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Fig. 1. Controlling Cellular Chemistry with Caged Compounds
(a) Spatiotemporal control of cellular chemistry with caged compounds. (b) Photolysis of 2-nitrobenzyl caged compounds. (c) Examples of caging groups. X

denotes a molecule of interest. (Color ˆgure can be accessed in the online version.)
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保護基で修飾して機能をマスクすることで行われ

る．光照射で脱保護すると修飾前の元の分子が再生

する．不可逆であることも含めて，アゾベンゼンに

よる光スイッチとは異なる点である．ケージド化合

物の合成に用いられる代表的な光分解性保護基は

2-ニトロベンジル基で，市販のケージド化合物の大

部分はこれを用いている［Fig. 1(b）］．有機化学者

を中心に，光反応効率の向上，化学的，及び物理学

的性質の改変を狙って，多様な構造の光分解性保護

基の開発が続いている．市販品として手に入るもの

は種類が限られるが，ケージド化合物のレパート

リーは確実に拡がっている．その中から，比較的汎

用性が高いケージド化合物の構造を Fig. 1(c)に例

示した．詳細は，参考文献に挙げた総説を参照頂き

たい．

光遺伝学との比較でケージド化合物を用いる利点

を挙げると以下のようになる．(1) 低分子量である

こと，(2) 光応答速度が速いこと（ナノ秒程度），

(3) テーラーメードで多様な生理機能を制御できる

こと，(4) 合理的な分子設計で活性 0 から 100％を

実現できること．また，(5) 任意のタイミングで必

要量を加えられるので，ある領域の細胞が生まれつ

き光感受性になる異常性も回避できる．しかし，モ

デル生物個体で使用することを念頭に置くと，ケー

ジド化合物を目的の細胞，組織，あるいは細胞内小

器官で選択的に機能させることは現状では困難を伴

う．遺伝子でコードされていない有機化合物にター

ゲティング能を持たせることも，動く生物個体の

狙った細胞を光照射することもできないからであ

る．さらに，試験管内では高性能であっても，生細

胞に適用すると予期せぬ挙動を示すことが往々にし

てあり，性質の改変も求められる．その都度，設計

をやり直して有機合成する必要が生じれば，試す化

合物の数だけ時間と労力が掛かることになる．いず

れも，光薬理学的な応用展開を妨げる障害として，

早急に解決すべき問題と考えている．

そこで，筆者のグループでは，光反応効率に優れ

るクマリン型ケージド化合物68)を 3 つのコンポー

ネントからなるモジュール化することで，この問題

の解決を図っている．本誌上シンポジウムでは，用

途に応じて追加の機能性部位を容易に導入して，合

成の煩雑さを回避できるケージド化合物の開発例，

及び，遺伝子導入と組み合わせて，標的細胞への

ターゲティング能を有する遺伝子指向性ケージド化

合物の開発例を紹介する．

アフィニティ精製可能なケージド DNA の設計・

合成と遺伝子の機能発現の光制御

光感受性に加えて，例えば水溶性，細胞膜透過

性，アフィニティ精製用の親和性リガンドなどを導

入できると，ケージド化合物の有用性はさらに広が

る．しかし，これまでのケージド化合物に目的の機

能を付与するには，用途に応じて異なる構造の分子

をそれぞれ合成する必要があった．その合成は，有

機合成の知識と技術（と時間と労力）を必要とする

ことから，有機合成を専門としないユーザーが利用

を加速する障害と考えられた．この問題に対処する

ために，ケージド化合物をモジュール化して，必要

なモジュールを組み合わせるようにして機能を追加

できるケージド化合物を設計した．モジュール化

ケージド化合物のプラットフォーム分子の構造を

Fig. 2 に示した．NHS-Bhc-hydrazone(1)は，反応

性官能基としてジアゾメチル基の前駆体であるトシ

図1ケ ージ ド化合物のイメージ 「かご」
に閉じこめられている化合物 を光でかごを
開けることで,任 意の場所 ・時間で活性化
できる。

水素の場合の副生成物のアルデ ヒド型 よりも不活性
である特徴がある。また,ニ トロベ ンジル基は280
nm付 近 に吸収極大があるため,4と5の 位置 にメ
トキシ基を導入 して吸収極大 を350nm付 近 にず ら
した誘導体 も多 くのケージ ド化合物で入手で きる。
これは,窒 素 レーザー(337nm)やNd:YAGレ ー
ザ ーの3倍 波(355nm)に 近 くなり,効 率 よく光分解
できる。

3.最 近 のケージ ド化合物 の研究例

(a)リ ン酸部位 を持つケージ ド化合物
ATPの 報 告以来,cAMP,GTPな ど,リ ン酸基

に光感応基が結合 した分子構造のケージド化合物が,
多 数市販 されてお り,筋 肉系などの実験で多 くの利
用例がある。柳 田らは17),レ ーザーピンセットとケー
ジ ドATPを 用 いて,単 一のキネシン分子が生 じる
力 を測 ることに成功 している。

(b)カ ル シウムイオン
カルシウムイオンのケージ ド化 は,蛍 光性のカル

シウム色素 を開発 したTsienら に よって報告 され

表1ケ ージド化合物に求められる条件

・本来の生理活性が遮蔽されている
・刺激(光照射)によって生理活性が発現する

光化学反応:高 量子収率,高 速反応
吸光度:小(可 視光),大(紫 外光)
副産物の影響:低

・実験目的に合った高い溶解性(水溶,脂 溶)
・化学的,生 化学的に安定

て以来,い くつかの化合物があ る1,2,12,19)。そ れ ら
は,カ ルシウムイオンとの錯体 を形成 し,光 照射 に
よって,錯 形成定数が変化 し,フ リーのカルシウム
イオンが放出される。各化合物によって得 られるカ
ルシウム変化やマグネシウムに対する選択性が違 う
ので,実 験条件に合った ものを選ぶ必要があろう。

(c)ケ ージ ドNO
一 酸化窒素(NO)は ,ア ルギニ ンより生合成 され,

筋弛緩,神 経情報伝達 など多彩な働 きが知 られてい
る。ガスであることや酸素やヘム蛋白との化学反応
性のため,ケ ージ ドNOと して必要時に発生 させ る
実験が有効 と考 えられる。ケージ ドNOと しては,
塩 化ニ トロソルテニウムなどの無機塩があったが`),
徐 々に分解することや重金属の毒性 も指摘 されてお
り,有 機化合物のケージ ド化合物21,6)も市 販 されて
いるが,利 用例はほとん ど報告 されていない。

(d)二 光子顕微鏡
ケージ ド化合物の光分解 は,水 銀ランプ10)や窒 素

レーザー14)など紫外線 を発生する安価 な装置によっ
て行え,光 ファイバーを用いることにより顕微鏡下
で微小領域 に光照射 を行 う実験 も可能 である15,34)。
さらに高い空間分解能をもつ光分解反応は,共 焦点
顕微鏡下で,紫 外線レーザーを持つシステムまたは
二光子顕微鏡が有効である。二光子顕微鏡は,光 分

解反応 に必要な光の二倍の波長の レーザー光 を絞 り
込むことにより,焦 点で局所的に2光 子反応により
分解を起 こさせ る方法であ る11,29)。Denkは,パ ッ
チクランプした細胞にケージ ドアセチルコリンを共
存 させておき,光 走査することによってアセチル コ
リンレセプターチャンネルの分布像 を得ている9)。

142 比較生理生化学

Furuta, T. YAKUGAKU ZASSHI 2022, 142, 495-502.
Tatsu, Y., et al. Comparative Physiology and Biochemistry 1998, 15(2), 141-147.

Chen, X., et al. Smart Molecules 2023, 1(1), e20220003.

Photocaged compounds
・temporarily mask biological activity through photoremovable protecting groups
・target substances are released upon exposure to specific wavelengths of light
・high spatial and temporal resolution (Spatiotemporal control)
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Furuta, T. YAKUGAKU ZASSHI 2022, 142, 495-502.
Chen, X., et al. Smart Molecules 2023, 1(1), e20220003.

Advantageous features of using light to promote controlled release

1. clean and inexpensive energy
2. more selective than thermally activated reaction
3. high controllability (varying the intensity and wavelength)
4. long wavelength light is both less damaging to cells and more penetrable into cells496
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Discovery of o-nitrobenzyl derivatives as “photocages”
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mixture of acids or of aldehyde reagents such as hydra-
zine, hydroxylamine hydrochloride, or semicarbazide
hydrochloride (see Table I).

In an attempt to avoid the side reaction with the alde-
hyde intermediate formed during irradiation, we used
«-substituted o-nitrobenzyl alcohol derivatives as start-
ing materials for a second kind of blocking group.
Symmetrical carbinols were chosen in order to avoid
formation of diastereoisomers during the blocking step.
We have shown that on irradiation of such alcohols,
a ketonic product is formed, which is less reactive
toward the amino function than the aldehydic inter-
mediate mentioned above. Such a ketone was isolated
and characterized as shown in Scheme II.
Scheme II

2, mp 202-203° 3, mp 190-192°

A comparison of yields of photoremoval of 2,2'-dini-
trodiphenylmethyloxycarbonyl (DNBOC) amino acid
derivatives and (NBOC) and (NVOC) amino acid de-
rivatives is given in Table II. It can be seen that in the
case of DNBOC derivatives, the highest yields of de-
blocking were obtained.

We have also used 2,2'-dinitrodiphenylmethanol as a

blocking group for the carboxylic function. Conditions
for photoremoval of this blocking group were similar to
those required for deblocking of the amino function.
In this case, however, no auxiliary reagents were needed.
Some examples are given in Table III.

