory. Isovalue: 0.06 in NBO basis.
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second-order perturbation theory energy analysis in the natural bond orbital
(NBO) basis® at the (R)CAM-B3LYP/6-31G(d) level of theory illustrated
that the nx > occ® interaction between the nitrogen lone-pair and the cyclo-
propane ring C1-C2 (or C1-C3) of the endo-isomer were seen to give the
strongest stabilization, ca. 33.0 k] mol!, compared to that of the exo-isomer,
ca. 11.7 kJ mol!. In addition, only endo-isomer was found to interact be-
tween the nitrogen lone-pairs and one of the acetal moieties, C1-06, ca. 3.47
kJ mol! (Table 9, Figure 91). The N4-NS bond distance in endo-CP4a, 1.44
(1.43) A, was shorter than that in exo-CP4a, 1.45 (1.44) A. The
bond-distance of C2-C3 in endo-CP4a, 1.588 (1.567) A, was found to be
longer than that in exo-CP4a, 1.568 (1.554) A.

Table 9. Hyperconjugative stabilization by donor (LP: nitrogen lone-pair)-acceptor (BD*: an-

ti-bonding orbital of cyclopentane) interactions in NBO basis.

Ring-closure Stabilization Energy /
Donor NBO Acceptor NBO
products kJ mol

exo-isomer LP (N4) BD* (C1-C3) 11.42
LP (NS) BD*(C1-C2) 11.97

endo-isomer LP (N4) BD* (C1-C3) 35.98
LP (N4) BD* (C1-06) 3.39

LP (N5) BD* (C1-C2) 29.96

LP (NS) BD* (C1-06) 3.56

In gas phase at (R)CAM-B3LYP/6-31G(d) level of theory.

ve'd
o

Figure 89. The nx@) and (s) > 0¥ cointeraction between nitrogen lone-pairs and anti-bonding or-
bital acetal moiety of endo-CP4a. Isovalue: 0.06 in NBO basis.
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4.3  The electronic properties of 1,2-diazacyclopentane-3,5-diyls

In Chapter 2, the electronic properties of S-DR4 were experimentally clari-
fied by effects of substituent and solvent on the singlet diradicals. In this
chapter, the electronic properties of the singlet state of 4,4-dimethoxy
1,2-diazacyclopentane-3,5-diyls were investigated in terms of computational
study by means of the second-order perturbative estimates of do-
nor-acceptor interactions in NBO basis at the (U)CAM-B3LYP/6-31G(d)
level of theory (Table 10, Figure 92). The nn() > n*c2) and nn@e) >
0*CC(aromatic ring) interaction between the nitrogen lone-pair (LP) and the va-
cant p orbital (LP* (C2)) expected to derive from zwitterionic resonance
structure, ZI2, were observed from the a spin state. Subsequently, the nc() »
o*co interaction between the benzylic carbon (C3) and the anti-bonding or-
bital of acetal moiety, C1-O4 (or C1-05), expected to derive from ZI3 were
also found. The respective interactions at p spin are described in Table 10.
The electronic properties of the singlet diradicals, S-DR4, which were de-
duced from experiments certainly rationalized by these computational find-
ings. Once described, there was also a slight interaction between the radical
sites, C2 and C3, ca. 0.40 kcal mol"! (Table 10).

Figure 90. Natural bond orbital of S-DR4a-ii (a spin), left: nx(s) > n*c(2) and nn() > 0¥ cc(aromatic
ring) iteraction expected to derive from ZI2, right: nc(s) » 0*co interaction expected to derive
from Z13. Isovalue: 0.06 in NBO basis.
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Table 10. Second-order perturbative estimates of donor-acceptor interactions in NBO basis.

6 4 1 5 17 ,:300 ‘\\OCHZr Aljscéao ’\OCH,ir Al:ISCO CgCH:
GBS VRIS <7 Py
=/ 127':‘_':16 14 s i i—L - i—gi - i—N@
o\ 5 ERNE" CE N LN
110710 N 87012 ! Ph Ph Ph
Ph S-DR4 z12 zI3
Stabilization Energy /  Contribution
Spin Donor NBO Acceptor NBO
kcal mol* type
LP (N6) LP*(C2) 45.65 712
LP (N6) BD*(C8-012) 26.93
LP (N7) BD*(C10-011) 31.64
LP (N9) BD*(C8-012) 33.14
LP (N9) BD*(C10-011) 33.49
a LP*(C2) BD* (C1-04) 3.55
LP*(C2) BD* (C1-05) 2.50
LP (C3) LP*(C2) 0.39
LP (C3) BD* (C1-04) 8.50 713
LP (C3) BD* (C1-05) 6.34 713
LP (C3) BD* (C12-C13) 34.95 712
LP (N7) LP*(C3) 45.18 712
LP (N7) BD*(C10-011) 27.09
LP (N6) BD*(C8-012) 30.46
LP (N9) BD*(C8-012) 31.71
LP (N9) BD*(C10-011) 33.42
B LP (C2) LP*(C3) 0.40
LP (C2) BD* (C1-04) 8.50 713
LP (C2) BD* (C1-05) 6.34 713
LP (C2) BD* (C14-C15) 34.28 712
LP* (C3) BD* (C1-04) 3.55
LP* (C3) BD* (C1-05) 2.51

In gas phase at (BS)-(U)CAM-B3LYP/6-31G(d) level of theory.
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4.4 Effects of substituent and solvent on the thermal equilibrium

To evaluate the effect of solvent on the thermal equilibrium for S-DR4, the
computational study was conducted by using polarizable continuum model
(PCM).5 Although the energy difference between S-DR4 and CP4 were
overestimated at the several types of density functional theory (DFT) level of
theory, (BS)-(R,U)B3LYP’7, M06-2x%, and wB97XD?/6-31G(d)!’; respective
AEs.preii-endo-cp = —14.4 ~ =27.7 k] mol?, 28.1 k] mol?, and 17.5 kJ mol?, the
equilibrium constant K which were estimated computational results at the
CAM-B3LYP/6-31G(d) level were good agreement with that of experiments,
except for aryl-asymmetrically donor-accepter substituted S-DR4 (X = MeO,
Y = Clor Br) (Table 11).

Table 11. Solvent polarity (PCM) and aryl-substituent dependency on the thermal equilibrium
between the singlet diradicals S-DR4 and its o-bonded species CP4.

K = [endo-CP4] / [S-DRA4-ii]

Ph

SV QRN S-DR4-i PR, O O
P N 0 = g A N—_U\N o)
0 NQ<O SDRa-gg —= 1 :
p-X-CeHa N\ spDRagi =
p-X-CgHy
S-DR4-ii endo-CP4
Substituents gas phase toluene (e = 2.38) acetonitrile (& = 36.64)
(X; Y) AEDR7 cp I<calc. AED]L cp I<calc. I<expt. AED]LCP I<calc. I<expt.
(H,H) +0.75 1.35 +1.40 1.76 1.74 -0.07 0.97 0.95
(MeO, MeO) -1.7§ 0.49 -1.23 0.61 0.67 -2.12 0.43 0.49
(Cl, Cl) -3.14 0.28 -2.08 0.43 0.49 -3.79 0.22 0.23
(CN,CN) | -930  002i -867 003 ~0.00i -10.73 001  ~0.00
(MeO, Cl) -3.25 0.27 -2.46 0.37 N/R -4.17 0.19 N/R
(MeO, Br) -3.26 0.27 -3.08 0.29 0.50 -4.44 0.17 0.28

in k] mol™ for AEpr-ce.

