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ABSTRACT: BODIPY-based photocages release substrates by excitation with
wavelengths in the visible to near-IR regions. The recent development of more
efficient BODIPY photocages spurred us to evaluate the scope and efficiency of
these second-generation boron-methylated green-light and red-light-absorbing
BODIPY photocages. Here, we show that these more photosensitive
photocages release amine, alcohol, phenol, phosphate, halides, and carboxylic
acid derivatives with much higher quantum yields than first-generation
BODIPY photocages and excellent chemical yields. Chemical yields are near-
quantitative for the release of all functional groups except the photorelease of
amines, which react with concomitantly photogenerated singlet oxygen. In
these cases, high chemical yields for photoreleased amines are restored by
irradiation under an inert atmosphere. The photorelease quantum yield has a
weak relationship with the leaving group pKa of the green-absorbing BODIPY
photocages but little relationship with the red-absorbing derivatives, suggesting
that factors other than leaving group quality impact the quantum yield. For the photorelease of alcohols, in all cases a carbonate
linker (that loses CO2 upon photorelease) significantly increases both the quantum yield and the chemical yield compared to those
for direct photorelease via the ether.

■ INTRODUCTION
Photocages are light-sensitive protecting groups that can be
covalently linked to a biomolecule of interest to block its
biological activity.1 Upon irradiation, the covalent bond breaks
and the activity of the target molecule is restored. Photocages
offer spatial and temporal control over the reactivity of a
substrate, making them attractive tools for investigating small
molecules,1 short-lived species,2 therapeutic agents such as
pharmaceuticals,3,4 signaling agents,5 neurotransmitters,6,7

ions,8−13 and nucleotides.14−16 Other applications include
light-responsive organic materials,17 protecting groups in
organic synthesis,18 and the fabrication of gene chips and
other microarrays.19,20

The most popular photocages are the o-nitrobenzyls21 and
their derivatives, but phenacyl,22 acridinyl,23 benzoinyl,24

coumarinyl,25,26 and o-hydroxynaphthyl27 photocages also see
significant use. These photocages absorb predominantly
ultraviolet light, which can cause undesirable cellular photo-
reactions that result in cell damage or death. Photocages that
absorb in the 600−1000 nm range of the electromagnetic
spectrum, wavelengths in the biological window, can
potentially be activated deep within living tissues with minimal
phototoxicity, making them attractive for in vivo applications or
as phototherapeutics.

Recently, BODIPY-based photocages with leaving groups
substituted at the meso-position were developed independently
by our lab and Weinstain and co-workers.28,29 These BODIPY
photocages absorb light strongly in the visible region of the
optical spectrum. The first generation of green-light-absorbing
BODIPY photocages featured low photorelease quantum
yields, but successive iterations have significantly improved
the photosensitivities, making them attractive alternatives to
traditional photocages.30 By extending the conjugation,
efficient BODIPY photocages that absorb in far-red or near-
IR region have been made and used in biological
applications.31,32

However, the scope of functional groups that can be caged
by the best of these BODIPY photocages has not been
explored. In prior work, photocage testing was performed using
a simple “dummy” carboxylic acid leaving group, typically
acetic acid. Thus far, carboxylic acids, amines, alcohols, thiols,
halides, xanthanes, and phenols28−42 have been released using
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BODIPY photocages. However, the evaluation of the photo-
release of these functional groups was performed with the “first
generation” BODIPY photocages, which are much less efficient
for caging acetic acid than the most recently developed
BODIPY photocages. Thus, it is currently unclear what
functional groups can be released with the best of the newly
developed photocages and what photorelease efficiencies and
chemical yields of photorelease can be attained for the different
functional groups.
Here, we explore the range of functional groups that can be

photoreleased with two efficient BODIPY photocages, one
BODIPY photocage that absorbs green light and one BODIPY
photocage that absorbs red light. We evaluated the photo-
release of alcohols, phenols, amines, phosphates, halides, and
carboxylic acids. Although there appears to be some correlation
between the pKa of the protonated leaving group and the
photorelease efficiency, with better leaving groups generally
exhibiting higher quantum yields of photorelease, the
correlation is weak and significant outliers exist, indicating
that there are factors beyond leaving group quality that effect
the quantum yields. Chemical yields of photorelease were
nearly quantitative (>90%), making these groups potentially
attractive as photoremovable protecting groups.