The photoremoval of o-nitrobenzyl derivatives from
the carboxylic function can be illustrated generally
as in Scheme III.
Scheme III

R' R'
In accordance with this scheme, it is likely that such

groups could also be used for the protection of hydroxyl
and phosphate functions. Work is now in progress to
elucidate the applicability of this approach for car-

bohydrate and nucleotide synthesis.
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4,9-Methano[llJannulenone.lab A Ten-x-Electron
Analog of Tropone
Sir:

In the course of our studies on aromatic bridged
[lOJannuIenes2 we recently synthesized the bicyclo-
[5.4.1]dodecapentaenylium ion (1) (as its BF4~ and
C104~ salts),3 a carbonium ion that can be looked
upon as a     -electron analog of the tropylium ion.4
The ion 1 has a p^R + value of 6.2 ± 0.1,5 as compared
with pXR + = 4.7 of the tropylium ion6 and pKR+ =

— 7.4 of the cyclopropenylium ion,7 and thus represents
the most stable unsubstituted (disregarding the CH2
bridge) Hiickel-type carbonium ion known. Although
X-ray data for 1 are not yet available8 the resonance
stabilization of the ion strongly implies that its periph-
eral 11-membered ring is approximately planar. The

1 a 3

similarities between 1 and the tropylium ion suggested
the interesting possibility that the keto and ketohydroxy
derivatives of 1, such as 2 and 3, would have chemical
properties analogous to those of tropone and tro-
polone.9 These expectations have now been borne
out by the syntheses of 2 and some of its isomers.2c,1°
In this communication we elaborate on the preparation
and properties of 2.

Our approach to 4,9-methano[l ljannulenone (2)
started out from 4,5-benzocycloheptenone and followed
the pattern, previously developed in this laboratory,
for the synthesis of 1,6-bridged cycloheptatrienes.11
Treatment of 4,5-benzocycloheptenone with ethylene
glycol and a catalytic amount of />-toluenesulfonic
acid in benzene afforded the ketal 4, mp 110°, in 94%
yield. This ketal was submitted to the Birch reduction

(1) (a) In the terminology proposed by Pilling and Sondheimer16
4,9-methano[l ljannulenone is a [An + 3]annulenone with  = 2.
(b) G. M. Pilling and F. Sondheimer, J. Amer. Chem. Soc., 90, 5610
(1968) .

(2) For reviews see: (a) E. Vogel, Chem. Soc. Spec.Publ., No. 21,113
(1967); (b) E. Vogel, Chimia, 22, 21 (1968); (c) E. Vogel, Proc. Robert A.
Welch Found. Conf. Chem. Res., 12, 215 (1968).

(3) (a) W. Grimme, H. Hoffmann, and E. Vogel, Angew. Chem., 77,
348 (1965); (b) E. Vogel, R, Feldmann, and H. Dilwel, Tetrahedron
Lett., 1941 (1970).

(4) W. Grimme, E. Heilbronner, G. Hohlneicher, E. Vogel, and J.-P.
Weber, Helv. Chim. Acta, 51, 225 (1968).

(5) As determined by potentiometric titration in water as solvent.
(6) W. v. E. Doering and L. H. Knox, J. Amer. Chem. Soc., 76, 3203

(1954).
(7) R. Breslow and J. T. Groves, ibid., 92, 984 (1970).
(8) An X-ray structure determination of the ion 1 is being carried out

by Professor M. Simonetta, University of Milan, Italy.
(9) Macrocyclic [4« + ljannulenones, specifically derivatives of [13]-

and [17]annulenone, have recently been synthesized by G. M. Pilling
and F. Sondheimer (see ref lb) and by G. W. Brown and F. Sondheimer,
J. Amer. Chem, Soc., 91, 760 (1969), respectively.

(10) Methano-bridged [1 ljannulenones with the bicyclo[5.4.1]dode-
cane carbon skeleton were first obtained by H. Hoffmann in this labora-
tory (Dissertation, University of Cologne, 1967) by the SeOi oxidation
of bicyclo[5.4. lJdodeca-2,4,7,9,11 -pentaene3 following the procedure of
P. Radlick ( Org. Chem., 29, 960 (1964)), for the conversion of tropili-
dene into tropone. This method leads to a mixture of at least four
methano[l ljannulenones from which apart from 2, 2,7-methano[l lj-
annulenone and 3,8-methano[l ljannulenone could be isolated by labor-
ious chromatography on alumina.2” Rational syntheses of 2,7-
methano- and 3,8-methano[l ljannulenone are currently in progress and
will be reported later.

(11) (a) E. Vogel, W. Wiedemann, H. Kiefer, and W. F. Harrison,
Tetrahedron Lett., 673 (1963); (b) E. Vogel, Pure Appl. Chem., 20, 237
(1969) .

Communications to the Editor

P. Schofield, et al. Tetrahedron Lett. 1962, 16, 697-699.
Woodward, R. B., et al. J. Am. Chem. Soc. 1970, 92, 6333-6335.

Barton, D. H. R., et al. Tetrahedron Lett. 1962, 23, 1055-1057.
https://www.nobelprize.org/prizes/chemistry/1969/barton/biographical/
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Robert Burns WoodwardDerek Harold 
Richard Barton

Discovery of photo-sensitive reaction
(o-nitrobenzyl based compound)

Photocaged compound
(caged-ATP)

Hoffman, J. F., et al. Biochemistry 1978, 17, 1929.
https://medicine.yale.edu/news-article/in-memoriam-joseph-frederick-hoffman-phd/
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FIGURE 1: Outline of synthetic route to caged ATP compounds, where
Ri is H for the 2-nitrobenzyl series and CHj for the 1 -(2-nitro)phenylethvl
series.

water (25 mL). The aqueous solution was then extracted three
times with 25 mL portions of benzene, concentrated by evap-
oration, and the pH adjusted to pH 8 with triethylamine. The
solution was then applied to a DEAE-A25 Sephadex column
(HCO3- form), washed with about 10 column volumes of
water, and eluted with a linear gradient of 0 to 0.2 M trieth-
ylammonium bicarbonate (total volume was 2 L). The eluate
was collected using an automated fraction collector with the
aid of an ultraviolet absorption monitor. The absorbing frac-
tions were collected and bulked. Separation from P¡ was con-

firmed by adding a trace of 32P¡ to the reaction mixture prior
to column separation and counting aliquots of eluate in a liquid
scintillation spectrometer (Searle Mark III). The bulked
samples were evaporated to dryness; residual traces of trieth-
ylamine were removed by resuspending the residue in methanol
and drying several times. The final product was obtained as
a concentrated solution of the triethylammonium salt in 18%
yield (based upon e = 5400 at 265 nm for the parent alcohol).
Thin-layer chromatography revealed a single spot Rf 0.41. The
proton NMR spectrum was compared with the parent alcohol
[2-nitrobenzyl alcohol: aromatic 8.064-7.427 m (4 H); ben-
zylic 4.899 s (2 H); 2-nitrobenzyl phosphate: aromatic
8.148-7.479 m (4 H); benzylic 5.226-5.202 d (2 H), 3JP_0-c
= 6.62 Hz]. Assuming an unchanged molar extinction of the
alcohol moiety in the phosphorylated product a ratio of 2-
nitrobenzyl residue:? of 1:1 was obtained using the phosphate
assay of Ames & Dubin (1960). Attempts to increase the yield
by altering temperatures (25 to 70 °C) and reaction time (2
to 48 h) were not successful; a major competing reaction yields
2-nitrobenzaldehyde. This side product presumably comes
about as a result of removal of benzylic protons from a complex
which is produced from the alcohol and trichloroacetonitrile
immediately on addition of the latter (unpublished observa-
tions).

4-Nitrobenzyl Phosphate. 4-Nitrobenzyl phosphate was

prepared following the procedure of Vcrheyden et al. (1965)
from 4-nitrobenzyl alcohol (recrystallized from water).
Phosphate assay of the product gave a ratio of 1:1 for P:4-
nitrobenzyl residue and product ran as a single spot in 1 M
LiCl, Rf 0.36. The proton NMR spectrum was compared with
the parent alcohol [4-nitrobenzyl alcohol: aromatic 8.22-7.485
m (4 H). benzylic 4. 1 s (2 H); 4-nitrobenzyl phosphate:
aromatic 8.268 -7.634 m (4 H); benzylic 5.000-4.973 d (2 H),
~'Jp o <;

= 6.62 Hz].
I -(2-,Xi tro) phenyl ethanol. 2-N itroacetophenone (5.2 g,

3 1.5 mmol) was dissolved in dioxane:methanol (75 mL, 2:3 by
volume) and sodium borohydride (3.5 g, 92.5 mmol) was
added. The mixture was stirred in ice for 30 min and at room

temperature (23 °C) for a further 1.5 h. The reaction is

strongly exothermic and the cooling period is necessary. The
solvents were removed under reduced pressure, water (250 mL)
was added, and the suspension was stirred at room temperature
for 30 min. The solution was then extracted with methylene
chloride (3 X 75 ml..), the organic phase dried over anhydrous
magnesium sulfate, and the filtered solution evaporated to
dryness. The product (4.9 g. 94%) was obtained as a yellow oil
[bp 105 °C at 1.05 mmHg (128-130 °C at 2.0 mmHg (Les-
niak. 1962): 129 ¡33 °C at 5 mmHg (Nagui et al.. 1965))].
Thin-layer chromatographs on silica gel in chloroform gave
a single spot, R, 0.23. The proton N MR spectrum revealed the
following resonances, aromatic 7.931 -7.527 m (4 H), benzylic,
5.370-5.302 q (I H), methyl 1.538-1.519 d (3 H), which was
in accord with the proposed structure. The absorption spectrum
of an aqueous solution (containing 0.1% dimethyl sulfoxide)
gave t = 4240 at 265 nm.

