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v  シミュレーションとは？ 

v  分子の性質を決めるのは 電子！ 

v  電子の状態をコンピュータで解く 

分子の性質を決める要素 
n 分子の構造 
n 分子に含まれる原子の種類 

n 一電子の波動関数(分子軌道)を解いて組み合わせるこ
とで全体の波動関数を構築することが可能 
　　　Hartree-Fock法　(1930年) 

n  1960年頃からコンピュータによる計算が可能に！ 

v  現在の福井謙一記念研究センター 

0 + 0 +

n コンピュータなどによる模擬的な実験のこと 
n 例：身近なシミュレーション　天気予報・建築物の設
計 

流体の方程式	   Newtonの運動方程式	  

n 物理現象が従っている方程式が必要 
n 化学物質(分子)の性質を表す方程式って何？ 

v  コンピュータの中で化学実験をしたい 
n 化学の現象をコンピュータの中で再現できれば 
 実験では得られない情報を引き出せる！ 
 危険な実験を代替できる！　 
 様々な薬剤・機能性物質の開発に役立てられる！ 

計算中	
実験中 

情報交換 

新しい化学物質の開発が加速！ 

n 化学結合を作るのは電子！ 
n 電子が原子同士をつなぐ「のり」になっている 

同じ種類の原子を含む分子でも	  
化学結合が異なると違う性質を持つ分子になる	  

電子の雲	

原子核	

n 分子の性質を知りたければ、電子の状態を知れば良い！ 
n 電子の状態を記述する方程式 

シュレディンガー方程式　(1926年頃)	  

エルヴィン・シュレディンガー　 
1933年ノーベル物理学賞	

（これを学びたければ、大学で量子力学を学ぶべし！）	  

化学の全ての基礎的な法則は	  
シュレディンガー方程式を解けば導かれる	  

ポール・ディラック　 
1933年ノーベル物理学賞	

けれど・・・！	  
方程式を分子に適用すると	  

解ける望みのない方程式に行き着いてしまう	  

近似的に解く方法を開発しよう！	  

v  化学反応を理解する 

v  福井謙一先生の功績 

n  化学反応は結合の組み替え 
n  分子軌道の変化を考えることで理解できるはず 

n  電子の詰まっている軌道のうち高エネルギーのもの(HOMO)　 
電子の詰まっていない軌道のうち低エネルギーのもの(LUMO) 
の間の電子のやりとりを考えればよい 

福井 謙一　 
1981年ノーベル化学賞	

化学反応の理論的解明 
フロンティア軌道理論の提唱 (1952年)  

諸熊 奎治	

2013年のノーベル化学賞の”Advanced	  Informa6on”の中で	  
重要な貢献をした7人の一人として紹介される	  

反応の進みやすさは 
山（遷移状態）の高さで決まる 

山の高さを計算したい！	

ONIOM法の開発	  
タンパク質などの	  

巨大分子の計算が可能に	  

ジエン	 
(LUMO) 

ジエノフィル	 
(HOMO) 

ジエン	 
(HOMO) 

ジエノフィル	 
(LUMO) 

反応の選択性や電子移動などを含む化学現象に対して	  
明瞭な説明を与えた	  

現在の理論化学の分野では、	  
実在系に近い分子の計算を可能にする方法の開発と	  

それを用いた様々な化学現象の解明・新しい材料設計の	  
両面から研究を行っている	  

	  

AFIR法の開発	  
自動的に反応経路を	  
探索することが可能に	  

( ) ( ) ABABAB rrErF α+=

触媒サイクルの決定	  反応の遷移状態の決定	  分子構造の決定	  



Theore4cal	  Inves4ga4on	  	  
on	  the	  Novel	  Pd(II)-‐Catalyzed	  	  
Direct	  C(sp3)-‐H	  Ac4va4on	  

J. Yu, et al., Science, 
2014, 343, 1216. 

that such a dye–antibody conjugate could clearly visualize
mouse tumors in vivo. Other remarkable recent reports on
fluorescence imaging of specific tissues in vivo include nerve
detection by Quyen Nguyen [159] and artery labeling by
Prakash Kara [128].