■ RESULTS AND DISCUSSION
Absorption Properties and Thermal Stability. A green-

light-absorbing BODIPY (1-PAA; λmax
abs = 513 nm, ε = 69 800

M−1 cm−1) and a red-light-absorbing BODIPY (2-AA; λmax
abs =

640 nm, ε = 129 000 M−1 cm−1) were synthesized using
previously developed procedures30,43 and substituted with
leaving groups (see Figure 1). Absorption spectra are shown in

Figure 2 for the esters, and the quantum yields, quantum
efficiencies, and chemical photodeprotection yields are given in
Table 1. The most common functional groups, including
carboxylic acid, amine, alcohol, phenol, phosphate, and halide,
were caged. Amines were caged via a carbamate linkage, while
alcohols and phenols were caged via either an ether or a
carbonate linkage. Carbonates and carbamates can undergo
decarboxylation upon photorelease to generate alcohols and
amines, respectively.
The thermal stabilities of all compounds were examined by

keeping a solution of the photocaged substrates in the dark for
24−48 h. Photorelease quantum yield and thermal stability
tests were conducted using 1:1 CDCl3/MeOD as a solvent.
None of the compounds in this study showed thermal release
except for 1-PAA (see the SI for details), which showed ∼20%
release of phenylacetic acid over 48 h; we attribute this release

to background ester hydrolysis rather than thermal release
because phenylacetic acid is a poorer ground-state leaving
group than other leaving groups included in this study (e.g.,
Cl).

Photorelease Quantum Yields Show a Weak Rela-
tionship with Leaving Group Quality. It is a common
observation that the quality of leaving groups affects the
photorelease quantum yields of various photocages, partic-
ularly those believed to operate via a direct photo-SN1
mechanism.1 A plot of the pKa of the protonated LG vs the
quantum yield of photorelease is shown in Figure 3. For the
first-generation BODIPY photocages, LGs with pKa values
considerably different from their conjugate acids, including
Cl−, AcO−, and MeO− (pKa = −7.0, 4.76, and 15.5,
respectively) showed a substantial difference in the photo-
release quantum yield (Φr

aer = 1.62, 0.14, and 0.02%).30,32 The
second-generation BODIPY photocages described here follow
a similar trend, albeit with considerably better quantum yields.
The photorelease of the amine via the carbamate is an outlier
to the plot of quantum yield vs pKa for 1. As discussed later,
this outlier is attributable to a competing photodecomposition
channel, where the released amine reacts with concomitantly
photogenerated singlet oxygen. A sevenfold improvement in
quantum yield was observed when irradiation was performed
under inert atmosphere.
The variation in the quantum yields for caging different

functional groups using the red derivative 2 is much narrower
than that for the green BODIPY photocage 1 (Figure 3,
bottom). Thus, while the plot of pKa vs quantum yield is
somewhat linear for the green-light-absorbing BODIPY 1
(particularly if the carbamate 1-Am is excluded or if the
quantum yield for 1-Am under inert atmosphere is
substituted), there is no obvious correlation with pKa for the
red-absorbing BODIPY 2, and fluorophenol is a considerable
outlier. This suggests that factors beyond leaving group quality
significantly affect the photorelease quantum yields.

Photocaging of Alcohols via a Carbonate Linkage is
Superior to Photocaging via Ethers. A case where the
leaving group clearly matters is in photocaging of alcohols.

Figure 1. Second-generation green and red BODIPY compounds with
different leaving groups included in this study.