/-(2-Xitro)phenylethvl Phosphate. 1 -(2-Nitro)phenylethyl
phosphate was prepared essentially as described above for
2-nitrobenzyl phosphate but starting from l-(2-nitro)phen-
ylethanol and anhydrous phosphoric acid. The reaction was
allowed to proceed for 1 h at room temperature and after
evaporation the aqueous solution was extracted with ether
(three times) and methylene chloride (twice). Following ion-
exchange chromatography as described above, using a linear
gradient of 0 to 0.3 M triethylammonium bicarbonate the
product was obtained as a concentrated solution of the
triethylammonium salt in 20% yield based upon e = 4240.
Phosphate analysis revealed a ratio of 1:1 for 1 -(2-nitro)-
phenylethyl residue:?. Thin-layer chromatography revealed
a single spot Rf 0.42. The proton NMR spectrum showed:
aromatic 7.993- 7.492 m (4 H); benzylic 5.782-5.681 m (1 H);
3,/P-o u = 5.88 Hz; methyl 1.555 -1.530 d (3 H).

ADP Morpholidate. ADP morpholidate v/as prepared ac-

cording to the procedure of Wehrli et al. (1965) and isolated
using a linear gradient of triethylammonium bicarbonate
(0.1 0.4 M) on DEAE-Sephadex  -25 (HCO3" form) as

described above. The desired product and the minor product
(AMP morpholidate) were converted to the 4-morpholino-
A’,.\"-dicyclohexylcarboxamidino salts as previously described
(Wehrli et al.. 1965) and stored over P2Os in a desiccator.

P3- (2-Xitro)benzyladenoline 5Triphosphate. The con-

centrated solution of triethylammonium 2-nitrobenzyl phos-
phate (see above) was dried under reduced pressure using
several washes with dr\ pyridine followed by a similar treat-
ment w'ith benzene; the residue (2.57 mmol) was dissolved in
dry dimethyl sulfoxide (12 mL). The 4-morpholine-A',A"-
dicyclohexylcarboxamidino salt of ADP morpholidate (2.79
g, 2.57 mmol) was added and the solution left at 60 °C for 50
h. After cooling, water i 12 mL) was added and the mixture
eluted from DLAE-Sephadex  -25 (HCO<~' form), following
a wash with 10 column volumes water, using a linear gradient

Joseph Frederick Hoffman
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FIGURE 3: Comparison of photorelease of P¡ from phosphate esters.
Aqueous solutions (2 X 10-4 M) of the phosphate esters were photolyzed
as described in Materials and Methods, and the photolyzed solution was
then assayed for free P¡.

FIGURE 4: Comparison of photorelease of ATP using P3-2-nitrobenzyl-
ATP and P3-1 -(2-nitro)phenylethyl-ATP. Aqueous solutions (2X10-4
M) of two analogues were photolyzed in polystyrene tubes (see Materials
and Methods), and the irradiated solution was assayed for free ATP.

then incubated at 37 °C with gentle shaking for 24 h in order
to deplete the cells of their endogenous energy stores such as
ATP and 2,3-diphosphoglycerate (Blum & Hoffman, 1971).
The depleted cells were then centrifuged and washed three
times in about 10 volumes of 166 mM NaCl solution. The
packed cells were resuspended to 50% hematocrit in 166 mM
NaCl and cooled to 0 °C in ice. In order to hemolyze the red
cells, one volume of this cold suspension was then added rapidly
to 10 volumes of MgC^ (2 mM) with either ATP, disodium
salt (2 mM), or P3-l-(2-nitro)phenylethyl ATP, sodium salt
(caged ATP, 2 mM) also at 0 °C, together with a trace of
24Na. After 5 min, the tonicity was raised by the addition of
sufficient cold (0 °C) NaCl (3 M), choline chloride (3 M), and
KC1 (3 M) so that the final composition of the medium was 10
mM KC1, 10 mM NaCl, 150 mM choline chloride. After a

further 5 min at 0 °C, the suspension was transferred to a water
bath and gently shaken for 40 min at 37 °C. The resealed
ghosts were then centrifuged (49 OOOg, 5 min) and washed
three times with about 20 volumes of cold (0-4 °C) buffer (150
mM NaCl, 10 mM KC1, 10 mM Tris-Cl, pH 7.5). The washed
ghosts were then resuspended in 9 volumes of the buffer and
portions (1 mL) were either photolyzed (see above) or held on
ice. In order to initiate the measurement of Na efflux, samples
of the 24Na-loaded ghosts (10% suspension) were added to 10
mL portions of the incubation medium (150 mM NaCl, 10
mM KC1, 10 mM Tris-Cl, pH 7.5) at 37 °C. Ouabain, when
present, was at a concentration of 10-4 M. The incubating cells
were gently shaken at 37 °C, samples were withdrawn at 5, 35,
and 65 min and immediately centrifuged at 49 OOOg. The ra-
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FIGURE 5: Utilization of photoreleased ATP by renal Na,K-ATPase.
Incubation was initiated by the addition of 70 of the purified enzyme
to the experimental medium, at 37 °C, which was composed of 6 mM
imidazole, 150 mM NaCl, 30 mM KC1, 0.86 mM MgCE, 0.25 mM
EDTA, 0.25% bovine serum albumin, 65 mM Tris (pH 7.5), total volume
4 mL with either 1 mM ATP or 1 mM caged ATP (circles). Aliquots (0.25
mL) were removed at the indicated times and assayed for P¡ content (see
Materials and Methods). Irradiation was carried out for sufficient time
to release approximately 0.5 mM ATP from caged ATP [(O) 1 mM ATP
+ 1 mM caged ATP; (·) 1 mM ATP; ( ) 1 mM caged ATP following
photolysis; (A) 1 mM caged ATP without photolysis].

dioactivity in each supernatant was then compared with the
radioactivity in an equal volume of ghost suspensions from that
sample using a gamma counter (Nuclear Chicago). Rate
constants for the loss of intracellular 24Na were calculated
from the fractional loss of radioactivity over the indicated time
periods (Hoffman, 1962). All determinations of efflux rates
were carried out in duplicate samples.

ATP Assays. ATP was assayed by a modification of the
procedure described by Strehler (1968), using an extract from
firefly lanterns (Sigma Co., FLE-50). Each vial of extract was

shaken with water (5 mL) and then left overnight at 0 °C. The
supernatant was decanted and made to 25 mL with a mixture
(1:2 by volume) of MgCh (40 mM) and sodium arsenate (100
mM). Aliquots (10 gL to 50 µL) of standard ATP solutions
were added to 2 mL of arsenate-buffered luciferase solution,
mixed by inversion, and rapidly transferred to a Farrand Ratio
fluorometer. The light emitted after 30 s was noted and a

standard curve relating light emission and quantity of ATP
added was constructed. Analysis of the solution where ATP
content was to be determined was treated in the same way and
the ATP content determined from the standard curve. Con-
centrations of samples routinely assayed in this way were be-
tween 1 X 10-6 and 5 X 10-5 M. When the ATP content of
resealed red cell ghosts was determined, a sample of the sus-

pension used for the determination of Na efflux was taken at
the beginning of the flux measurements. The suspension was

then placed in a boiling water bath for 2 min and stored at 0
°C prior to assay by the procedure described above. Control
experiments showed that the 2-min incubation in boiling water
did not cause a detectable fall in the ATP concentration of
standard solutions, in the absence or presence of resealed

ghosts.

Results

Photolytic Release of P¡. Aqueous solutions of 2-nitrobenzyl
phosphate, l-(2-nitro)phenylethyl phosphate, and 4-nitro-
benzyl phosphate were photolyzed for increasing lengths of
time in plastic tubes (see Materials and Methods). The irra-

https://www.nobelprize.org/prizes/chemistry/1969/barton/biographical/
https://www.chem-station.com/chemist-db/archives/2007/09/-robert-burs-woodward.php
https://medicine.yale.edu/news-article/in-memoriam-joseph-frederick-hoffman-phd/


Example of utilizing o-nitrobenzyl photocages
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Yang, R. et al. Anal. Chem. 2020, 92(10), 7194-7199.

Chen, X., et al. Smart Molecules 2023, 1(1), e20220003.

Proposed mechanism 
One of the examples utilizing
ortho-nitrobenzyl photocage

Sangermano, M., et al. Materials 2020, 13(12), 2777.
https://www.chem-station.com/blog/2012/04/post-374.html

• O-radical produced by UV irradiation withdraws
hydrogen at the benzyl position.

• This photocage is inactive to tyrosinase (TYR) 
because the o-nitrobenzyl causes steric hindrance. 

https://www.chem-station.com/blog/2012/04/post-374.html
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9Yang, R. et al. Anal. Chem. 2020, 92(10), 7194-7199. (Fig. modified)
Chen, X., et al. Smart Molecules 2023, 1(1), e20220003.

One of the examples utilizing ortho-nitrobenzyl photocage

• PTFP-treated cells: brightly fluoresced 
only under irradiation

• CP-treated cells: exhibited bright 
fluorescence both condition

→ photochemically activated for visualizing 
intracellular endogenous TYR activity with 
artificial control

(Control probe)

*: Tyrosinase inhibitor (kojic acid)

*



Many photosensitive groups have been developed
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Limitations of these photocages
• sensitive to ultraviolet (UV) and blue light 

below 450 nm wavelength

1. Inherent phototoxicity 
(e.g. DNA damage)

2. Limited tissue permeability 
→ restrict their biological applications

3. Background noise interference 
in living systems under short-wavelength 
light excitation 

→ photocages activated by longer wavelength 
are needed

Hao, E., et al. Chem. Commun. 2024, 60, 5770-5789.
(Fig. modified)



Many photosensitive groups have been developed

11Kim, J. S., et al. Chem 2023, 9(1), 29-64.