Respective equilibrium constants Keaiu,, and Kexpe. at 298.15 K.
at the CAM-B3LYP/6-31G(d) level of theory.
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The experimental finding on the effects of substituent and solvent on the
rate constant (kce) for the ring-closing reaction of S-DR4 to CP4 suggested
that the positive charge at the benzylic position increases with the radi-
cal-radical coupling (Chapter 2). To clarify the electron movement involved
in the ring-closing/-opening reactions between S-DR4 and CP4, the nitro-
gen atoms and benzylic moiety (including aromatic ring) of the respective
structures; S-DR4a-ii, TS-gg, and endo-CP4a, charges were caluculated by
natural population analysis (NPA)®* and atomic polar tensor (APT)!! at the
(R,U)CAM-B3LYP/6-31G(d) level of theory, respectively (Scheme 22).

Scheme 22. Charge movement at the benzyl moiety and nitrogen atoms during ring-closing re-
action S-DR4a-ii to endo-CP4a via TS-gg. Comparison of individual atom charges calculated
by natural population analysis (NPA) and atomic polar tensor (APT, values in parenthesis) at

the (BS)-(R,U)CAM-B3LYP/6-31G(d) level of theory.

¥ H;CO OCH

0.15 HsCO OCHs ¢ 15 0.21 HsCO OCHs ™ 020 017 AT 7 016
(0.25) PhWPh (0.25) (0.26) Ph\e_}/Ph (0.32) (0.36) Ph Ph (0.34)
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(-0.75) (-0.76) (-0.69) 0%\ /&O (-0.71) (-0.67) © N 0 (-0.67)

Ph Ph Ph
S-DR4a-ii TS-gg endo-CP4a

The NPA charge on the benzyl moiety and nitrogen atoms of S-DR4a-ii
clearly suggested an important contribution to ZI2, which possesses anionic
characteristics at the benzylic position and cationic characteristics at the ni-
trogen atoms, because the NPA charge on the benzyl moiety is small and that
on the nitrogen atom is large as compared with TS-gg; 0.21 in TS-gg > 0.15
in S-DR4a-ii (benzil moiety), -0.27 in S-DR4a-ii > -0.32 in TS-gg (nitrogen
atoms). Furthermore, the NPA charge on the benzyl moiety increased from
0.15 to 0.21 during the C-C bond formation. Thus, the predicted electron
movement in terms of computationally study was consistent with the exper-

imental observation of the effects of substituent and solvent.
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4.5 Potential energy surface

4.5.1 Thermal equilibrium reaction between a localized singlet

diradicals and its c-bonded species

The ring-closing reaction of S-DR4a-ii to endo-CP4a was computed at the
(BS)-(R,U)CAM-B3LYP/6-31G(d) level of theory to support experimental-
ly information on the reactivity of S-DR4a (Scheme 23). According to the
computational finding regarding rotation of the acetal moiety in Chapter 4.2,
which conformer of S-DR4, i.e. -ii, -ig, -gi or -gg, is involved in radi-
cal-radical coupling plays a key role in the ring-closing reaction (Figure 90).
The intrinsic reaction coordinate (IRC) analysis revealed that only
gauche-gauche transition state, TS-gg, was connected with S-DR4a-gg and
endo-CP4a, even though two endo-transition states, i.e. TS-gg (imaginary
number: —509.85 cm™) and TS-ig (-62.63 cm!), that produce the en-

Scheme 23. Theoretically study as to thermal equilibrium between S-DR4a and CP4a.
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do-CP4a were found at this level of theory. Therefore, the C-C bond for-
mation via TS-gg takes place after conformational change of S-DR4a-ii to
S-DR4a-gg. Indeed, the energy barrier (Ezpe) from S-DR4a-ii to endo-CP4a
was calculated to be 49.0 k] mol™" in gas phase at this level of theory. Thus,
the DFT computations reproduced the experimentally obtained energy bar-
rier of the ring-closing reaction, E,= 39.8 k] mol™' (Table 1 in Chapter 2).

4.5.2 Alkoxy-group migration reactions

The methoxy migration step was computed at the (U)B3LYP/6-31G(d)
and (U)CAM-B3LYP/6-31G(d) level of theory. The activation energy of
75.4 (107.9) k] mol! was computed for the formation of MGc4aa (Scheme
24a). The endo-methoxy group for S-DR4a was found to preferably migrated to
the benzyl carbon to afford MGc4aa. The C-O bond scission in T-DR4a was also
computed to estimate the energy barrier. The energy barrier was 62.0 (84.0) kJ
mol™, which was smaller than the migration step in S-DR4a to afford MGc4aa
(Scheme 24b). The computed energy profile at B3LYP/6-31G(d) level of theory is
qualitatively agreement with the experimental observation; AG*(s.pr4a > MGcaaa) =
68.9 k] mol™!, AG*(s-pr4a > T-DRaa) = 64.7 k] mol™' at 298 K in toluene.

Scheme 24. Theoretically study of the alkoxy-group migrated reaction. (a) concerted
alkoxy-group 1,2-migrated reaction, and (b) stepwise alkoxy-group migrated reaction via in-
tersystem crossing process.
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4.6

Chapter summary

In Chapter 4, the singlet 4,4-dimethoxy-1,2-diazacyclopentane-3,5-diyls,

S-DR4a, and its reactivity were computationally investigated to make the

experimental part more definite. Isodesmic reaction indicated that hyper-

conjugative zwitterionic resonance structures, ZI, play an important role in
the thermodynamically stabilization of S-DR4. The natural bond orbital
(NBO) analysis also revealed I) important contribution to Z12,3, and II) the

electron movement involved in the ring-closing reaction S-DR4 to CP4.

These computational findings regarding thermal equilibrium reaction and

alkoxy-group rearrangement processes made the experimental findings more

rational (Scheme 25).

Scheme 25. Computational (in gas) and experimental (in toluene) potential energy surface.
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4.7  Supplementary material
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Figure 91. Four conformers of the open-shell singlet state of S-DR4a; (in, in): left top, (in,
gauche): right top, (gauche, in): left down, and (gauche, gauche): right down.
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Figure 93. Alkoxy-group migrated products; MGc4aa (left) and MGco4aa (right)

Figure 94. Transition state between S-DR4a and endo-CP4a. left: TS-gg (relative energy: 49.0
kJ mol ", imaginary number: -509.85 cm™!) and right: TS-ig (74.6 k] mol ", -62.63 cm™!)
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S-DR4a-ii

at the (BS)-(U)B3LYP/6-31G(d)

Zero-point correction= 0.414779 (Hartree/Particle)
Thermal correction to Energy= 0.441940

Thermal correction to Enthalpy= 0.442884

Thermal correction to Gibbs Free Energy= 0.356676

Sum of electronic and zero-point Energies= -1429.957511
Sum of electronic and thermal Energies=-1429.930350
Sum of electronic and thermal Enthalpies= -1429.929406
Sum of electronic and thermal Free Energies=-1430.015615

at the (BS)-(U)M06-2x/6-31G(d)