Figure 2. Normalized absorption spectra of second-generation parent
ester compounds 1-PAA and 2-AA.
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There are two demonstrated ways that alcohols can be
photocaged. One way is via an ether linkage,35 and the other
way is via a carbonate that eliminates CO2 upon photorelease
to generate the alcohol. In all cases, we find the carbonate
linker exhibits superior photorelease efficiencies compared to
the ether linkage. Chemical yields were also low when
irradiation was stopped after 20 h. To study the difference in
release rate with and without the carbonate linkers, we
synthesized an alcohol and a phenol coupled with 1. 1-Et (pKa
= 4.15) has a high quantum yield of 11.6%, which is an 11-fold
improvement compared to the direct release of the alcohol 1-

OEt (pKa = 15.5) via the ether linkage. Similarly, 1-OPh (pKa
= 4.77) has a quantum yield of 8.0%, an eightfold increase
compared to structure 1-Ph (pKa = 10). Although caging
alcohols via the ether has some advantages, including ease of
synthesis and stability toward cellular esterases, the photo-
chemical efficiencies are considerably enhanced by caging
alcohols via the carbonate linkage.
However, the photorelease of amines via the related

carbamate linker is surprisingly less efficient than the
photorelease of alcohols via the carbonate linker. The lower
quantum yield of release and the lower chemical yield for the
release of amines suggest there are alternative photo-
degradation pathways. Compared to the near-quantitative
chemical yields observed for caging other functional groups,
the photorelease chemical yield 1-Am is 55% and that of 2-Am
is 20%. The quantum yield for 1-Am determined under an
inert atmosphere showed a sevenfold increase compared to
that determined under air irradiation(Φr = 7.3% vs Φr = 1.0%).
Additionally, the chemical yield was improved from 55% under
air to 94% under an inert atmosphere (argon purge). Amines
are known to react with singlet oxygen to generate imines, and
we determined the quantum yield by measuring product
formation using 1H NMR rather than by the photo-
decomposition of the caged compound; thus, the reaction of
the released amines with 1O2 diminishes the apparent quantum
yield.
In conclusion, we demonstrated the release of different

functional groups using second-generation green- and red-
light-absorbing BODIPY photocages (1 and 2, respectively).
The inclusion of phosphate in the list completes the tetrad of
principle biomolecules, namely protein (amine and carboxylic
acid), carbohydrate (alcohol), nucleic acid (phosphate), and
lipid (carboxylic acid), that can be photoreleased using these
photocages. The nature of the leaving group seems to play a
meaningful but perhaps more muted role than anticipated in
the efficiency of photorelease, particularly for the red-absorbing
photocage. Perhaps this should not come as a great surprise,
since the photoreaction quantum yield is an amalgam of many
rate constants, not just the excited-state release rate constant.

Table 1. pKa of the Conjugate Acid of the Leaving Group, Chemical Yield of Photodeprotection, Quantum Yield of
Photorelease, and Quantum Efficiency for BODIPY-Caged Compounds

leaving group linker pKa (leaving group) chemical yield (%) Φr (× 102)b εΦr (M−1 cm−1)b

1-PAAa carboxylic acid ester 4.3 99 1.6 1100
1-Cla halide alkyl halide −7 100 35.0 2500
1- DEP phosphate phosphoester 1.4 94 35.6 25000
1-FP phenol carbonate 4.4 97 8.0 5700
1-Am amine carbamate −1.6 55 (94) 1.0 (7.3)d 710
1- Et alcohol carbonate 4.2 96 11.6 8000
1-OBna alcohol ether 15.5 12c 1.0 340
1-OPha phenol ether 10 30c 1.0 510
2-AAa carboxylic acid ester 4.3 93 2.7 3800
2-Cl halide alkyl halide −7 N.D 5.2 7200
2- DEP phosphate phosphoester 1.4 95 3.2 4400
2-FP phenol carbonate 4.4 93 15.2 21000
2-Am amine carbamate −1.6 20 (76)d 1.5 2100
2- Et alcohol carbonate 4.2 98 3.4 4700

aValues reported previously.30 bPhotochemical efficiency εΦr was calculated as the product of quantum yield (Φr) and the molar absorptivity at
lmax(ε). For derivatives of both 1 and 2, the molar extinction coefficients (ε) of the parent compounds, 1-PAA and 2-AA, respectively, were used by
assuming that changing the leaving group did not perturb the molar absorptivity of the chromophore. All the quantum yield calculations were
performed in air without purging. cIn 20 h. dUnder an inert atmosphere (argon). The uncaging cross-section was calculated using CD3OD/
CDCl3.lmax = 520 and 640 nm for 1 and 2, respectively.