Development of visible / NIR light 
activated cages

• BODIPYs
• Cy7 Dyes
• Phthalocyanine 
• Cyanocobalamin

etc.

→ focused on BODIPY photocages
(Today’s seminar)
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Various types of BODIPY photocages
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Hao, E., et al. Chem. Commun. 2024, 60, 5770-5789.

Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514. Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.

Absorptions of BODIPY PPGs
(Green ~ Red light)

meso-Methyl BODIPY photocages
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German Edition: DOI: 10.1002/ange.201900850Controlled Release
International Edition: DOI: 10.1002/anie.201900850

Organelle-Targeted BODIPY Photocages: Visible-Light-Mediated
Subcellular Photorelease
Dnyaneshwar Kand, Lorena Pizarro, Inbar Angel, Adi Avni, Dinorah Friedmann-Morvinski,
and Roy Weinstain*

Abstract: Photocaging facilitates non-invasive and precise
spatio-temporal control over the release of biologically rele-
vant small- and macro-molecules using light. However, sub-
cellular organelles are dispersed in cells in a manner that
renders selective light-irradiation of a complete organelle
impractical. Organelle-specific photocages could provide
a powerful method for releasing bioactive molecules in sub-
cellular locations. Herein, we report a general post-synthetic
method for the chemical functionalization and further con-
jugation of meso-methyl BODIPY photocages and the syn-
thesis of endoplasmic reticulum (ER)-, lysosome-, and mito-
chondria-targeted derivatives. We also demonstrate that 2,4-
dinitrophenol, a mitochondrial uncoupler, and puromycin,
a protein biosynthesis inhibitor, can be selectively photo-
released in mitochondria and ER, respectively, in live cells by
using visible light. Additionally, photocaging is shown to lead
to higher efficacy of the released molecules, probably owing to
a localized and abrupt release.

The interior of cells is a highly organized environment.
Cellular tasks such as energy production, protein synthesis,
and many others, are functionally compartmentalized in
organelles, along with most of the biomolecules required for
their execution. Studying localized processes, including those
taking place inside organelles, often makes use of small-
molecules to manipulate their progress.[1] Unfortunately, most
small-molecules lack an innate specificity for cellular loca-
tions; they tend to disperse randomly in cells, not necessarily
arriving at the desired place owing to unsuitable physical-
chemical properties or conversely, ending up in too many
locations in an unspecific manner.

Photocaging[2] is an effective light-mediated controlled-
release strategy that enables activation of small- or macro-
bioactive molecules with high spatio-temporal resolution.[3]

This strategy is widely utilized to achieve localized control
over the activation of bioactive molecules in vitro and
in vivo.[4] However, organelles are scattered or dispersed in
cells in a manner that renders selective irradiation of
a complete organelle (e.g., mitochondria or golgi apparatus)
impractical, undermining the utility of the strategy in this
context. Over the years, several chemical motifs have been
determined to passively accumulate in specific sub-cellular
compartments owing to their chemical and/or physical
properties (e.g., pH, charge, and hydrophobicity). Such
motifs include, for example, triphenylphosphonium[5] (TPP),
phenyl sulfonamide,[6] and tertiary/secondary amines[7] that
tend to accumulate in mitochondria, endoplasmic reticulum
(ER), and lysosomes/endosomes, respectively. Their coupling
to small- and even macro-molecules was found to effectively
impart sub-cellular specificity to the entire conjugate.

The combination of sub-cellular targeting with photo-
caging, providing a means of preserving the advantages of the
two strategies while overcoming their distinct limitations, has
been effectively demonstrated using 2-nitrobenzyl derivatives
caging groups.[8] However, the use of UV-excitable photo-
cages often leads to inherent hurdles, including sample
overheating and phototoxicity. More recent work has effec-
tively improved the utility of targeted photocages by using
coumarins, excitable at around 400 nm, as caging groups.[9]

Herein, we establish a range of organelle-targeted photo-
cages based on the recently introduced, visible-light excitable
(> 500 nm) meso-methyl BODIPY photocage[10] (Figure 1).

Figure 1. Schematic of ER-, lysosome-, and mitochondria-targeted
BODIPY photocages.
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• sub-cellular organelles are dispersed in cells
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→ Organelle-specific photocages

Targeting compounds are co-localized with 
Mitotracker. 

zene with meso-methyl BODIPY and functionalized by
employing the above-described protocol using thioglycolic
acid as a nucleophile. A TPP motif was subsequently coupled
to obtain the mitochondria-targeted BODIPY-DNP 16 (Fig-
ures 4A and Figure S4). Quantum yields, half-lives (t1/2), and
chemical yields for photorelease of DNP were determined by
UV/Vis spectroscopy and confirmed by HPLC-MS. Com-
pounds 14 and 16 are stable in the dark and release DNP
when irradiated with visible light (Figures 4B and Figures S5
and S6), compound 16 presenting the highest photorelease
efficiency (eFr = 43) within this series of compounds
(Table S1). Although BODIPY photocages were previously
demonstrated to release halides, acids, carbon monoxide,
thiols, and xanthates,[10] this is first example of direct uncaging
of phenols, expanding the palette of functional groups and
bioactive molecules amenable for caging by BODIPYs.

Cellular uptake and mitochondrial localization of 16 were
examined and compared to the non-targeted 14 by live-cell
imaging of HeLa cells (Figures 4C and Figures S9 and S11).
Low Pearson�s sample correlation coefficients (r = 0.13)
confirmed poor targeting of 14 to the mitochondria while 16
showed efficient and specific mitochondrial accumulation (r =
0.84).

Next, intracellular photoactivation of 16 was investigated.
Changes in Dym were assessed using the Dym-sensitive
lipophilic cationic dye, rhodamine 123 (Rho123). In intact

cells, Rho123 accumulates in mitochondria, leading to
a strong localized fluorescence signal.[14] Conversely, reduc-
tion in Dym leads to redistribution of the dye to the cytoplasm,
resulting in its dilution and a decrease in fluorescence signal.
In HeLa cells treated with Rho123, strong mitochondrial
fluorescence could be detected, which was significantly
reduced (ca. 3-fold) by further treatment with 200 mm DNP
(Figure 4D and Figure S12). When similar cells were treated
with Rho123 and 16 (25 mm), a mitochondria-localized
fluorescence signal was observed, indicating that 16 by itself
does not disrupt Dym. However, upon irradiation of the cells
(545/25 nm, 1.4 mW cmˇ2, 15 s), a 6-fold decrease in Rho123
mitochondrial fluorescence was observed. Importantly, pho-
toactivation of the non-targeted 14 under similar conditions
did not have any effect on Rho123 fluorescence. Cells treated
with Rho123 alone and exposed to similar irradiation
conditions did not show any change in mitochondrial
fluorescence, ruling out direct light effect on Dym. In addition,
in the absence of light, 16 did not show any sign of toxicity at
the applied concentration (Figure S14).

Finally, we tested light-mediated selective activation of 16
in specific cells. Thus, HeLa cells were treated with Roh123,
16, and the DNA stain Hoechst 33342, and confocal images
were acquired at three channels (Figure 4F and Figure S13a).
Cells were then irradiated for 15 s (545/25 nm, 1.4 mW cmˇ2)
in a selected region (marked by a yellow rectangle) and re-

Figure 4. A) Structures of compounds 14 and 16. B) Light-mediated release of DNP from 14 and 16 (10 mm, ACN/water 7:3) following light
irradiation (545/30 nm, 42 mWcmˇ2) for the indicated times. Absorbance at 367 nm (representing free DNP) vs. time was plotted. C) Distribution
and co-localization of 14 and 16. Confocal images of live HeLa cells treated with Hoechst 33342 (17 mm), MitoTracker deep-red (2 mm) and 14
(upper) or 16 (lower) (10 mm, 30 min). Areas of co-localization appear in yellow/orange in Merged. D) Photorelease of DNP in live cells leads to
decrease in mitochondrial membrane potential. Confocal images of live HeLa cells stained with Hoechst 33342 (17 mm) and Rhod123 (26 mm,
15 min), a,e) in the absence of light at t =0 and 5 min; b,f) before and after treatment with 200 mm DNP; c,g) compound 14 (25 mm) with and
without light (545/25 nm, 1.4 mWcmˇ2, 15 s); d,h) compound 16 (25 mm) with and without light (545/25 nm, 1.4 mWcmˇ2, 15 s). E) Decrease in
cells fluorescence intensity, where F0 is fluorescence intensity before either light or DNP treatment and F is fluorescence intensity after either light
or DNP treatment. F,G) Localized photoactivation of DNP in live cells. HeLa cells were incubated with Rho123 (26 mm), 16 (25 mm), and Hoechst
33342 (17 mm) for 15 min before (F) and after (G) light irradiation (545/25 nm, 1.4 mWcmˇ2, 15 s) of a selected region. H) Fold-decrease in
fluorescence intensity of cells in irradiated and non-irradiated regions, where F0 and F are defined as in (E). * Statistical significance (one-way
ANOVA with Tukey correction, p<0.05) from control (E) or non-irradiated cells (H). Error bars show the standard error (SE).
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Example of meso-Methyl BODIPY photocages

16
Weinstain, R., et al. Angew. Chem., Int. Ed. 2019, 58, 4659-4663.
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zene with meso-methyl BODIPY and functionalized by
employing the above-described protocol using thioglycolic
acid as a nucleophile. A TPP motif was subsequently coupled
to obtain the mitochondria-targeted BODIPY-DNP 16 (Fig-
ures 4A and Figure S4). Quantum yields, half-lives (t1/2), and
chemical yields for photorelease of DNP were determined by
UV/Vis spectroscopy and confirmed by HPLC-MS. Com-
pounds 14 and 16 are stable in the dark and release DNP
when irradiated with visible light (Figures 4B and Figures S5
and S6), compound 16 presenting the highest photorelease
efficiency (eFr = 43) within this series of compounds
(Table S1). Although BODIPY photocages were previously
demonstrated to release halides, acids, carbon monoxide,
thiols, and xanthates,[10] this is first example of direct uncaging
of phenols, expanding the palette of functional groups and
bioactive molecules amenable for caging by BODIPYs.