Zero-point correction= 0.419743 (Hartree/Particle)
Thermal correction to Energy= 0.446703

Thermal correction to Enthalpy= 0.447647

Thermal correction to Gibbs Free Energy=0.361551

Sum of electronic and zero-point Energies= -1429.383279
Sum of electronic and thermal Energies= -1429.356320
Sum of electronic and thermal Enthalpies= -1429.355375
Sum of electronic and thermal Free Energies=-1429.441471

at the (BS)-(U)wB97XD/6-31G(d)

Zero-point correction= 0.420364 (Hartree/Particle)
Thermal correction to Energy= 0.447286

Thermal correction to Enthalpy= 0.448231

Thermal correction to Gibbs Free Energy= 0.362051

Sum of electronic and zero-point Energies= -1429.501266
Sum of electronic and thermal Energies=-1429.474343
Sum of electronic and thermal Enthalpies= -1429.473399
Sum of electronic and thermal Free Energies=-1429.559578
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at the (BS)-(U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.419206 (Hartree/Particle)
Thermal correction to Energy= 0.446211

Thermal correction to Enthalpy= 0.447155

Thermal correction to Gibbs Free Energy= 0.360683

Sum of electronic and zero-point Energies= -1429.287399
Sum of electronic and thermal Energies= -1429.260394
Sum of electronic and thermal Enthalpies=-1429.259450
Sum of electronic and thermal Free Energies= -1429.345922

(toluene)

Zero-point correction= 0.420427 (Hartree/Particle)
Thermal correction to Energy= 0.447238

Thermal correction to Enthalpy= 0.448182

Thermal correction to Gibbs Free Energy= 0.362568

Sum of electronic and zero-point Energies= -1429.245355
Sum of electronic and thermal Energies=-1429.218544
Sum of electronic and thermal Enthalpies= -1429.217600
Sum of electronic and thermal Free Energies=-1429.303214

(acetonitrile)

Zero-point correction= 0.420100 (Hartree/Particle)
Thermal correction to Energy= 0.446987

Thermal correction to Enthalpy=0.447931

Thermal correction to Gibbs Free Energy= 0.361907

Sum of electronic and zero-point Energies= -1429.253876
Sum of electronic and thermal Energies= -1429.226989
Sum of electronic and thermal Enthalpies= -1429.226045
Sum of electronic and thermal Free Energies=-1429.312069
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at the (BS)-(U)CAM-B3LYP/6-31G+(d,p)

Zero-point correction= 0.418302 (Hartree/Particle)
Thermal correction to Energy= 0.445311

Thermal correction to Enthalpy= 0.446255

Thermal correction to Gibbs Free Energy= 0.359842

Sum of electronic and zero-point Energies= -1429.318704
Sum of electronic and thermal Energies=-1429.291695

Sum of electronic and thermal Enthalpies=-1429.290751
Sum of electronic and thermal Free Energies=-1429.377164

S-DR4a-ig

at the (BS)-(U)B3LYP/6-31G(d)

Zero-point correction= 0.414711 (Hartree/Particle)
Thermal correction to Energy= 0.441892

Thermal correction to Enthalpy= 0.442836

Thermal correction to Gibbs Free Energy= 0.356598

Sum of electronic and zero-point Energies= -1429.953977
Sum of electronic and thermal Energies=-1429.926796
Sum of electronic and thermal Enthalpies=-1429.925851
Sum of electronic and thermal Free Energies=-1430.012090

at the (BS)-(U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.420598 (Hartree/Particle)
Thermal correction to Energy= 0.447365

Thermal correction to Enthalpy= 0.448310

Thermal correction to Gibbs Free Energy= 0.362905

Sum of electronic and zero-point Energies=-1429.235996
Sum of electronic and thermal Energies=-1429.209229

Sum of electronic and thermal Enthalpies=-1429.208285
Sum of electronic and thermal Free Energies=-1429.293690
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S-DR4a-gi

at the (BS)-(U)B3LYP/6-31G(d)

Zero-point correction= 0.414322 (Hartree/Particle)
Thermal correction to Energy= 0.441804

Thermal correction to Enthalpy= 0.442748

Thermal correction to Gibbs Free Energy= 0.353986

Sum of electronic and zero-point Energies=-1429.951878
Sum of electronic and thermal Energies=-1429.924396

Sum of electronic and thermal Enthalpies=-1429.923452
Sum of electronic and thermal Free Energies=-1430.012214

at the (BS)-(U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.420404 (Hartree/Particle)
Thermal correction to Energy= 0.447362

Thermal correction to Enthalpy= 0.448306

Thermal correction to Gibbs Free Energy= 0.361895

Sum of electronic and zero-point Energies= -1429.233064
Sum of electronic and thermal Energies=-1429.206105

Sum of electronic and thermal Enthalpies=-1429.205161
Sum of electronic and thermal Free Energies=-1429.291572

144



S-DR4a-gg

at the (BS)-(U)B3LYP/6-31G(d)

Zero-point correction= 0.414363 (Hartree/Particle)
Thermal correction to Energy= 0.441619

Thermal correction to Enthalpy= 0.442563

Thermal correction to Gibbs Free Energy= 0.355844

Sum of electronic and zero-point Energies= -1429.945127
Sum of electronic and thermal Energies=-1429.917872
Sum of electronic and thermal Enthalpies=-1429.916928
Sum of electronic and thermal Free Energies=-1430.003647

at the (BS)-(U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.420448 (Hartree/Particle)
Thermal correction to Energy= 0.447228

Thermal correction to Enthalpy= 0.448172

Thermal correction to Gibbs Free Energy= 0.362578

Sum of electronic and zero-point Energies= -1429.226829
Sum of electronic and thermal Energies=-1429.200049

Sum of electronic and thermal Enthalpies=-1429.199105
Sum of electronic and thermal Free Energies=-1429.284699
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T-DR4a-ii

at the (U)B3LYP/6-31G(d)

Zero-point correction= 0.414577 (Hartree/Particle)
Thermal correction to Energy= 0.441818

Thermal correction to Enthalpy= 0.442762

Thermal correction to Gibbs Free Energy= 0.355367

Sum of electronic and zero-point Energies= -1429.951304
Sum of electronic and thermal Energies=-1429.924063

Sum of electronic and thermal Enthalpies=-1429.923119
Sum of electronic and thermal Free Energies=-1430.010514

at the (U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.420382 (Hartree/Particle)
Thermal correction to Energy= 0.447269

Thermal correction to Enthalpy= 0.448214

Thermal correction to Gibbs Free Energy= 0.361348

Sum of electronic and zero-point Energies= -1429.234569
Sum of electronic and thermal Energies=-1429.207682
Sum of electronic and thermal Enthalpies=-1429.206738
Sum of electronic and thermal Free Energies= -1429.293603

endo-CP4a

at the (R)B3LYP/6-31G(d)

Zero-point correction= 0.416348 (Hartree/Particle)
Thermal correction to Energy= 0.443277