Activatable fluorescent probes

As mentioned earlier, one of the advantages of fluores-
cence imaging is that the signal of a molecule can be
drastically modulated. In this review, those molecules
whose own optical properties are altered in response to
the target chemical species or environments are defined
as “fluorescent probes” (Fig. 3a). There are several
rationales for the design of fluorescent probes, including
photoinduced electron transfer (PeT) [16,146,149], intra-
molecular (or internal) charge transfer [31], Föster (or
fluorescence) resonance energy transfer (FRET) [42,109],
and intramolecular spirocyclization [24,65]. Schematic
representations of PeT-based and FRET-based probes
are shown in Fig. 3b, c, respectively. PeT is the transfer
of an electron to (or from) the fluorophore at the excited
state from (or to) an electron donor (or acceptor) moiety
that is introduced near the fluorophore. If this process
occurs, the excited state of the fluorescent molecule is
quenched, resulting in low fluorescence intensity. In the
case of activatable fluorescent probes, PeT is cancelled
by chemical reaction of the probe with the target mole-
cule, with consequent recovery of strong fluorescence
(Fig. 3b). The kinetics and thermodynamics of PeT were
formulated by Rudolph Marcus [101] and Dieter Rehm

and Albert Weller [121], respectively. Early work on
PeT-based fluorescent probes included the pH probes
developed by A. Prasanna de Silva and others [31]. On
the other hand, FRET is a nonradiative transfer of energy
between two fluorescent molecules, one being the donor
and the other being the acceptor. If this occurs, fluores-
cence of the donor molecule is weakened, and instead,
fluorescence from the acceptor molecule is observed
even though the donor is irradiated. For efficient FRET,
the spectral overlap, as well as the distance, between the
donor and acceptor chromophore is important [109].
When, for example, the linker between the two fluoro-
phores is cleaved by a proteolytic enzyme, FRET is
cancelled and the donor fluorescence is restored
(Fig. 3c). In contrast to PeT-based probes, which only
show a change of fluorescence intensity, FRET-based
probes show a change in the shape of the excitation/
emission spectra in response to the target molecule. As
is well known, this feature allows for ratiometric mea-
surement, which is highly advantageous for precise quan-
tification of the analyte. Representative FRET-based
small-molecule probes include a β-lactamase probe de-
veloped by Roger Tsien’s group [166].

Because the number as well as the scope of fluorescent
probes based on small molecules is continuously expanding,
it is not possible to cover all of them in this short article.
Instead, we will briefly describe probes for the following
two categories: metal ions and reactive oxygen (nitrogen)
species. Some important areas that are not reviewed herein
include slow and fast membrane potential probes
[39,48,49,106,153], enzyme activity probes [7,120,126],
and pH indicators [112,148,158].
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Fig. 3 Development of
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Fluorescent	  
probes	  	  

In	  vivo	  tumor	  imaging	  

•	  Fluorescent	  probes	  are	  
molecules	  that	  show	  a	  change	  
of	  fluorescence	  proper4es	  in	  
the	  presence	  of	  their	  target	  
molecule,	  and	  they	  are	  are	  
powerful	  tools	  to	  visualize	  
biological	  events	  in	  living	  cells	  
and	  organisms.	  
	  	  

tool for proteins in general [19,145], organic fluorescent
molecules were the only choices for fluorophores.
Although fluorescent proteins are currently widely used,
small-molecule fluorescent compounds are still important
as both labeling agents and activatable sensors because (1)
they are applicable to any sample, including the human
body, (2) they are relatively inexpensive and easier to han-
dle, and (3) they can generally provide high signal-to-noise
ratios (up to over 1,000) as a result of ingenious chemical
design (vide infra).

Therefore, in this review, we focus on organic small-
molecule fluorophores and their use as labels and sensors
for bioimaging. Probes using fluorescent proteins
[26,109,165], quantum dots [98,134], lanthanide ions
[13,90,138], and other new platforms are outside the scope
of this review. Also, due to space limitation, we describe
only representative small-molecule probes here. Various
monographs and review articles provide detailed coverage
of fluorescence spectroscopy [58,83], fluorophores
[47,51,96,97], and fluorescent probes [63,64,77,139,160]
for readers who require further information.

Small-molecule fluorophores

Although phenomena ascribed to fluorescence had been
observed for water infusion from a plant [111] and for some
kinds of rock in the early modern period, the first fluores-
cent organic molecule to be specifically identified was

quinine sulfate (Fig. 1a), which was reported by Sir John
Herschel in 1845 [54]. Strictly speaking, this is not quite
correct because the word “fluorescence” was not coined
until 1852, when George Stokes published a long paper on
the subject [136]. Since the discovery of quinine sulfate,
which emits blue fluorescence when irradiated with ultravi-
olet (UV) light, many other organic compounds have been
found or created to fluoresce in a variety of colors.
Fluorescein (Fig. 1b) [4] and rhodamine (Fig. 1c) [18]
derivatives, which were first reported as early as the late
nineteenth century, are especially important, as they are
among the representative platforms currently employed in
fluorescent labels and probes used for bioimaging. BODIPY
dyes (Fig. 1d) [96] and cyanine dyes (Fig. 1e) [97] are also
often used for this purpose.