Cellular uptake and mitochondrial localization of 16 were
examined and compared to the non-targeted 14 by live-cell
imaging of HeLa cells (Figures 4C and Figures S9 and S11).
Low Pearson�s sample correlation coefficients (r = 0.13)
confirmed poor targeting of 14 to the mitochondria while 16
showed efficient and specific mitochondrial accumulation (r =
0.84).

Next, intracellular photoactivation of 16 was investigated.
Changes in Dym were assessed using the Dym-sensitive
lipophilic cationic dye, rhodamine 123 (Rho123). In intact

cells, Rho123 accumulates in mitochondria, leading to
a strong localized fluorescence signal.[14] Conversely, reduc-
tion in Dym leads to redistribution of the dye to the cytoplasm,
resulting in its dilution and a decrease in fluorescence signal.
In HeLa cells treated with Rho123, strong mitochondrial
fluorescence could be detected, which was significantly
reduced (ca. 3-fold) by further treatment with 200 mm DNP
(Figure 4D and Figure S12). When similar cells were treated
with Rho123 and 16 (25 mm), a mitochondria-localized
fluorescence signal was observed, indicating that 16 by itself
does not disrupt Dym. However, upon irradiation of the cells
(545/25 nm, 1.4 mW cmˇ2, 15 s), a 6-fold decrease in Rho123
mitochondrial fluorescence was observed. Importantly, pho-
toactivation of the non-targeted 14 under similar conditions
did not have any effect on Rho123 fluorescence. Cells treated
with Rho123 alone and exposed to similar irradiation
conditions did not show any change in mitochondrial
fluorescence, ruling out direct light effect on Dym. In addition,
in the absence of light, 16 did not show any sign of toxicity at
the applied concentration (Figure S14).

Finally, we tested light-mediated selective activation of 16
in specific cells. Thus, HeLa cells were treated with Roh123,
16, and the DNA stain Hoechst 33342, and confocal images
were acquired at three channels (Figure 4F and Figure S13a).
Cells were then irradiated for 15 s (545/25 nm, 1.4 mW cmˇ2)
in a selected region (marked by a yellow rectangle) and re-

Figure 4. A) Structures of compounds 14 and 16. B) Light-mediated release of DNP from 14 and 16 (10 mm, ACN/water 7:3) following light
irradiation (545/30 nm, 42 mWcmˇ2) for the indicated times. Absorbance at 367 nm (representing free DNP) vs. time was plotted. C) Distribution
and co-localization of 14 and 16. Confocal images of live HeLa cells treated with Hoechst 33342 (17 mm), MitoTracker deep-red (2 mm) and 14
(upper) or 16 (lower) (10 mm, 30 min). Areas of co-localization appear in yellow/orange in Merged. D) Photorelease of DNP in live cells leads to
decrease in mitochondrial membrane potential. Confocal images of live HeLa cells stained with Hoechst 33342 (17 mm) and Rhod123 (26 mm,
15 min), a,e) in the absence of light at t =0 and 5 min; b,f) before and after treatment with 200 mm DNP; c,g) compound 14 (25 mm) with and
without light (545/25 nm, 1.4 mWcmˇ2, 15 s); d,h) compound 16 (25 mm) with and without light (545/25 nm, 1.4 mWcmˇ2, 15 s). E) Decrease in
cells fluorescence intensity, where F0 is fluorescence intensity before either light or DNP treatment and F is fluorescence intensity after either light
or DNP treatment. F,G) Localized photoactivation of DNP in live cells. HeLa cells were incubated with Rho123 (26 mm), 16 (25 mm), and Hoechst
33342 (17 mm) for 15 min before (F) and after (G) light irradiation (545/25 nm, 1.4 mWcmˇ2, 15 s) of a selected region. H) Fold-decrease in
fluorescence intensity of cells in irradiated and non-irradiated regions, where F0 and F are defined as in (E). * Statistical significance (one-way
ANOVA with Tukey correction, p<0.05) from control (E) or non-irradiated cells (H). Error bars show the standard error (SE).

Angewandte
ChemieCommunications

4661Angew. Chem. Int. Ed. 2019, 58, 4659 –4663 ⌫ 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

 15213773, 2019, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.201900850 by U

niversity O
f Tokyo, W

iley O
nline Library on [30/07/2024]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License

zene with meso-methyl BODIPY and functionalized by
employing the above-described protocol using thioglycolic
acid as a nucleophile. A TPP motif was subsequently coupled
to obtain the mitochondria-targeted BODIPY-DNP 16 (Fig-
ures 4A and Figure S4). Quantum yields, half-lives (t1/2), and
chemical yields for photorelease of DNP were determined by
UV/Vis spectroscopy and confirmed by HPLC-MS. Com-
pounds 14 and 16 are stable in the dark and release DNP
when irradiated with visible light (Figures 4B and Figures S5
and S6), compound 16 presenting the highest photorelease
efficiency (eFr = 43) within this series of compounds
(Table S1). Although BODIPY photocages were previously
demonstrated to release halides, acids, carbon monoxide,
thiols, and xanthates,[10] this is first example of direct uncaging
of phenols, expanding the palette of functional groups and
bioactive molecules amenable for caging by BODIPYs.

Cellular uptake and mitochondrial localization of 16 were
examined and compared to the non-targeted 14 by live-cell
imaging of HeLa cells (Figures 4C and Figures S9 and S11).
Low Pearson�s sample correlation coefficients (r = 0.13)
confirmed poor targeting of 14 to the mitochondria while 16
showed efficient and specific mitochondrial accumulation (r =
0.84).

Next, intracellular photoactivation of 16 was investigated.
Changes in Dym were assessed using the Dym-sensitive
lipophilic cationic dye, rhodamine 123 (Rho123). In intact

cells, Rho123 accumulates in mitochondria, leading to
a strong localized fluorescence signal.[14] Conversely, reduc-
tion in Dym leads to redistribution of the dye to the cytoplasm,
resulting in its dilution and a decrease in fluorescence signal.
In HeLa cells treated with Rho123, strong mitochondrial
fluorescence could be detected, which was significantly
reduced (ca. 3-fold) by further treatment with 200 mm DNP
(Figure 4D and Figure S12). When similar cells were treated
with Rho123 and 16 (25 mm), a mitochondria-localized
fluorescence signal was observed, indicating that 16 by itself
does not disrupt Dym. However, upon irradiation of the cells
(545/25 nm, 1.4 mW cmˇ2, 15 s), a 6-fold decrease in Rho123
mitochondrial fluorescence was observed. Importantly, pho-
toactivation of the non-targeted 14 under similar conditions
did not have any effect on Rho123 fluorescence. Cells treated
with Rho123 alone and exposed to similar irradiation
conditions did not show any change in mitochondrial
fluorescence, ruling out direct light effect on Dym. In addition,
in the absence of light, 16 did not show any sign of toxicity at
the applied concentration (Figure S14).

Finally, we tested light-mediated selective activation of 16
in specific cells. Thus, HeLa cells were treated with Roh123,
16, and the DNA stain Hoechst 33342, and confocal images
were acquired at three channels (Figure 4F and Figure S13a).
Cells were then irradiated for 15 s (545/25 nm, 1.4 mW cmˇ2)
in a selected region (marked by a yellow rectangle) and re-

Figure 4. A) Structures of compounds 14 and 16. B) Light-mediated release of DNP from 14 and 16 (10 mm, ACN/water 7:3) following light
irradiation (545/30 nm, 42 mWcmˇ2) for the indicated times. Absorbance at 367 nm (representing free DNP) vs. time was plotted. C) Distribution
and co-localization of 14 and 16. Confocal images of live HeLa cells treated with Hoechst 33342 (17 mm), MitoTracker deep-red (2 mm) and 14
(upper) or 16 (lower) (10 mm, 30 min). Areas of co-localization appear in yellow/orange in Merged. D) Photorelease of DNP in live cells leads to
decrease in mitochondrial membrane potential. Confocal images of live HeLa cells stained with Hoechst 33342 (17 mm) and Rhod123 (26 mm,
15 min), a,e) in the absence of light at t =0 and 5 min; b,f) before and after treatment with 200 mm DNP; c,g) compound 14 (25 mm) with and
without light (545/25 nm, 1.4 mWcmˇ2, 15 s); d,h) compound 16 (25 mm) with and without light (545/25 nm, 1.4 mWcmˇ2, 15 s). E) Decrease in
cells fluorescence intensity, where F0 is fluorescence intensity before either light or DNP treatment and F is fluorescence intensity after either light
or DNP treatment. F,G) Localized photoactivation of DNP in live cells. HeLa cells were incubated with Rho123 (26 mm), 16 (25 mm), and Hoechst
33342 (17 mm) for 15 min before (F) and after (G) light irradiation (545/25 nm, 1.4 mWcmˇ2, 15 s) of a selected region. H) Fold-decrease in
fluorescence intensity of cells in irradiated and non-irradiated regions, where F0 and F are defined as in (E). * Statistical significance (one-way
ANOVA with Tukey correction, p<0.05) from control (E) or non-irradiated cells (H). Error bars show the standard error (SE).
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Rhodamine 123 (Rho123) : 
(intact cells) accumulates in mitochondria

(reduction in Δψm) 
redistribution of the dye to the cytoplasm
→ a decrease in fluorescence signal

Photo-release → decrease signal of Rho123

← averaged fluorescence intensities of 
cells within the irradiated area 
versus those outside of it

Rho123 signal decreased
by light-irradiation
→ photo-release was 
achieved!
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Improvement points of BODIPY photocages
• Low photoreaction quantum yield (φr)

even though large extinction coefficients 
(εirr) at the λmax

→ need to improve quantum yield (φr)

Improvement points of BODIPY photocages
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Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.
*: Hao, E., et al. Chem. Commun. 2024, 60, 5770-5789.