Thermal correction to Enthalpy= 0.444221

Thermal correction to Gibbs Free Energy= 0.357805

Sum of electronic and zero-point Energies=-1429.952018
Sum of electronic and thermal Energies=-1429.925090
Sum of electronic and thermal Enthalpies=-1429.924145
Sum of electronic and thermal Free Energies=-1430.010562
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at the (R)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.422763 (Hartree/Particle)
Thermal correction to Energy= 0.449228

Thermal correction to Enthalpy=0.450172

Thermal correction to Gibbs Free Energy= 0.364612

Sum of electronic and zero-point Energies= -1429.239428
Sum of electronic and thermal Energies= -1429.212963
Sum of electronic and thermal Enthalpies=-1429.212019
Sum of electronic and thermal Free Energies=-1429.297579

(toluene)

Zero-point correction= 0.422417 (Hartree/Particle)
Thermal correction to Energy= 0.448965

Thermal correction to Enthalpy= 0.449909

Thermal correction to Gibbs Free Energy= 0.363893

Sum of electronic and zero-point Energies= -1429.245888
Sum of electronic and thermal Energies= -1429.219340

Sum of electronic and thermal Enthalpies= -1429.218396
Sum of electronic and thermal Free Energies=-1429.304412

(acetonitrile)

Zero-point correction= 0.422085 (Hartree/Particle)
Thermal correction to Energy= 0.448716

Thermal correction to Enthalpy= 0.449661

Thermal correction to Gibbs Free Energy= 0.363020

Sum of electronic and zero-point Energies=-1429.253850
Sum of electronic and thermal Energies=-1429.227218
Sum of electronic and thermal Enthalpies= -1429.226274
Sum of electronic and thermal Free Energies=-1429.312915
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exo-CP4a

at the (R)B3LYP/6-31G(d)

Zero-point correction= 0.415661 (Hartree/Particle)
Thermal correction to Energy= 0.442779

Thermal correction to Enthalpy= 0.443723

Thermal correction to Gibbs Free Energy= 0.356670

Sum of electronic and zero-point Energies=-1429.938390
Sum of electronic and thermal Energies=-1429.911272
Sum of electronic and thermal Enthalpies=-1429.910328
Sum of electronic and thermal Free Energies=-1429.997381

at the (R)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.422122 (Hartree/Particle)
Thermal correction to Energy= 0.448766

Thermal correction to Enthalpy= 0.449710

Thermal correction to Gibbs Free Energy= 0.363751

Sum of electronic and zero-point Energies= -1429.225007
Sum of electronic and thermal Energies=-1429.198363

Sum of electronic and thermal Enthalpies=-1429.197419
Sum of electronic and thermal Free Energies=-1429.283377

TS-gg (S-DR4a 2 CP4a)

at the CAM-B3LYP/6-31G(d)

Zero-point correction= 0.420609 (Hartree/Particle)
Thermal correction to Energy= 0.446862

Thermal correction to Enthalpy= 0.447806

Thermal correction to Gibbs Free Energy= 0.363073

Sum of electronic and zero-point Energies= -1429.220469
Sum of electronic and thermal Energies=-1429.194215

Sum of electronic and thermal Enthalpies=-1429.193271
Sum of electronic and thermal Free Energies=-1429.278005
Imaginary frequency: -509.85 cm'!
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Transition state TSc (S-DR4a-ii > MGc4aa): C-O bond scission in S-DR4a

at the (BS)-(U)B3LYP/6-31G(d)

Zero-point correction= 0.412018 (Hartree/Particle)
Thermal correction to Energy= 0.439481

Thermal correction to Enthalpy= 0.440425

Thermal correction to Gibbs Free Energy= 0.352982

Sum of electronic and zero-point Energies= -1429.928781
Sum of electronic and thermal Energies=-1429.901319
Sum of electronic and thermal Enthalpies=-1429.900374
Sum of electronic and thermal Free Energies=-1429.987818
Imaginary frequency: -324.42 cm'!

at the (BS)-(U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.417825 (Hartree/Particle)
Thermal correction to Energy= 0.444922

Thermal correction to Enthalpy= 0.445866

Thermal correction to Gibbs Free Energy= 0.359134

Sum of electronic and zero-point Energies= -1429.198056
Sum of electronic and thermal Energies=-1429.170958

Sum of electronic and thermal Enthalpies=-1429.170014
Sum of electronic and thermal Free Energies=-1429.256747
Imaginary frequency: -432.78 cm'!
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TSco (T-DR4a-ii > MGco4aa): C-O bond scission in T-DR4a

at the (BS)-(U)B3LYP/6-31G(d)

Zero-point correction= 0.411235 (Hartree/Particle)
Thermal correction to Energy= 0.439106

Thermal correction to Enthalpy= 0.440050

Thermal correction to Gibbs Free Energy= 0.350015

Sum of electronic and zero-point Energies=-1429.924018
Sum of electronic and thermal Energies=-1429.896147
Sum of electronic and thermal Enthalpies=-1429.895203
Sum of electronic and thermal Free Energies=-1429.985238
Imaginary frequency: -290.33 cm’!

at the (BS)-(U)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.417029 (Hartree/Particle)
Thermal correction to Energy= 0.444546

Thermal correction to Enthalpy= 0.445491

Thermal correction to Gibbs Free Energy= 0.356063

Sum of electronic and zero-point Energies=-1429.198769
Sum of electronic and thermal Energies=-1429.171251

Sum of electronic and thermal Enthalpies=-1429.170307
Sum of electronic and thermal Free Energies=-1429.259735
Imaginary frequency: -301.42 cm!
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Alkoxy-group migrated species MGco4aa

at the (R)B3LYP/6-31G(d)

Zero-point correction= 0.416081 (Hartree/Particle)
Thermal correction to Energy= 0.444149

Thermal correction to Enthalpy= 0.445093

Thermal correction to Gibbs Free Energy= 0.352562

Sum of electronic and zero-point Energies=-1430.029500
Sum of electronic and thermal Energies=-1430.001432
Sum of electronic and thermal Enthalpies=-1430.000488
Sum of electronic and thermal Free Energies=-1430.093019

at the (R)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.422044 (Hartree/Particle)
Thermal correction to Energy= 0.449809

Thermal correction to Enthalpy= 0.450753

Thermal correction to Gibbs Free Energy= 0.358429

Sum of electronic and zero-point Energies= -1429.309305
Sum of electronic and thermal Energies=-1429.281540

Sum of electronic and thermal Enthalpies=-1429.280595
Sum of electronic and thermal Free Energies=-1429.372919
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Alkoxy-group migrated species MGc4a

at the (R)B3LYP/6-31G(d)

Zero-point correction= 0.416577 (Hartree/Particle)
Thermal correction to Energy= 0.443766

Thermal correction to Enthalpy= 0.444710

Thermal correction to Gibbs Free Energy= 0.357096

Sum of electronic and zero-point Energies= -1429.994475
Sum of electronic and thermal Energies=-1429.967286
Sum of electronic and thermal Enthalpies=-1429.966342
Sum of electronic and thermal Free Energies=-1430.053955

at the (R)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.422858 (Hartree/Particle)
Thermal correction to Energy= 0.449596

Thermal correction to Enthalpy= 0.450540

Thermal correction to Gibbs Free Energy= 0.364086

Sum of electronic and zero-point Energies=-1429.278896
Sum of electronic and thermal Energies=-1429.252157
Sum of electronic and thermal Enthalpies=-1429.251213
Sum of electronic and thermal Free Energies=-1429.337667
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Cuu
at the (R)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.440138 (Hartree/Particle)
Thermal correction to Energy= 0.460879