Figure 3. Plot of the pKa of the conjugate acid of the leaving group vs
quantum yield for 1 and 2. Note that the quantum yield for
photocaged benzylamine, 1-Am, improved under an inert atmos-
tphere to 7.3%.
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Others include the rate constants for ion-pair recombination,
solvent separation, internal conversion, intersystem crossing,
etc. For example, for coumarin photocages, the ion-pair
recombination rate is important.44 If changing the leaving
group alters any of these other rate constants in addition to the
release rate constant, then a trend may not be clearly visible.
Overall, however, the photochemical efficiencies of these
BODIPY photocages are orders of magnitude above those of
traditional UV-absorbing photocages such as o-nitrobenzyl and
allow decaging using biologically benign green or red light.
These features make BODIPY-based photocages attractive
alternatives to the most popular UV-absorbing photocages.

■ EXPERIMENTAL SECTION
Synthesis. Amines were coupled via carbamate linkers. Inter-

mediates 1-PNP and 2-PNP were obtained by reacting BODIPY
alcohols with p-nitrobenzylchloroformate, which reacts with benzyl
amine to give 1-Am and 2-Am (Scheme 1 and 2). To make

carbonates, the BODIPY alcohol was coupled using 1,1′-carbon-
yldiimidazole (CDI) as a coupling agent to provide adducts 1-CDI
and 2-CDI. Those CDI adducts react with ethanol to give 1-Et and 2-
Et. The use of cargo as a solvent is not always a viable strategy. Hence,
as a test case we reacted 2-Alc with 2 equiv of benzyl alcohol to give
2-BA in a 65% yield, suggesting that use of a stoichiometric quantity
of a reagent is also feasible. Additionally, 1-Cl and 2-Cl with a halide
as a leaving group were synthesized as BODIPY photocages from 1-
Alc and 2-Alc, respectively, using a phosphorus trichloride reagent.
Finally, phosphates 1-DEP and 2-DEP were derived from 1-Br and 2-
Cl, respectively, by refluxing diethyl hydrogen phosphate in the
presence of silver oxide.
General Information. Unless stated otherwise, all puchased

chemicals were used without further purification. All the reactions
were carried out in the dark using the Schlenk line technique under an
inert atmosphere of nitrogen. Solvents were dried using 4 Å molecular
sieves. Compounds 1, 2, 1-Alc, 2-Alc, 1-Cl, and 1-Br were prepared
as previously reported and are all known compounds;30,32 the SI

contains the procedures for their syntheses. Oil baths were used as
heating sources.

Light Sources. In preliminary studies, white light was used for
irradiation. An Utilitech 500 W model no. MPL 1025-C500 K9030
halogen work lamp was used as a source of white light. A 500 mL
borosilicate beaker filled with water was placed between the lamp and
an NMR tube as an IR cutoff filter. A fan was used to prevent the
lamp from overheating. A NMR tube was placed approximately 25 cm
from the light source. For the quantum yield study, a Nd:YAG laser
with 532 nm emission was used as the excitation source for 1; for 2, a
red LED from Luzchem Research Inc. was used as the excitation
source.

Procedure for Determining Quantum Yields of Release.
Photorelease quantum yields were determined by quantitative 1H
NMR spectrocopy in a 50:50 CDCl3/ CD3OD solvent using a 532
nm Nd:YAG laser or red LED (for derivatives of 2) as a source of
light. BODIPY derivatives are hydrophobic in nature; hence, an
organic cosolvent was required to dissolve some of the derivatives. 1-
PAA (Φr = 1.6%) was used as an actinometer, and dimethyl sulfone
(DMS) was used as the internal standard. Although the photo-
degradation quantum yield of compound 1-PAA was reported to be
5%, quantum yield of release based on the leaving group was found to
be 1.6%. The photorelease quantum yield of 1-PAA was determined
using meso-methyl BODIPY 1-AA (F attached to boron and acetic
acid as the LG) in CD3OD as the actinometer. The release of the
leaving group was followed using quantitative 1H NMR spectroscopy
(AV III 600 MHz), with a 90° pulse angle and a 20 s recycling delay
cycle.