(Fig. modified)

BODIPY o-nitrobenzyl coumarin

εirr [M-1cm-1] 40,000~
150,000 < 20,000 < 40,000

φr < 0.01 0.5 ~ 0.7* ~ 0.2*

Representative value

εirr : extinction coefficients at the λmax
→ Value of how much of the light applied 
is absorbed

φr : photoreaction quantum yield /
uncaging quantum yield
→ The percentage of photons used for 
uncaging when a single photon is 
absorbed by a compound
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Several strategies to improve quantum yield
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Improvement points of BODIPY photocages
• Low photoreaction quantum yield (φr)

even though large extinction coefficients 
(εirr) at the λmax

→ need to improve quantum yield (φr)

< Strategies to improve quantum yield >
1. Stabilization of carbocation intermediate
2. Heavy atom effect
3. Boron methylation
etc.
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Feringa, B. L., et al. J. Am. Chem. Soc. 2022, 144(27), 12421-12430.
Weinstain, R., Winter, A. H., Klan, P., et al. J. Am. Chem. Soc. 2017, 139(42), 15168-15175.

Winter, A. H., et al. J. Org. Chem. 2024, 89(10), 6740-6748.
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1. Proposed mechanism of photo-release

20

Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.

Proposed mechanism of photo-release (photo-SN1 mechanism)

✗ unstable cation intermediate
→ ion pair recombination
→ lower the quantum yields

Precise mechanism remains unknown, 
although several observations suggest a 
simple photo-SN1 type mechanism.
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Feringa, B. L., et al. J. Am. Chem. Soc. 2022, 144(27), 12421-12430.
Winter, A. H., et al. J. Am. Chem. Soc. 2020, 142(36), 15505-15512.



1. Stabilization of carbocation intermediate
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Winter, A. H., et al. J. Am. Chem. Soc. 2020, 142(36), 15505-15512.
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Feringa, B. L., et al. J. Am. Chem. Soc. 2022, 144(27), 12421-12430.

Here, we present a rational strategy for increasing PPG
efficiency, hinging on a detailed investigation into the
important factors that determine PPG QYs. Taking funda-
mental organic chemistry principles as the starting point and
supporting them with a DFT computational approach, we
focused on 7-diethylaminocoumarins as a model class of PPGs.
The synthetic accessibility of coumarins and their visible light
responsiveness12,29 have led to their privileged use for the
photocaging of various functionalities, such as carboxylic acids,
alcohols, and amines (as their carbonate and carbamate esters,
respectively),30 making them an ideal showcase for our
strategy. Furthermore, we also show that our strategy is
general and extends to other classes of PPGs that utilize
heterolytic bond cleavage in their photochemical step, as
opposed to different classes of PPGs, such as ortho-nitro-
benzyls, whose uncaging mechanism relies on other processes.3

Finally, we demonstrate how the fluorescence increase that we
observe during the uncaging of the new subtype of PPGs
introduced here can be used as a convenient readout of the

progress of the uncaging process in a complex biological
system.

Mechanism of Coumarin PPG Photocleavage. The
mechanism of photocleavage of coumarin PPGs relies on
heterolytic bond cleavage in the first singlet excited state
(S1).

30 After photon absorption to S1, weakening of the bond
between the payload and the α-carbon allows for the excited
state breakage of this bond (Scheme 1, k1).

30,31 Upon breakage
of the payload-PPG bond, a contact ion pair (CIP)
intermediate is formed, in which the positive charge is located
on the coumarin chromophore and the negative charge on the
payload.30−33 The formed CIP intermediate can now undergo
two different processes: (i) the unproductive process, i.e.,
recombination to reform the substrate (Scheme 1, red k−1), or
(ii) the productive process that results in payload release:
diffusion to a solvent separated ion pair (SSIP, not shown)
accompanied by solvent trapping to quench the carbocation
(Scheme 1, both processes combined in blue k2).

Scheme 1. Schematic Representation of the Coumarin Photocleavage Mechanism Highlighting the Contact Ion Pair (CIP)
Intermediatea

aShown is a model coumarin with a model carboxylic acid payload, in which the fused aromatic ring of the coumarin chromophore is abbreviated
by a semicircle.

Figure 1. (a) Energy diagram of the coumarin photolysis mechanism after excitation, showing an unstable CIP intermediate resulting in a high rate
of CIP recombination, a relatively low rate of the productive step (k2), and consequentially a low photochemical QY. (b) A stabilized CIP
intermediate, reducing the rate of CIP recombination and consequentially increasing the photochemical QY. (c) Coumarin PPGs bearing
substituents on the α-carbon (black) stabilizing the cationic intermediate through delocalization and hyperconjugation, as described in this paper.
All coumarins are caging an acetic acid payload (gray).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c04262
J. Am. Chem. Soc. 2022, 144, 12421−12430
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focused on 7-diethylaminocoumarins as a model class of PPGs.
The synthetic accessibility of coumarins and their visible light
responsiveness12,29 have led to their privileged use for the
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respectively),30 making them an ideal showcase for our
strategy. Furthermore, we also show that our strategy is
general and extends to other classes of PPGs that utilize
heterolytic bond cleavage in their photochemical step, as
opposed to different classes of PPGs, such as ortho-nitro-
benzyls, whose uncaging mechanism relies on other processes.3
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progress of the uncaging process in a complex biological
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mechanism of photocleavage of coumarin PPGs relies on
heterolytic bond cleavage in the first singlet excited state
(S1).

30 After photon absorption to S1, weakening of the bond
between the payload and the α-carbon allows for the excited
state breakage of this bond (Scheme 1, k1).

30,31 Upon breakage
of the payload-PPG bond, a contact ion pair (CIP)
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on the coumarin chromophore and the negative charge on the
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accompanied by solvent trapping to quench the carbocation
(Scheme 1, both processes combined in blue k2).
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Figure 1. (a) Energy diagram of the coumarin photolysis mechanism after excitation, showing an unstable CIP intermediate resulting in a high rate
of CIP recombination, a relatively low rate of the productive step (k2), and consequentially a low photochemical QY. (b) A stabilized CIP
intermediate, reducing the rate of CIP recombination and consequentially increasing the photochemical QY. (c) Coumarin PPGs bearing
substituents on the α-carbon (black) stabilizing the cationic intermediate through delocalization and hyperconjugation, as described in this paper.
All coumarins are caging an acetic acid payload (gray).
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Here, we present a rational strategy for increasing PPG
efficiency, hinging on a detailed investigation into the
important factors that determine PPG QYs. Taking funda-
mental organic chemistry principles as the starting point and
supporting them with a DFT computational approach, we
focused on 7-diethylaminocoumarins as a model class of PPGs.
The synthetic accessibility of coumarins and their visible light
responsiveness12,29 have led to their privileged use for the
photocaging of various functionalities, such as carboxylic acids,
alcohols, and amines (as their carbonate and carbamate esters,
respectively),30 making them an ideal showcase for our
strategy. Furthermore, we also show that our strategy is
general and extends to other classes of PPGs that utilize
heterolytic bond cleavage in their photochemical step, as
opposed to different classes of PPGs, such as ortho-nitro-
benzyls, whose uncaging mechanism relies on other processes.3

Finally, we demonstrate how the fluorescence increase that we
observe during the uncaging of the new subtype of PPGs
introduced here can be used as a convenient readout of the

progress of the uncaging process in a complex biological
system.
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mechanism of photocleavage of coumarin PPGs relies on
heterolytic bond cleavage in the first singlet excited state
(S1).

30 After photon absorption to S1, weakening of the bond
between the payload and the α-carbon allows for the excited
state breakage of this bond (Scheme 1, k1).
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of the payload-PPG bond, a contact ion pair (CIP)
intermediate is formed, in which the positive charge is located
on the coumarin chromophore and the negative charge on the
payload.30−33 The formed CIP intermediate can now undergo
two different processes: (i) the unproductive process, i.e.,
recombination to reform the substrate (Scheme 1, red k−1), or
(ii) the productive process that results in payload release:
diffusion to a solvent separated ion pair (SSIP, not shown)
accompanied by solvent trapping to quench the carbocation
(Scheme 1, both processes combined in blue k2).
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Intermediatea

aShown is a model coumarin with a model carboxylic acid payload, in which the fused aromatic ring of the coumarin chromophore is abbreviated
by a semicircle.