Thermal correction to Enthalpy= 0.461824

Thermal correction to Gibbs Free Energy= 0.391047

Sum of electronic and zero-point Energies= -1003.425212
Sum of electronic and thermal Energies=-1003.404471

Sum of electronic and thermal Enthalpies=-1003.403527
Sum of electronic and thermal Free Energies=-1003.474303

Nu,u
at the (R)CAM-B3LYP/6-31G(d)

Zero-point correction= 0.447693 (Hartree/Particle)
Thermal correction to Energy=0.474210

Thermal correction to Enthalpy= 0.475154

Thermal correction to Gibbs Free Energy= 0.390069

Sum of electronic and zero-point Energies=-1430.471025
Sum of electronic and thermal Energies= -1430.444508

Sum of electronic and thermal Enthalpies= -1430.443563
Sum of electronic and thermal Free Energies=-1430.528649
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Substituent and solvent effects
at the (BS)-(U)CAM-B3LYP/6-31G(d)

S-DR4b-ii (X = MeO, Y = MeO)

Zero-point correction= 0.486892 (Hartree/Particle)
Thermal correction to Energy= 0.518980

Thermal correction to Enthalpy=0.519924

Thermal correction to Gibbs Free Energy= 0.422032

Sum of electronic and zero-point Energies= -1658.130163
Sum of electronic and thermal Energies=-1658.098075
Sum of electronic and thermal Enthalpies=-1658.097131
Sum of electronic and thermal Free Energies=-1658.195023

(toluene)

Zero-point correction= 0.486568 (Hartree/Particle)
Thermal correction to Energy=0.518693

Thermal correction to Enthalpy=0.519637

Thermal correction to Gibbs Free Energy= 0.421663

Sum of electronic and zero-point Energies= -1658.138046
Sum of electronic and thermal Energies=-1658.105921

Sum of electronic and thermal Enthalpies=-1658.104977
Sum of electronic and thermal Free Energies=-1658.202950

(acetonitrile)

Zero-point correction= 0.486178 (Hartree/Particle)
Thermal correction to Energy=0.518381

Thermal correction to Enthalpy= 0.519325

Thermal correction to Gibbs Free Energy= 0.420992

Sum of electronic and zero-point Energies= -1658.148216
Sum of electronic and thermal Energies=-1658.116014
Sum of electronic and thermal Enthalpies=-1658.115070
Sum of electronic and thermal Free Energies=-1658.213403
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S-DR4e-ii (X =Cl, Y =Cl)

Zero-point correction= 0.401184 (Hartree/Particle)
Thermal correction to Energy= 0.430517

Thermal correction to Enthalpy=0.431461

Thermal correction to Gibbs Free Energy= 0.338999

Sum of electronic and zero-point Energies= -2348.457800
Sum of electronic and thermal Energies= -2348.428467
Sum of electronic and thermal Enthalpies=-2348.427523
Sum of electronic and thermal Free Energies=-2348.519985

(toluene)

Zero-point correction= 0.400975 (Hartree/Particle)
Thermal correction to Energy= 0.430313

Thermal correction to Enthalpy= 0.431257

Thermal correction to Gibbs Free Energy= 0.338856

Sum of electronic and zero-point Energies= -2348.464225
Sum of electronic and thermal Energies= -2348.434887
Sum of electronic and thermal Enthalpies= -2348.433943
Sum of electronic and thermal Free Energies= -2348.526344

(acetonitrile)

Zero-point correction= 0.400580 (Hartree/Particle)
Thermal correction to Energy= 0.430014

Thermal correction to Enthalpy= 0.430958

Thermal correction to Gibbs Free Energy= 0.338012

Sum of electronic and zero-point Energies= -2348.472698
Sum of electronic and thermal Energies= -2348.443264
Sum of electronic and thermal Enthalpies=-2348.442320
Sum of electronic and thermal Free Energies= -2348.535266
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S-DR4g-ii (X =CN, Y=CN)

Zero-point correction= 0.417791 (Hartree/Particle)
Thermal correction to Energy= 0.448297

Thermal correction to Enthalpy= 0.449241

Thermal correction to Gibbs Free Energy= 0.354606

Sum of electronic and zero-point Energies= -1613.647234
Sum of electronic and thermal Energies=-1613.616728
Sum of electronic and thermal Enthalpies=-1613.615784
Sum of electronic and thermal Free Energies=-1613.710419

(toluene)

Zero-point correction= 0.417713 (Hartree/Particle)
Thermal correction to Energy=0.448193

Thermal correction to Enthalpy=0.449137

Thermal correction to Gibbs Free Energy= 0.354625

Sum of electronic and zero-point Energies=-1613.657902
Sum of electronic and thermal Energies= -1613.627423
Sum of electronic and thermal Enthalpies=-1613.626478
Sum of electronic and thermal Free Energies=-1613.720990

(acetonitrile)

Zero-point correction= 0.417409 (Hartree/Particle)
Thermal correction to Energy= 0.447977

Thermal correction to Enthalpy= 0.448921

Thermal correction to Gibbs Free Energy= 0.353746

Sum of electronic and zero-point Energies= -1613.670603
Sum of electronic and thermal Energies= -1613.640035
Sum of electronic and thermal Enthalpies=-1613.639091
Sum of electronic and thermal Free Energies=-1613.734266
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S-DR4-ii (X = MeO, Y = Cl)

Zero-point correction= 0.444104 (Hartree/Particle)
Thermal correction to Energy= 0.474798

Thermal correction to Enthalpy= 0.475743

Thermal correction to Gibbs Free Energy= 0.380639

Sum of electronic and zero-point Energies= -2003.294218
Sum of electronic and thermal Energies=-2003.263524
Sum of electronic and thermal Enthalpies=-2003.262580
Sum of electronic and thermal Free Energies= -2003.357684

(toluene)

Zero-point correction= 0.443826 (Hartree/Particle)
Thermal correction to Energy= 0.474545

Thermal correction to Enthalpy= 0.475489

Thermal correction to Gibbs Free Energy= 0.380363

Sum of electronic and zero-point Energies=-2003.301332
Sum of electronic and thermal Energies=-2003.270614
Sum of electronic and thermal Enthalpies= -2003.269670
Sum of electronic and thermal Free Energies=-2003.364796

(acetonitrile)

Zero-point correction= 0.443424 (Hartree/Particle)
Thermal correction to Energy= 0.474224

Thermal correction to Enthalpy=0.475168

Thermal correction to Gibbs Free Energy= 0.379632

Sum of electronic and zero-point Energies= -2003.310597
Sum of electronic and thermal Energies=-2003.279796
Sum of electronic and thermal Enthalpies=-2003.278852
Sum of electronic and thermal Free Energies=-2003.374389
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S-DR4h-ii (X = MeO, Y = Br)

Zero-point correction= 0.443600 (Hartree/Particle)
Thermal correction to Energy= 0.474551