A 0.5 mM or 1 mM solution of the compound was prepared in a
1:1 mixture of deuterated methanol and deuterated chloroform. The
absorbance of the solution at 532 nm was measured to ensure the
absorbance was above 2 so that we could assume 100% light
absorption by the sample. If the absorbance was below 2, a correction
was made to allow for <100% light absorption. The sample was
irradiated in a 3 mL cuvette using a 532 nm Nd:YAG laser or a
Luzchem red LED. After the irradiation of the sample, 0.5 mL of the
sample was transferred to an NMR tube to follow the photorelease of
the leaving group via 1H NMR spectroscopy (the specific signals

Scheme 1. Synthesis of Second-Generation Green-Light-
Absorbing BODIPY Photocages with Various Leaving
Groups

Scheme 2. Synthesis of Second-Generation Red-Light-
Absorbing BODIPY Photocages with Various Leaving
Groups
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followed are depicted in the Supporting Information). The sample
was then transferred back to the cuvette, and the irradiation process
was continued. Dimethyl sulfone was used as the internal standard,
and the release of a leaving group was determined relative to this
internal standard. At least five data points were used for the
calculation of the quantum yield. To ensure that the correct peak was
integrated, a small amount of the leaving group was added to the
solution at the end as a spike. The plot of the time in the x-axis vs the
concentration of the leaving group gives a straight line, and the slope
of the line provides a change in concentration per unit time. The
quantum yield of release for the compounds was determined using the
following equation:

= ×Quantum yield
Compound slope
Actinometer slope

Actinometer quantum yield

The determination of the quantum yield was carried out in triplicate
except where noted, and the average of the three values was reported
as the quantum yield of release.

For the quantum efficiencies, the molar extinction coefficients (ε)
of the parent compounds 1 and 2 were used for derivatives 1-PAA
and 2-AA, respectively, with the assumption that changing the leaving
group does not perturb the molar absorptivity of the chromophore.
This assumption was evaluated by determining the ε values of 1-Am
and 2-Am, which were within 10% of those of 1-PAA and 2-AA,
respectively.
General Procedure for Synthesis of 1-PNP, 2-PNP, 1-FP, and

2-FP. To a solution of 4-nitrophenyl or 4-fluorophenyl chloroformate
(3.4 equiv) in dry CH2Cl2 (50 mL) was added pyridine (3.4 equiv)
under a nitrogen atmosphere. The suspension was then added
dropwise to a solution of compound 1-Alc or 2-Alc (1.04 equiv) in
dry CH2Cl2 (100 mL) and DIPEA (4.3 equiv) at 0 °C in the dark.
The reaction mixture was warmed to room temperature and stirred
for 4 h. After this time, the solution was filtered through silica using
CH2Cl2. The crude reaction mixture was washed with a 5% NaHCO3
solution (2 × 50 mL), followed by water and a brine solution. The
solvents were evaporated, and the product was purified by column
chromatography.
1-PNP. 4-Nitrophenyl chloroformate (870 mg, 4.3 mmol, 3.4

equiv), pyridine (0.35 mL, 4.3 mmol, 3.4 equiv), 1-Alc (280 mg,
1.036 mmol, 1 equiv), and DIPEA (0.63 mL, 4.3 mmol, 4.3 equiv)
were reacted via the method reported in the general procedure. The
product was purified by column chromatography using hexane/ethyl
acetate (95:5) as the eluent. Compound 1-PNP was obtained as a red
solid (390 mg, 87% yield), m.p. 108−110 °C. 1H NMR (600 MHz,
chloroform-d) δ 8.31−8.27 (m, 2H), 7.43−7.38 (m, 2H), 6.12 (s,
2H), 5.61 (s, 2H), 2.48 (s,6 H), 2.46 (s, 12H), 0.20 (s, 6H). 13C{1H}
NMR (101 MHz, chloroform-d) δ 155.5, 154.0, 152.5, 145.7, 137.1,
131.3, 131.0, 125.5, 123.3, 121.8, 62.8, 16.8, 16.2. HRMS (ESI-TOF)
m/z: [M + H] + calcd for C23H28BN3O5 435.2080, found 435.2077.
2-PNP. 4-Nitrophenyl chloroformate (76 mg, 0.40 mmol, 3.1