Figure 1. (a) Energy diagram of the coumarin photolysis mechanism after excitation, showing an unstable CIP intermediate resulting in a high rate
of CIP recombination, a relatively low rate of the productive step (k2), and consequentially a low photochemical QY. (b) A stabilized CIP
intermediate, reducing the rate of CIP recombination and consequentially increasing the photochemical QY. (c) Coumarin PPGs bearing
substituents on the α-carbon (black) stabilizing the cationic intermediate through delocalization and hyperconjugation, as described in this paper.
All coumarins are caging an acetic acid payload (gray).
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Lowering the energy of the CIP through the use of payloads
that effectively stabilize the generated negative charge (i.e.,
payloads with a low pKa of their conjugate acid) has been
shown to improve photochemical QY.31 However, engineering
an increase of the QY in this manner is impractical or often
even impossible, since the stability of the negative charge is
inherent to the payload and cannot be conveniently engineered
without compromising other payload chemical properties (e.g.,
its bioactivity). On the other hand, the stabilization of the
other component of the CIP, the PPG chromophore cation,
represents an underexplored and potentially superior approach
in that it would offer a general strategy for increasing the QY of
PPGs that rely on heterolytic bond cleavage, independent of
the chemical nature of the payload.
Design. Although CIP formation is a fast process in

coumarin PPGs, recombination of the CIP (k−1) is
significantly faster than the competing productive pathway
k2.

31 Based on this observation, it was deduced that rather than
promoting heterolysis toward CIP formation, slowing down
CIP recombination itself (i.e., lowering k−1) would be a viable
strategy to significantly increase PPG photochemical QY.
In the coumarin photocleavage process, the positive charge

on the α-carbon (adjacent to the payload, Scheme 1) in the
CIP intermediate cannot be efficiently stabilized through
delocalization or hyperconjugation. Being a primary cation, it is
expected to be high in energy, favoring CIP recombination
back to the substrate rather than the productive step (Figure
1a, k−1 and k2, respectively). Based on this simple analysis, we
sought to increase photolysis efficiency through direct
stabilization of this cationic intermediate, thereby retarding
its unproductive recombination by increasing the kinetic
barrier for this process (Figure 1a vs 1b, k−1). We hypothesized
that the rate of CIP diffusion followed by solvent trapping
(Figure 1, k2) depends on constant coulombic forces and will
be independent of the overall CIP stability. Therefore, while
stabilization of the cationic intermediate will increase the
barrier of the unproductive step k−1, it will not increase the
barrier of the productive step k2. Consequentially, it will result
in a higher ratio of the rates of k2 over k−1, increasing the
overall PPG photochemical QY (Figure 1b).
In fact, intermediate cation stabilization through hyper-

conjugation via methyl substitution at the carbon bearing the
payload to produce “secondary coumarins” has been previously
attempted, but only showed marginal improvements in
quantum yield.34 Consequently, given the stability of allylic
cations, we hypothesized that installing an allylic system onto
the coumarin α-carbon (Figure 1c, Allylic) should significantly
stabilize the incipient positive charge formed upon photo-
heterolysis. Since the double bond in the allylic substituent is
not in conjugation with the chromophore, its influence on
photochemical and photophysical properties would likely be
restricted to CIP cation stability after photoheterolysis, while
the wavelength of absorption and the molar attenuation
coefficient should be relatively unaffected. Mono- or di-methyl
substitution on the allylic system (Figure 1c, compounds 2 and
3) was expected to confer extra stabilization through
hyperconjugation and further increase cation stability. In a
similar fashion, we hypothesized that direct geminal
dimethylation of the α-carbon itself would stabilize the
incipient CIP tertiary cation through hyperconjugation (Figure
1c, Tertiary 4), in line with results we reported earlier this
year.19

■ RESULTS
DFT Calculations. Density functional theory (DFT)

calculations were performed to study the effect of the nature
of the allylic or tertiary cations on the calculated energy
barriers of CIP formation and recombination in the first singlet
excited state (S1, Figure 2, ΔGk1 and ΔGk−1, respectively). In

all computed structures, acetic acid was chosen as the simple
model payload. Geometries were optimized at the MN15/
Def2SVP/SMD = H2O level of theory,35−37 and the energy
barriers shown are extrapolated from the ZPE-corrected free
energies obtained at the same level of theory. The employed
level of theory was expected to give a good balance of
computational cost to computed free energy accuracy,
although it should be noted that DFT ground state or TD-
DFT excited-state calculations with implicit solvent model
SMD for reactions involving neutral and ion pair species may
be prone to errors. Given that literature describes CIP
recombination and relaxation to S0 as a concerted process,30,31

we decided to consider both S0 and S1 cations in our
calculations. However, we were unable to find a stable CIP at
the S0 energy level (vide infra, page 10) and therefore based
our calculations on the S1 energy level. For the designed
compounds 1−4 (Figure 1c), the barrier of CIP recombination
was calculated to be significantly increased as compared to a
reference primary coumarin with the same acetic acid payload
(Figure 2, red bars). The extent of increase followed an
expected trend depending on the degree of hyperconjugation
and delocalization. Cation stabilization through allyl sub-
stitution on coumarins 1−3 was found to increase the energy
barrier of CIP recombination more than hyperconjugation did
in tertiary coumarin 4. Although the heterolysis barrier k1 also
differed depending on the substituents on the α-carbon
(Figure 2, gray bars), less variation was observed in the energy
levels of this barrier. The k1 barriers for allylic coumarins 1−3
were predicted to be energetically nearly identical (Figure 2,
gray bars).

Synthesis. Encouraged by the DFT calculations that
predicted significantly increased energy barriers for CIP
recombination in the designed coumarin-based PPGs, we set
out to synthesize compounds 1−4 and study their photo-
chemical properties. The newly designed photocages were all
synthesized through a previously reported aldehyde inter-
mediate 5.38 Reactions of this aldehyde with a variety of allylic
Grignard reagents gave the three allylic coumarin alcohols with
varying methyl substitution at the northern sp2-carbon
(Scheme 2). The model photocageprimary coumarin

Figure 2. Energy barriers for the k1 and k−1 steps for designed
coumarins 1−4 and model primary and secondary coumarins as
calculated by DFT (obtained at the MN15/Def2SVP/SMD = H2O
level of theory).
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Figure 3. (a) Partial 1H-NMR spectrum of the alcohol photoproduct isolated after dilute irradiation of 3 (water/MeCN 9:1 ∼190 μM, λ = 400 nm,
5 min, spectrum in CDCl3) and AcOH signal obtained after irradiation of 3 in 1:1 DMSO-d6/D2O. For the full spectra, please see the Supporting
Information, Section 7. (b) Partial 1H-NMR spectrum obtained after irradiation of 4 in 1:1 DMSO-d6/D2O (λ = 400 nm, 30 min) and AcOH
signal obtained after irradiation of 3 in 1:1 DMSO-d6/D2O and spiking with AcOH. (c) Absorption spectra of the allylic coumarins (water/
acetonitrile, 99:1), freshly prepared solutions, and solutions after irradiation (λ = 390 nm) for the times indicated. (d) Overview of the observed
photoproducts after irradiation for the allylic coumarins 1−3 and tertiary coumarin 4, relative amounts were determined by UPLC-MS peak
integration. (e) Quantum yields for the uncaging of coumarin acetates in water/acetonitrile (3−5% MeCN), shown are averages and SD-values
from triplicate measurements. (f) Exponential plot of photochemical QY and DFT-calculated k1 barrier height. (g) Exponential plot of
photochemical QY and DFT-calculated k−1 over k1 barrier height. The linear curve fit indicates the exponential dependence of QY on the relative
barrier height.
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QY: Quantum yield (φr)

Figure 3. (a) Partial 1H-NMR spectrum of the alcohol photoproduct isolated after dilute irradiation of 3 (water/MeCN 9:1 ∼190 μM, λ = 400 nm,
5 min, spectrum in CDCl3) and AcOH signal obtained after irradiation of 3 in 1:1 DMSO-d6/D2O. For the full spectra, please see the Supporting
Information, Section 7. (b) Partial 1H-NMR spectrum obtained after irradiation of 4 in 1:1 DMSO-d6/D2O (λ = 400 nm, 30 min) and AcOH
signal obtained after irradiation of 3 in 1:1 DMSO-d6/D2O and spiking with AcOH. (c) Absorption spectra of the allylic coumarins (water/
acetonitrile, 99:1), freshly prepared solutions, and solutions after irradiation (λ = 390 nm) for the times indicated. (d) Overview of the observed
photoproducts after irradiation for the allylic coumarins 1−3 and tertiary coumarin 4, relative amounts were determined by UPLC-MS peak
integration. (e) Quantum yields for the uncaging of coumarin acetates in water/acetonitrile (3−5% MeCN), shown are averages and SD-values
from triplicate measurements. (f) Exponential plot of photochemical QY and DFT-calculated k1 barrier height. (g) Exponential plot of
photochemical QY and DFT-calculated k−1 over k1 barrier height. The linear curve fit indicates the exponential dependence of QY on the relative
barrier height.
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By using DFT calculation, 
delocalization or hyperconjugation works well.