Thermal correction to Enthalpy= 0.475496

Thermal correction to Gibbs Free Energy= 0.379089

Sum of electronic and zero-point Energies= -4114.899599
Sum of electronic and thermal Energies=-4114.868648
Sum of electronic and thermal Enthalpies=-4114.867703
Sum of electronic and thermal Free Energies=-4114.964110

(toluene)

Zero-point correction= 0.443234 (Hartree/Particle)
Thermal correction to Energy= 0.474262

Thermal correction to Enthalpy= 0.475206

Thermal correction to Gibbs Free Energy= 0.378469

Sum of electronic and zero-point Energies=-4114.906795
Sum of electronic and thermal Energies= -4114.875766
Sum of electronic and thermal Enthalpies= -4114.874822
Sum of electronic and thermal Free Energies= -4114.971560

(acetonitrile)

Zero-point correction= 0.442993 (Hartree/Particle)
Thermal correction to Energy= 0.474032

Thermal correction to Enthalpy= 0.474976

Thermal correction to Gibbs Free Energy= 0.378218

Sum of electronic and zero-point Energies=-4114.915963
Sum of electronic and thermal Energies=-4114.884924
Sum of electronic and thermal Enthalpies=-4114.883980
Sum of electronic and thermal Free Energies=-4114.980738
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endo-CP4b (X = MeO, Y = MeO)

Zero-point correction= 0.489085 (Hartree/Particle)
Thermal correction to Energy=0.520751

Thermal correction to Enthalpy=0.521695

Thermal correction to Gibbs Free Energy= 0.424037

Sum of electronic and zero-point Energies= -1658.129497
Sum of electronic and thermal Energies=-1658.097831

Sum of electronic and thermal Enthalpies=-1658.096887
Sum of electronic and thermal Free Energies= -1658.194545

(toluene)

Zero-point correction= 0.488761 (Hartree/Particle)
Thermal correction to Energy= 0.520465

Thermal correction to Enthalpy= 0.521409

Thermal correction to Gibbs Free Energy= 0.423707

Sum of electronic and zero-point Energies=-1658.137579
Sum of electronic and thermal Energies=-1658.105876
Sum of electronic and thermal Enthalpies= -1658.104932
Sum of electronic and thermal Free Energies= -1658.202634

(acetonitrile)

Zero-point correction= 0.488302 (Hartree/Particle)
Thermal correction to Energy= 0.520094

Thermal correction to Enthalpy=0.521038

Thermal correction to Gibbs Free Energy= 0.422892

Sum of electronic and zero-point Energies= -1658.147410
Sum of electronic and thermal Energies=-1658.115618
Sum of electronic and thermal Enthalpies=-1658.114674
Sum of electronic and thermal Free Energies=-1658.212820
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endo-CP4e (X = Cl, Y =Cl)

Zero-point correction= 0.403269 (Hartree/Particle)
Thermal correction to Energy= 0.432237

Thermal correction to Enthalpy=0.433181

Thermal correction to Gibbs Free Energy= 0.340753

Sum of electronic and zero-point Energies= -2348.456605
Sum of electronic and thermal Energies= -2348.427637
Sum of electronic and thermal Enthalpies=-2348.426693
Sum of electronic and thermal Free Energies= -2348.519121

(toluene)

Zero-point correction= 0.402811 (Hartree/Particle)
Thermal correction to Energy=0.431920

Thermal correction to Enthalpy= 0.432864

Thermal correction to Gibbs Free Energy= 0.339716

Sum of electronic and zero-point Energies=-2348.463431
Sum of electronic and thermal Energies= -2348.434322
Sum of electronic and thermal Enthalpies= -2348.433378
Sum of electronic and thermal Free Energies=-2348.526526

(acetonitrile)

Zero-point correction= 0.402581 (Hartree/Particle)
Thermal correction to Energy=0.431691

Thermal correction to Enthalpy=0.432635

Thermal correction to Gibbs Free Energy= 0.339476

Sum of electronic and zero-point Energies= -2348.471253
Sum of electronic and thermal Energies= -2348.442144
Sum of electronic and thermal Enthalpies=-2348.441199
Sum of electronic and thermal Free Energies= -2348.534358
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endo-CP4g (X =CN, Y =CN)

Zero-point correction= 0.419879 (Hartree/Particle)
Thermal correction to Energy= 0.450046

Thermal correction to Enthalpy= 0.450990

Thermal correction to Gibbs Free Energy= 0.356370

Sum of electronic and zero-point Energies= -1613.643691
Sum of electronic and thermal Energies=-1613.613525
Sum of electronic and thermal Enthalpies=-1613.612581
Sum of electronic and thermal Free Energies=-1613.707201

(toluene)

Zero-point correction= 0.419520 (Hartree/Particle)
Thermal correction to Energy= 0.449804

Thermal correction to Enthalpy= 0.450748

Thermal correction to Gibbs Free Energy= 0.355443

Sum of electronic and zero-point Energies= -1613.654600
Sum of electronic and thermal Energies=-1613.624315

Sum of electronic and thermal Enthalpies=-1613.623371
Sum of electronic and thermal Free Energies=-1613.718677

(acetonitrile)

Zero-point correction= 0.419312 (Hartree/Particle)
Thermal correction to Energy= 0.449604

Thermal correction to Enthalpy= 0.450548

Thermal correction to Gibbs Free Energy= 0.355193

Sum of electronic and zero-point Energies= -1613.666517
Sum of electronic and thermal Energies=-1613.636225

Sum of electronic and thermal Enthalpies=-1613.635281
Sum of electronic and thermal Free Energies=-1613.730636
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endo-CP4 (X =MeO, Y =Cl)

Zero-point correction= 0.446202 (Hartree/Particle)
Thermal correction to Energy= 0.476517

Thermal correction to Enthalpy= 0.477461

Thermal correction to Gibbs Free Energy= 0.382389

Sum of electronic and zero-point Energies= -2003.292979
Sum of electronic and thermal Energies= -2003.262664
Sum of electronic and thermal Enthalpies=-2003.261720
Sum of electronic and thermal Free Energies=-2003.356792

(toluene)

Zero-point correction= 0.445739 (Hartree/Particle)
Thermal correction to Energy=0.476181

Thermal correction to Enthalpy= 0.477125

Thermal correction to Gibbs Free Energy= 0.381420

Sum of electronic and zero-point Energies= -2003.300396
Sum of electronic and thermal Energies= -2003.269954
Sum of electronic and thermal Enthalpies=-2003.269010
Sum of electronic and thermal Free Energies= -2003.364715

(acetonitrile)

Zero-point correction= 0.445427 (Hartree/Particle)
Thermal correction to Energy= 0.475899

Thermal correction to Enthalpy=0.476844

Thermal correction to Gibbs Free Energy= 0.380969

Sum of electronic and zero-point Energies=-2003.309010
Sum of electronic and thermal Energies=-2003.278538
Sum of electronic and thermal Enthalpies=-2003.277593
Sum of electronic and thermal Free Energies= -2003.373468
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endo-CP4h (X = MeO, Y = Br)

Zero-point correction= 0.445744 (Hartree/Particle)
Thermal correction to Energy= 0.476318

Thermal correction to Enthalpy= 0.477262

Thermal correction to Gibbs Free Energy= 0.380821

Sum of electronic and zero-point Energies= -4114.898359
Sum of electronic and thermal Energies=-4114.867785
Sum of electronic and thermal Enthalpies=-4114.866841
Sum of electronic and thermal Free Energies= -4114.963282