equiv), pyridine (30 μL, 0.40 mmol, 3.1 equiv), 2-Alc (60 mg, 0.13
mmol, 1 equiv), and DIPEA (46 μL, 0.40 mmol, 3.1 equiv) were
reacted according to the general procedure. The product was purified
by column chromatography using hexane/ethyl acetate (80:20) as the
eluent. Compound 2-PNP was obtained as a purple solid precipitate
(30 mg, 36% yield), m.p. 109−111 °C. 1H NMR (400 MHz,
chloroform-d) δ 8.38−8.31 (m, 2H), 8.35−8.22 (m, 2H), 7.47−7.38
(m, 2H), 7.04−6.99 (m, 2H), 6.96−6.88 (m, 2H), 6.81 (d, J = 2.7 Hz,
2H), 5.54 (s, 2H), 3.88 (s, 6H), 2.85 (dd, J = 8.3, 5.1 Hz, 4H), 2.75
(dd, J = 8.3, 5.2 Hz, 4H), 0.59 (s, 6H). 13C{1H} NMR (101 MHz,
chloroform-d) δ 160.0, 152.6, 150.6, 145.6, 143.1, 134.4, 133.1, 131.5,
127.0, 125.7, 125.5, 122.5, 122.0, 121.8, 119.1, 114.3, 111.4, 65.7,
55.5, 31.5, 29.9, 23.2. HRMS (ESI-TOF) m/z: [M] + calcd for
C37H34BN3O7 642.2526, found 642.2514
1-FP. 4-Fluorophenyl chloroformate (50 μL, 0.51 mmol, 3.4

equiv), pyridine (50 μL, 0.51 mmol, 3.4 equiv), 1-alc (40 mg, 0.15
mmol, 1 equiv), and DIPEA (100 μL, 0.65 mmol, 4.3 equiv) were
reacted according to the general procedure. The product was purified
by column chromatography using CH2Cl2/ Hexane (95:5) as the
eluent. Compound 1-PNP was obtained as a red solid (40 mg, 65%),

m.p. 138−142 °C. 1H NMR (400 MHz, chloroform-d) δ 7.23−7.14
(m, 2H), 7.17−7.05 (m, 2H), 6.13 (d, J = 1.0 Hz, 2H), 5.58 (s, 2H),
2.52−2.45 (m, 12H), 0.22 (s, 6H). 13C{1H} NMR (101 MHz,
chloroform-d) δ 153.8, 153.6, 137.2, 131.5, 131.4, 123.2, 122.5, 122.5,
116.5, 116.3, 62.3, 16.8, 16.2. HRMS (ESI-TOF) m/z: [M + H] +

calcd for C23H27BFN2O3 408.2130, found 408.2128.
2-FP. 4-Fluorophenyl chloroformate (26 μL, 0.27 mmol, 3.4

equiv), pyridine (27 μL, 0.27 mmol, 3.4 equiv), 2-alc (40 mg, 0.08
mmol, 1 equiv), and DIPEA (55 μL, 0.34 mmol, 4.3 equiv) were
reacted according to the general procedure. The product was purified
by column chromatography using CH2Cl2/ hexanes (95:5) as the
eluent. Compound 1-PNP was obtained as a red solid (40 mg, 81%
yield), m.p. 89−92 °C. 1H NMR (400 MHz, chloroform-d) δ 8.35 (d,
J = 8.9 Hz, 2H), 7.24−7.14 (m, 2H), 7.07 (dd, J = 9.2, 7.9 Hz, 2H),
7.03 (s, 2H), 6.92 (dd, J = 8.9, 2.8 Hz, 2H), 6.81 (d, J = 2.7 Hz, 2H),
5.50 (s, 2H), 3.88 (s, 6H), 2.85 (dd, J = 8.3, 5.2 Hz, 4H), 2.75 (dd, J
= 8.3, 5.2 Hz, 4H), 0.60 (s, 6H). 13C{1H} NMR (101 MHz,
chloroform-d) δ 160.0, 153.8, 150.4, 143.1, 134.4, 133.0, 131.5, 127.6,
122.7, 122.6, 122.6, 119.3, 116.4, 116.2, 114.2, 111.4, 65.2, 55.4, 31.5,
23.1. HRMS (ESI-TOF) m/z: [M + H] + calcd for C37H36BFN2O5
616.2659, found 616.2654