Despite this long history, structural modifications of or-
ganic fluorescent dyes still remain to be explored. For
example, fluorescein derivatives in which the carboxyl
group is replaced with other functional groups, termed
TokyoGreens (TGs), were not created until the twenty-first
century (Fig. 1b) [149]. Bright and photostable dyes with
red to near-infrared (NIR) fluorescence are especially in
demand for in vivo imaging in animals and humans, owing
to the transparency of tissues in this wavelength region
[97,157]. This issue has been addressed by the development
of new dyes with additional ring systems [147,163] and by
adding heteroatoms [36,79] to existing fluorophores, as well
as by the modification of cyanine dyes [127]. For example,
our group has replaced the oxygen atom of TGs with a
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Fluorescent	  probes	  	  
under	  study	  

tool for proteins in general [19,145], organic fluorescent
molecules were the only choices for fluorophores.
Although fluorescent proteins are currently widely used,
small-molecule fluorescent compounds are still important
as both labeling agents and activatable sensors because (1)
they are applicable to any sample, including the human
body, (2) they are relatively inexpensive and easier to han-
dle, and (3) they can generally provide high signal-to-noise
ratios (up to over 1,000) as a result of ingenious chemical
design (vide infra).

Therefore, in this review, we focus on organic small-
molecule fluorophores and their use as labels and sensors
for bioimaging. Probes using fluorescent proteins
[26,109,165], quantum dots [98,134], lanthanide ions
[13,90,138], and other new platforms are outside the scope
of this review. Also, due to space limitation, we describe
only representative small-molecule probes here. Various
monographs and review articles provide detailed coverage
of fluorescence spectroscopy [58,83], fluorophores
[47,51,96,97], and fluorescent probes [63,64,77,139,160]
for readers who require further information.

Small-molecule fluorophores

Although phenomena ascribed to fluorescence had been
observed for water infusion from a plant [111] and for some
kinds of rock in the early modern period, the first fluores-
cent organic molecule to be specifically identified was

quinine sulfate (Fig. 1a), which was reported by Sir John
Herschel in 1845 [54]. Strictly speaking, this is not quite
correct because the word “fluorescence” was not coined
until 1852, when George Stokes published a long paper on
the subject [136]. Since the discovery of quinine sulfate,
which emits blue fluorescence when irradiated with ultravi-
olet (UV) light, many other organic compounds have been
found or created to fluoresce in a variety of colors.
Fluorescein (Fig. 1b) [4] and rhodamine (Fig. 1c) [18]
derivatives, which were first reported as early as the late
nineteenth century, are especially important, as they are
among the representative platforms currently employed in
fluorescent labels and probes used for bioimaging. BODIPY
dyes (Fig. 1d) [96] and cyanine dyes (Fig. 1e) [97] are also
often used for this purpose.

Despite this long history, structural modifications of or-
ganic fluorescent dyes still remain to be explored. For
example, fluorescein derivatives in which the carboxyl
group is replaced with other functional groups, termed
TokyoGreens (TGs), were not created until the twenty-first
century (Fig. 1b) [149]. Bright and photostable dyes with
red to near-infrared (NIR) fluorescence are especially in
demand for in vivo imaging in animals and humans, owing
to the transparency of tissues in this wavelength region
[97,157]. This issue has been addressed by the development
of new dyes with additional ring systems [147,163] and by
adding heteroatoms [36,79] to existing fluorophores, as well
as by the modification of cyanine dyes [127]. For example,
our group has replaced the oxygen atom of TGs with a
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Transi4on	  metal	  
homogeneous	  catalysis	  

•	  Computa4onal	  chemistry	  is	  very	  
useful	  to	  determine	  mechanis4c	  
and	  selec4vity	  details	  of	  cataly4c	  
reac4ons,	  	  which	  are	  very	  
important	  for	  the	  development	  of	  
more	  efficient	  catalysis.	  	  	  

•	  Transi4on	  metal	  homogeneous	  
catalysis	  is	  one	  of	  the	  most	  
efficient	  ways	  to	  perform	  
industrially	  and	  academically	  
useful	  cataly4c	  reac4ons	  in	  a	  
controlled	  and	  selec4ve	  fashion.	  