(toluene)

Zero-point correction= 0.445456 (Hartree/Particle)
Thermal correction to Energy= 0.476066

Thermal correction to Enthalpy= 0.477010

Thermal correction to Gibbs Free Energy= 0.380583

Sum of electronic and zero-point Energies= -4114.905622
Sum of electronic and thermal Energies=-4114.875012
Sum of electronic and thermal Enthalpies= -4114.874067
Sum of electronic and thermal Free Energies=-4114.970495

(acetonitrile)

Zero-point correction= 0.445120 (Hartree/Particle)
Thermal correction to Energy= 0.475774

Thermal correction to Enthalpy= 0.476718

Thermal correction to Gibbs Free Energy= 0.379949

Sum of electronic and zero-point Energies= -4114.914271
Sum of electronic and thermal Energies=-4114.883617
Sum of electronic and thermal Enthalpies=-4114.882673
Sum of electronic and thermal Free Energies=-4114.979441
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Table 12. Comparsion of individual atom charges of S-DR4a-ii, TS-gg, and endo-CP4a calcu-
lated by natural population analysis (NPA) and atomic polar tensor (APT) at the
(BS)-(R,U)CAM-B3LYP/6-31G(d) level of theory. Pale yellow and pale green: benzylic carbon

+ aromatic ring moiety.

S-DR4a-ii TS-gg endo-CP4a
Atom Number Natural Natural Natural
APT APT APT
Charge Charge Charge
C 1 0.52695  1.065703 0.53754  0.734924 0.59062  0.870031
C 2 0.14527 0216102 0.18612  0.32357S 0.14169  0.281498
C 3 0.1453S 0.21527 0.16801  0.296786 0.12852  0.368533
@) 4 -0.57801 -0.815908 i -0.60536 -0.769265 ;| -0.58989 -0.849157
O S -0.57097  -0.792156 -0.5903  -0.743362 -0.58391 -0.798374
N 6 -0.27098 -0.758556 | -0.31652 -0.710199 -0.31109 -0.664663
N 7 -0.2711 -0.749577 i -0.31479  -0.68591{ -0.31044 -0.668898
C 8 0.8530S5 1.47921 0.86517  1.419569 0.85927  1.357199
N 9 -0.5113  -1.018277 { -0.51334  -0.95301 -0.51261 -1.007219
C 10 0.85158  1.477798 0.85394  1.393008 0.84769  1.347484
@) 11 -0.59611 -0.798036 ;| -0.60317 -0.757391 -0.60448 -0.778713
@) 12 -0.59817 -0.795626 i -0.60479 -0.772339 { -0.60889 -0.795165
C 13 0.13528  0.500941 0.13921  0.493759 0.14005  0.474603
C 14 -0.2331  -0.040026 | -0.23679 -0.044737 i -0.23777 -0.045452
C 15 -0.2312  -0.109798 -0.2343 -0.118282 -0.23678 -0.120367
C 16 -0.22981 -0.104214 i -0.2317S -0.10815 { -0.23051 -0.10033
C 17 -0.2281  0.000059 | -0.22942  0.005207 | -0.22983 0.005853
C 18 -0.22777  0.001155 i -0.22904 0.005636 i -0.22971  0.004615
H 19 0.26293  0.085874 0.26602  0.092657 0.26656 0.09428
H 20 0.25796  0.075679 0.25836 0.07616 0.25768  0.072785
H 21 0.24459  0.022323 0.2428  0.019661 0.24252  0.019411
H 22 0.24472 0.02259 0.24266  0.019649 0.24194  0.01912§
H 23 0.24261 0.023271 0.24058  0.020637 0.24012  0.020236
C 24 -0.1173  0.018598 { -0.10717 0.027186 | -0.08885 0.054212
C 28 -0.22604  -0.052509 -0.22791  -0.064192 -0.23487  -0.032655
C 26 -0.20324  -0.04701 i -0.21493 -0.060097 | -0.21251 -0.08626
C 27 -0.20163 -0.057064 | -0.19726 -0.071706 | -0.22041 -0.064667
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Continuation of Table 12 (Atom No. 28-53).

S-DR4a-ii TS-gg endo-CP4a
Atom Number Natural Natural Natural
APT APT APT
Charge Charge Charge
C 28 -0.2385 -0.030511 -0.2328 0.021137 §{ -0.23219 -0.016745
C 29 -0.24036  -0.003355 | -0.23546 -0.041597 i -0.22958  0.005331
H 30 0.26091 0.087844 0.24949  0.066792 0.25975  0.087838
H 31 0.25208 0.069588 0.25701  0.074899 0.25271  0.05728S
H 32 0.24141 0.015767 0.24331 0.016366 0.24101  0.017222
H 33 0.24096 0.014492 0.24057  0.013994 0.243  0.019543
H 34 0.23803 0.016324 -0.1095S -0.028724 0.24002  0.017572
C 35 -0.11693  0.016976 i -0.22052 -0.050188 | -0.09363 -0.015753
C 36 -0.22589 -0.052561 -0.18979 -0.04769 -0.22666 -0.013836
C 37 -0.2014  -0.056067 -0.1975  -0.038672 { -0.19848 -0.052663
C 38 -0.20304 -0.047338 | -0.23856 -0.03189S -0.2062 -0.062653
C 39 -0.2402  -0.002489 -0.23647 -0.01828 -0.23532  -0.017565
C 40 -0.23842 -0.031907 0.25308 0.053661 i -0.23266 -0.024765
H 41 0.25082  0.068469 0.25758  0.073327 0.25317  0.059418
H 42 0.26102 0.088216 0.24083  0.013581 0.25451 0.068214
H 43 0.24103  0.014707 0.24287 0.016732 024113  0.016911
H 44 0.24111 0.016063 | -0.33502 0.3790S 0.24263 0.018641
H 45 0.23807 0.016518 0.23234  0.005804 0.24064  0.019235
C 46 -0.33035  0.415823 0.21908 0.016693 { -0.32927  0.416064
H 47 0.23393 -0.00230S 0.20294  -0.022987 0.23453  0.004262
H 48 0.20216 -0.023762 i -0.32471  0.454353 0.2228  0.014902
H 49 0.20324 -0.023103 0.21775  -0.006288 0.2078 -0.018221
C S0 -0.32677  0.415442 0.21381 -0.022026 i -0.32264  0.460952
H S1 0.20488 -0.021084 0.2264 -0.000607 0.21152 -0.02672
H 52 0.23209 -0.006508 0.23994 0.016366 0.22844  -0.002009
H 53 0.20467 -0.021058 0.23977 0.01642 0.21884 -0.010081
*Total 0 0 0 0 0 0
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Chapter §

Conclusions






Localized singlet diradicals are key intermediates involved in the
bond-homolytic process. A thorough research study of the molecular struc-
ture, electronic structure and reactivity of localized singlet diradicals is es-
sential to understand the mechanism of homolytic bond-cleavage and
bond-formation reactions. These fundamental findings promise attractive
applications to many fields of chemistry, such as material chemistries, organ-
ic synthesis, and biological chemistry.