General Procedure for the Synthesis of 1-Am and 2-Am. To
a solution of 1-PNP or 2-PNP (1 equiv) in dry THF (5 mL) was
added a solution of pyridine in THF (1 equiv) under nitrogen gas.
After stirring for 15 min at room temperature, a solution of
benzylamine in THF (1.5 equiv) was added. The reaction was then
stirred for an additional 3 h. Then, the solution was diluted by adding
50 mL of CH2Cl2 and 50 mL of water. The organic layer was washed
with 1 M HCl (3 × 50 mL), 0.1 M NaOH (4 × 20 mL), and brine
(50 mL). The organic layer was then dried using Na2SO4 and
concentrated under a vacuum. The crude mixture was then purified
using column chromatography (eluent solvents are given below).

1-Am. 1-PNP (100 mg, 0.23 mmol, 1 equiv), pyridine (20 μL, 0.23
mmol, 1 equiv), and benzyl amine (45 μL, 0.35 mmol, 1.5 equiv)
were reacted according to the general procedure. The crude mixture
was then purified using flash chromatography using hexane/ethyl
acetate (95:5) as eluent. The product was a red solid (71 mg, 76%),
m.p. 171−174 °C. 1H NMR (600 MHz, chloroform-d) δ 7.36 (m,
2H), 7.31 (m, 3H), 6.11 (s, 2H), 5.42 (s, 2H), 5.14 (t, J = 2 Hz, 1H),
4.44 (d, J = 6.0 Hz, 2H), 2.49 (s, 6H), 2.44 (s, 6H), 0.22 (s, 6H).
13C{1H} NMR (101 MHz, chloroform-d) δ 156.2, 153.3, 138.3,
137.4, 133.7, 131.3, 128.9, 127.8, 127.5, 122.8, 59.1, 45.4, 16.7, 16.1.
HRMS (ESI-TOF) m/z: [M] + calcd for C24H31 BN3O2 403.2456,
found403.2456

2-Am. 2-PNP (30 mg, 0.05 mmol, 1 equiv), pyridine (40 μL, 0.05
mmol, 1.1 equiv), and benzylamine (75 μL, 0.08 mmol, 1.5 equiv)
were reacted according to the general procedure. The crude mixture
was them purified using flash chromatography using hexane/ethyl
acetate (80:20) as eluent. The product was a shiny purple solid (14
mg, 46%), m.p. 132−135 °C. 1H NMR (400 MHz, chloroform-d) δ
8.34 (d, J = 8.9 Hz, 2H), 7.31 (dq, J = 12.0, 6.4, 5.2 Hz, 5H), 7.01 (s,
2H), 6.91 (dd, J = 8.9, 2.8 Hz, 2H), 6.80 (d, J = 2.8 Hz, 2H), 5.37 (s,
2H), 5.13 (t, J = 6.1 Hz, 1H), 4.42 (d, J = 5.9 Hz, 2H), 3.87 (s, 6H),
2.83 (dd, J = 8.3, 5.3 Hz, 4H), 2.73 (dd, J = 8.4, 5.2 Hz, 4H), 0.58 (s,
6H). 13C{1H} NMR (101 MHz, chloroform-d) δ 159.8, 156.2, 150.0,
143.0, 138.3, 134.4, 132.6, 131.4, 130.0, 128.8, 127.7, 127.7, 122.7,
119.3, 114.2, 111.3, 61.6, 55.4, 45.4, 31.6, 29.8, 23.1. HRMS (ESI-
TOF) m/z: [M + H]+ calcd for C38H39BN3O4 611.3070, found
611.3072

General Procedure for the Synthesis of 1-CDI and 2-CDI. To
a solution of 1-Alc or 2-Alc (1 equiv) in THF (5 mL) was added CDI
(2 or 10 equiv, as noted), and the reaction mixture was stirred at
room temperature for 0.5 to 24 h. After the reaction was complete, 50
mL of CH2Cl2 was added to dilute the reaction mixture. The mixture
was washed with water (2 × 50 mL), followed by brine and anhydrous
Na2SO4. The solvent was evaporated using a rotary evaporator, and
the product was purified by column chromatography in silica gel using
hexanes/ethyl acetate as the eluent.