Fe(II)	  catalyzed	  aqueous	  
Mukaiyama-‐Aldol	  reac4on	  	  

QM	   ONIOM(QM:MM)	  

Theore4cal	  inves4ga4on	  of	  	  
Mul4component	  Reac4ons	  

+

Mul4component	  Reac4ons:	  

Respect	  various	  green	  chemistry	  concepts:	  	  
reduced	  steps	  and	  side-‐products,	  reac4on	  	  

in	  water	  at	  room	  temperature	  

Ugi	  coupling:	  

What	  can	  bring	  theore4cal	  chemistry?	  
Predic4ng	  the	  effect	  of	  the	  Ri	  group,	  	  

the	  solvent,	  a	  catalyst,	  	  
or	  the	  change	  of	  one	  reactant.	  

Applica4ons	  of	  the	  Ugi	  	  
coupling	  in	  drug	  synthesis:	  

34 2.3. Les réactions multicomposants avec des isonitriles
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(b) Synthèse de l’ecteinascidine 743 [90].

����

���0H2+����&����MRXUV
���(W�1�����&����KHXUHV

1

1
1

2+

21
+

W%X

+
1

2

2+
��+�62�

1+�

1+%RF

+2

&O &O

W%X 1& +
2

2+

1

+&O

+ 2

+
1

%RF +
1

2
W%X 1

+ 2

+
1

2
W%X

1

%RF

1
+

+
1

2
W%X

1

%RF

��pWDSHV

)UDJPHQW�SLSHUD]LQH
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Figure 2.14 – Applications de la réaction de Ugi en synthèse totale.

du Crixivan (MK639) (voir Figure 2.14(c)), nom commercial du sulfate d’indinavir :

c’est un médicament inhibiteur de la protéase du HIV commercialisé par Merck dans le

cadre de la trithérapie. Il doit être administré trois fois par jour à raison de 800mg par
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最近の研究＠諸熊グループ 
国際色＆個性豊かな博士たちが独自の研究を展開しています！ 

触媒反応のメカニズムを明らかにする	

触媒って何？	

触媒が	  
	  	  	  ない場合	

触媒がある場合	

♪	 ♪
A	 B	

AB	

化学反応を促進する魔法の薬	

計算化学から得られる情報	

syn:anti = 32:1　93%ee (syn)	

*	 *	

1.	  触媒の構造とエネルギー	

2.	  遷移状態(山の頂点)の構造とエネルギー	

構造A	  (45%)	

レアアースを用いる触媒反応	

特定の構造の生成物だけ得られる	

構造B	  (28%)	 構造C	  (24%)	

構造B	
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

構造A	

構造B	

構造C	
構造D	

Prを使えば構造Bの存在比が多くなる	  
山を越えやすくなる→より良い触媒になる！	  

色々研究チーム	

発光・消光のメカニズムを明らかにする	

触媒の構造Bを持つとき	  
遷移状態（山）を越えやすい	  

レアアースの種類を変えてみると	  

触媒反応研究チーム②	 触媒反応研究チーム③	

特定の構造分布比を多くすることが触媒設計のキーポイント	

Primary	  and	  Secondary	  Aryla4on:	  

Gibbs	  Free	  Energy	  Surface:	  

Structure	  of	  the	  TS	  

•	  Computa4onal	  chemistry	  is	  
useful	  to	  understand	  the	  
func4ons	  of	  fluorescent	  probes,	  
and	  to	  develop	  new	  fluorescent	  
probes	  with	  superior	  proper4es.	  

光を吸って高いエネルギー状態になった分子が、元
の状態に戻る際に光としてエネルギーを放出する現
象 
環境依存発光を示す分子の消光メカニズム 

溶液中 ポリマー中 
1)Ph/Bu × × 
2)Naph/Bu × ○ 
3)Anth/Bu ○ ○ 

1 

PMMA薄膜中 CH2Cl2溶液 結晶 

光吸収 

n  量子力学的に発光が禁制 
n  熱を発する過程は 
エネルギーが低く起こり得る 

n  量子力学的に発光は許容 
n  熱を発する過程は 
エネルギーが高く起こらない 

n  分子1は環境によって蛍光色を変える 
“環境依存蛍光” 

n  光るかどうかはベンゼン環の数によって
決まる 

　　 

なぜ分子によっては光らないのか？？ 

光吸収 構造変化 発光 

ΔE(kJ/mol) 

S1 FC 
(289.2) 

f＞0 

S0/S1CI 
(340.9) 

S1Min 
(271.3)  

ベンゼン環1枚の分
子 

S1 FC 
(342.1) S0/S1CI 

(261.6) 

ΔE(kJ/mol) 

ベンゼン環3枚の分
子 

f=0 
光吸収 

S1Min 
(213.4)  

熱的緩和 到達できない 

蛍光材料の設計に役立てることができる！ 

蛍光って何？	

計算化学から得られる情報	