In the present study, the chemistry of homolytic bond-cleavage and
bond-formation was carefully investigated using notable nitrogen atom effect on a
localized singlet diradicals, viz. 4,4-dialkoxy-1,2-diazacyclopentane-3,5-diyls, S-DR4.
There are especially three important findings in this research; (1) The thermal equi-
librium between S-DR4, and its o-bonded species, CP4, was directly detected for
the first time by time-resolved UV/Vis and IR spectroscopy. (2) The characteristics
and reactivity of S-DR4 were thoroughly investigated by transient absorption spec-
troscopic analysis in the photochemical denitrogenation of the aryl-/alkoxy-groups
symmetrically and asymmetrically substituted azoalkanes, AZ4, by applying laser
flush photolysis (LFP) experiments. In the transient absorption spectroscopic analy-
sis, dual-decay processes, i.e. fast and slow processes, were found for all the elec-
tron-donating and electron-withdrawing groups substituted with S-DR4, except
S-DR4g (X =Y = CN). The characteristics of S-DR4 were revealed by the effects of
solvent and substituent on the equilibration constant K with their corresponding
o-bonded species CP4, K = kcp/kpr. In other words, the zwitterionic resonance
structures, ZI2, in which the anionic characteristic exists in benzylic carbon, and ZI3
were revealed to make a significant contribution to S-DR4. The ring-closing process
(kcp) of S-DR4 and ring-opening process (kpr) of CP4 were also investigated in de-
tail using their Hammett-type plots of 0,"and oc . These experimental findings, as
well as computational findings, revealed that S-DR4 possess both characteristics of
diradicals and zwitterion, which play an important role in determining the reactivity
of the localized singlet diradicals. (3) The slow process was found to be the
alkoxy-group migration reaction to afford two types alkoxy-group migrated species,
MGco4 and MGc4. The crossover, spin-trapping, and LFP experiments for the slow
decay process demonstrated the reaction mechanism of the formation of
alkoxy-group migration species, MGco4 and MGc4, which are the slow decay pro-
cess of S-DR4. The unique effect of the temperature on the product selectively also
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clarified the individual reaction mechanism for the formation of MGco4 and MGc4,
that is, the rate-determining step is changeable by reaction temperature. The inter-
system crossing (ISC) process was found to be a key step in the formation of
MGco4. The intramolecular migration process for the formation of the alkoxy-group
1,2-migrated species MGc4 was found to be accelerated by a polar solvent. This
unique nitrogen atom effect on the singlet 1,3-diradicals makes it possible to
open up a new series of localized singlet diradicals which are key intermedi-

ates in bond-homolytic process.

169



Acknowledgements






This thesis was accomplished under the guidance of Dr. Manabu Abe be-
longing to Department of Chemistry, Graduate School of Science, Hiroshima
University (April, 2013-February, 2019).

My heartfelt gratitude goes to Professor Dr. Manabu Abe for his compre-
hensive supervision, and inspiration and thought-provoking education. Dr.
Manabu Abe taught me the excellence, importance and enjoyment of the
fundamental research.

The author would like to express the deepest appreciation to all of the
group members of Professor Dr. Manabu Abe, Dr. Sayaka Hatano, Ms.
Tomoka Ito, Mr. Kazushige Okamoto, Mrs. Megumi Higashikawa, Mr. Yo-
shiki Morikawa, Mr. Yasuyuki Omokawa, Mr. Yuichiro Sakai, Ms. Yoshimi
Fujii, Ms. Haruka Furunaga, Mr. Ryusei Motoishi, Mr. Kosei Kanahara, Mr.
Shunsuke Kumashiro, Ms. Asako Sawai, Mr. Takemi Mizuno, Dr. Satish Jak-
kampudi, Dr. Jianfei Xue, Mrs. Saori Takahashi, Mr. Toshiya Ichiki, Mr.
Keita Onishi, Mr. Naomitsu Komori, Ms. Chie Shimokawa, Mr. Yoshiki Fu-
jita, Ms. Pham Thi Thu Thuy, Mr. Youhei Chitose, Mr. Rikuo Akisaka, Mr.
Misaki Matsumoto, Mr. Yuhei Yamasaki, Mr. Yuta Harada, Mr. Kousuke
Murata, Mr. Qianghua Lin, Ms. Duong Duyen Thi, Ms. Bui Van Thi, Mr.
Norito Kadowaki, Mr. Chihiro Tabuchi, Mr. Ayato Yamada, Mr. Zhe Wang,
Mr. Dang Hai Nguyen, Mr. Miyu Sasaki, Ms. Chika Tanabe, Ms. Aina Mi-
yahara, Ms. Ryoko Oyama, Dr. Sujan Kumar Sarkar, Mr. Agung Dian Pan-
garibowo, Mr. Luan Ngoc Thanh Nguyen, Mr. Kazunori Okamoto, Mr. Sato-
ki Koyama, Ms. Maaya Takano, Mr. Yuki Miyazawa, Ms. Miki Wanibe, Mrs.
Naomi Matsui, Ms. Sayuri Muramatsu, Mr. Hitoshi Dougauchi, especially Dr.
Ryukichi Takagi, Mr. Kengo Uchihashi and Mr. Takaaki Tamura for their
help in my research and life. The author also deeply appreciates Ms. Iris
Trosien and Mr. Philipp Schmidt who were members of the drinking party.

The author appreciates the insightful suggestions and discussion about this
research from Dr. Takeharu Haino, Dr. Tsutomu Mizuta and Dr. Yosuke
Yamamoto in the organic group seminars of Hiroshima University.

The author has had support regarding time-resolved infrared (TR-IR) spectro-
scopic measurement of Dr. Takaaki Ishibashi and his co-workers in Depart-
ment of Chemistry, Graduate School of Pure and Applied Sciences, Tsukuba

University.

170



The author would also like to thank Mrs. Tomoko Amimoto from N-BARD,
Hiroshima University, who did the contribution to the HRMS measurement.

My parents, Mr. Shinji Yoshidomi and Mrs. Yukiko Yoshidomi, and my
older sister and her husband, Mrs. Mayu Imazu and Mr. Yuichi Imazu, have
been always supporting my life until now and from now on, needless to say

my nephew and niece, Mr. Nari Imazu and Ms. An Imazu.

Finally, I am so grateful to have met this brilliant and exciting study, Nota-
ble Nitrogen Atom Effect on Reactivity of the Localized Singlet 1,3-Diradicals.

I was satisfied more than enough.

February, 2019
Shohei Yoshidomi

171



List of Publications






(1)

(2)

Article

Direct Detection of a Chemical Equilibrium between a Localized Singlet
Diradical and Its o-Bonded Species by Time-Resolved UV/Vis and IR
Spectroscopy.

Yoshidomi, S.; Mishima, M.; Seyama, S.; Abe, M.; Fujiwara, Y.; Ishiba-
shi, T.

Angew. Chem. Int. Ed. 2017, 56, 2984-2988.

DOI: 10.1002/anie.201612329

1,2-Diazacyclopentane-3,5-diyl Diradicals: Electronic Structure and
Reactivity.

Yoshidomi, S.; Abe, M.

J. Am. Chem. Soc. 2019, 141,3920-3933.

DOI: 10.1021/jacs.8b12254