→  allylic coumarin 3 showing a QY (φr) as 
high as 27%, a 16-fold increase over its 
primary coumarin model
→ relative barrier height ratio of k–1 over k1
showed a strong correlation with QY (φr)



1(1). Apply the strategy to BODIPY photocage
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acetate payload and the photoproduct cations in the CIPs
formed from the photoheterolysis of each PPG variant 1−4 are
similar in their electrostatic topology and thus must be similar
in their Coulombic nature. Thus, the diffusion rate out of the
CIP, ultimately resulting in productive cation trapping by the
solvent, would be expected to be near-identical for each PPG
variant 1−4.
The photochemical quantum yield of tertiary coumarin 4

(Figure 3g, dark blue) did not fit the predicted trend. This
discrepancy can be explained by the fact that tertiary coumarin
4 exhibits a different mechanism of CIP escape. Whereas the
usual mechanism of CIP escape is diffusion followed by solvent
trapping, tertiary coumarin exhibited elimination toward an
alkene (Figure 3b). Since the photochemical quantum yield of
tertiary coumarin is higher than expected (i.e., it can be found
above the curve fit), it can be concluded that its deprotonation
barrier must be lower than the k2 barrier for the Allylic
coumarins 1−3 and primary and secondary coumarins.
Currently, we are performing further studies on the effect of
the k2 barrier on PPG photoheterolysis efficiency.
In literature describing the coumarin PPG mechanism of

photocleavage, often CIP recombination and relaxation to S0 is
reported as a concerted process (i.e., a conical intersection of
the S1 and S0 potential energy surfaces exists at the CIP
recombination event).30,31 However, one must also consider
the possibility that relaxation back to S0 happens before CIP
recombination and, thus, that CIP recombination happens on
the S0 potential energy surface. We could not find definitive
evidence for this situation, but nonetheless, we attempted to
calculate the energy barriers for CIP recombination on the S0

potential energy surface as well. Our DFT calculations were
unable to find a stable CIP in the S0 state or even a heterolysis
transition state for all described coumarins 1−4. Although we
can’t fully exclude some extent of recombination occurring in
the ground state, the good correlation of the measured QYs
with the S1 energy barriers suggests that CIP recombination in
S1 seems the most reasonable. In a recent paper by Contreras-
Garciá et al., no local minimum was found either for the ion
pairand thus no energy barrier for CIP recombinationin
the ground state.39

Allylic Substitution as a General Strategy for
Quantum Yield Enhancement. Since the photochemical
QY improvement of coumarin photocages was achieved
through the stabilization of the cationic chromophore
component of the CIP, we predicted that it would be a
general strategy for QY improvement that would also hold for
payloads other than carboxylic acids. To explore this generality,
the allylic PPG with the highest QY (compound 3) was also
used to cage and release another moiety that is often
photocaged in bioactive payloads: an amine group. Due to
their inability to stabilize a negative charge, amines are
generally photocaged as their carbamate analogues.40 Two
photocages bearing an amine payload were synthesized, one
bearing the allylic substituent on the α-carbon (Figure 4a, 12,
red) and a primary reference compound (Figure 4a, 11, black).
Upon comparing their photochemical quantum yields, we were
pleased to find that the allylic carbamate also displayed very
efficient photolysis. Its quantum yield underwent an >35-fold
improvement over that of the model primary coumarin bearing
the same carbamate payload, an even more pronounced effect

Table 1. Photochemical Properties of Coumarin PPGs 1−4 and Model 1 and 2° Coumarinsa

PPG CPD no. λmax (nm) ε (L mol−1 cm−1)/103 QY ε × QY/103 ΔG‡k−1 (kcal mol−1)

1° 393 16.4 0.017 0.27 2.23
2° 389 18.2 0.024 0.44 3.27
3° 4 394 15.9 0.105 1.7 9.82

1 398 17.5 0.157 2.7 12.51
allylic 2 397 16.6 0.192 3.2 13.74

3 396 13.8 0.270 3.7 15.60
aIncluded are λmax values, molar absorptivity (ε) at λ = 400 nm, quantum yield (QY), uncaging cross section at λ = 400 nm (ε × QY), and the
energy barrier for CIP recombination, as calculated by DFT (ΔG‡k−1).

Figure 4. (a) Quantum yields (55 μM, 9:1 water/MeCN) of coumarin-carbamates 11 (black bar) and 12 (red bar). Irradiation-dependent
absorption spectra (20 μM, water/MeCN 99:1) of coumarin-carbamate 12. (b) Relative uncaging rate of BODIPY 13 (black bar) and 14 (blue
bar) (10 μM, water/MeCN 9:1). Irradiation-dependent absorption spectra (10 μM, water/MeCN 9:1) of BODIPY 14.
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BODIPY deprotection rate determination.  

Both BODIPY photocages 13 and 14 were dissolved in a water/MeCN mixture (10 µM, 9:1 v/v). 

Compounds were irradiated with green light (λ = 530 nm) and the normalized conversion rate was 
determined by UV-vis spectroscopy through following PPG consumption at a fixed wavelength. 

Measurements for both 13 and 14 were performed in triplicate. For each sample, the average, 

normalized rate over the first 10 % of conversion was determined through fitting a trend-line. 

 

13 rate (s-1) A530 
  4.22E-04 1.77E-01 

 4.38E-04 1.65E-01 

 4.64E-04 1.49E-01 

Average 4.41E-04 1.64E-01 
SD 1.72E-05 1.14E-02 

   
Figure S69. Normalized conversion of compound 13 and 14 (y-axis) vs time (x-axis). Shown are the 

measurements taken after irradiation start (λ = 530 nm). A linear trendline allowed for the 

determination of the average rate over the first 10% of PPG consumption. 10 µL compound (2 mM, 

MeCN) added to 1800 µL water + 190 µL MeCN (for the final concentration of 10 µM, in 10 % MeCN in 

water). Conversion followed at λ = 517 nm (for 13) and at λ = 499 nm (for 14). 

Since the absorbance at irradiation wavelength was near identical for both compounds (figure S70, 

indicating a highly similar molar attenuation coefficient) we could directly compare the rates of 

deprotection of 13 and 14. 

                              

Figure S70. Average absorbance of BODIPY’s 13 and 14 (10 µM, Water/MeCN 9:1 v/v) at irradiation 

wavelength (λ = 530 nm) (left ) and relative deprotection rates of 13 and 14 (right, relative rates were 

1 and 6.80 with SD values of 0.04 and 0.14 for 13 and 14 respectively. 

14 rate (s-1) A530 
 3.07E-03 1.60E-01 

 2.93E-03 1.69E-01 

 3.00E-03 1.59E-01 

Average 3.00E-03 1.62E-01 

SD 6.02E-05 4.33E-03 

Feringa, B. L., et al. J. Am. Chem. Soc. 2022, 144(27), 12421-12430.

Apply to BODIPY photocages: 
QY (φr) of allylic-BODIPY 14 showed a 
7-fold increase over 13

Rate of deprotection of Allylic-BODIPY 
14 was 7-fold improvement.

BODIPY 13 BODIPY 14

rate of
deprotection [s-1]

4.41×10-4 3.00×10-3

S.D. 1.72×10-5 6.02×10-5

*: three replicates



1(2). 1,7-diaryl substitutions 

24Winter, A. H., et al. J. Am. Chem. Soc. 2020, 142(36), 15505-15512. (Fig. modified)
Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.

Strategy for stabilizing carbocation intermediate 
by 1,7-diaryl substitutions
→ lead to an increase in the quantum yield of 
photorelease

the trapping product : minor product 
the typical solvent trapping adduct: major product 

→ not only by trapping cation but also involving 
excited state?

Concept



2. Heavy atom effect (2,6-dihalogen substitution)
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Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.

Weinstain, R., Winter, A. H., Klan, P., et al. J. Am. Chem. Soc. 2017, 139(42), 15168-15175. (Fig. modified)

Proposed mechanism of photo-release
N
B
N

F F

Cl

ClCl

Both singlet-excited state and triplet-excited state are involved in photo-release

Generally, triplet-excited state has longer lifetime than singlet-excited state (forbidden transition)

→ Promote intersystem crossing (ISC) by using heavy atom effect



2. Heavy atom effect (2,6-dihalogen substitution)

26
Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.

Weinstain, R., Winter, A. H., Klan, P., et al. J. Am. Chem. Soc. 2017, 139(42), 15168-15175. (Fig. modified)

compound φISC (%) φr (%)

2 < 0.05 0.14
2-Cl 22 0.29
2-Br 54 0.70
2-I 84 0.99

2,6-dihalogen analogues exhibited an efficient ISC in the order of H < Cl < Br < I substitution

By introducing heavy atom, promote ISC and increase photo-release quantum yield



3. Boron methylation
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N
B
N

R R

OAc

Winter, A. H., et al. J. Org. Chem. 2024, 89(10), 6740-6748. (Fig. modified)

substituent constant (σ)

https://www.chem-station.com/blog/2002/04/Hammett_equation.html

rate constant
of a reaction

→ 
electron withdrawing

←
electron donating

https://www.chem-station.com/blog/2002/04/Hammett_equation.html
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Winter, A. H., et al. J. Am. Chem. Soc. 2023, 145(32), 17497-17514.

compound (R) ε [×104 M-1cm-1] φr (%)

Me 6.1 6.30*
CH2TMS 7.6 5.74

F 7.1 0.14*
OBn 7.2 0.08
OMe 4.0 0.20
OPh 9.2 0.31
Cat 5.9 0.12
BTA 5.5 0.10
CN 4.6 0.08
PAA 10.0 0.08

*: Values reported previously 

Boron methylation exhibited a Φr of 6.3%, a 41-fold 
increment of Φr compared to the parent BODIPY 1-F 

No correlation between the experimental Φr and σm
→ donating substituents lower barrier for photo-
release (mechanism remains unknown)

→ electron withdrawingelectron donating ←
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BODIPY

Photocaged compounds are in the spotlight
→ Spatiotemporal control

Discovery and development of o-Nitrobenzyl photocages

< several limitations >
• Inherent phototoxicity
• Limited tissue permeability

BODIPY and other photocages (activated by visible-light)
→ high ε but low φ (quantum yield)

several strategy to improve quantum yield
cation stabilization, heavy atom effect, B-methylation

→ will become a powerful tool with a broad range of applications
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