1-CDI. 1-Alc (150 mg, 0.54 mmol, 1 equiv) and CDI (860 mg, 5.40
mmol, 10 equiv) were used, and the reaction mixture was stirred
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overnight. The pure product was obtained from column chromatog-
raphy on silica gel using hexane/ethyl acetate (80:20) as the eluent.
The product was a red solid (162 mg, 83%), m.p. 123−125 °C. 1H
NMR (600 MHz, chloroform-d) δ 8.16 (s, 1H), 7.44 (s, 1H), 7.07 (s,
1H), 6.11 (s, 2H), 5.70 (s, 2H), 2.48 (s, 6H), 2.39 (s, 6H), 0.22 (s,
6H). 13C{1H} NMR (101 MHz, chloroform-d) δ 154.1, 148.6, 137.3,
137.0, 131.3, 131.1, 130.6, 123.3, 117.3, 62.0, 16.8, 16.1. HRMS (ESI-
TOF) m/z: [M − H]− calcd for C20H24 BN4O2 362.2028, found
362.2035
2-CDI. 2-Alc (48 mg, 0.1 mmol, 1 equiv) and CDI (33 mg, 0.2

mmol, 2 equiv) were used, and the reaction mixture was stirred at
room temperature for 30 min. The product was purified by column
chromatography on silica gel using hexane/ethyl acetate (2:1) as the
eluent. The product was a blue solid (48 mg, 83%), m.p. 115−119 °C.
1H NMR (400 MHz, chloroform-d) δ 8.34 (d, J = 8.9 Hz, 2H), 8.18
(d, J = 1.1 Hz, 1H), 7.46 (t, J = 1.5 Hz, 1H), 7.07 (dd, J = 1.7, 0.8 Hz,
1H), 6.99 (s, 2H), 6.92 (dd, J = 8.9, 2.8 Hz, 2H), 6.81 (d, J = 2.7 Hz,
2H), 5.63 (s, 2H), 3.87 (s, 6H), 2.85 (dd, J = 8.3, 5.2 Hz, 4H), 2.75
(dd, J = 8.5, 5.0 Hz, 4H), 0.59 (s, 6H). 13C{1H} NMR (101 MHz,
chloroform-d) δ 160.0, 150.6, 148.7, 143.2, 137.5, 134.4, 133.2, 131.5,
131.0, 126.6, 122.4, 118.9, 117.5, 114.3, 111.5, 64.5, 55.4, 31.5, 23.2.
HRMS (ESI-TOF) m/z: [M]+ calcd for C34H33BN4O4 435.2080,
found 435.2077
General Procedure for the Synthesis of 1-Et, 2-Et, and 2-BA.

To a solution of 1-CDI or 2-CDI (1 equiv) in 5 mL of ethanol or
DCM was added 1 equiv of alcohol (if alcohol is not a solvent) or
DMAP (1 equiv), and the reaction mixture was stirred at room
temperature for 4 h. Once the reaction was complete, the reaction
mixture was washed with water (3 × 50 mL) and brine and dried
using Na2SO4. The solvent was removed on a rotary evaporator, and a
clean product was obtained by column chromatography on silica gel
using hexanes/ethyl acetate as the eluent.
1-Et. 1-CDI (50 mg, 0.14 mmol, 1 equiv) in 5 mL of ethanol and

DMAP (17 mg, 0.14 mmol, 1 equiv) were reacted according to the
general procedure. The clean product was obtained as a brown-red
solid (30 mg, 67%) by column chromatography on silica gel using
hexanes/ethyl acetate (2:1) as the eluent, m.p. 126−128 °C. 1H NMR
(600 MHz, chloroform-d) δ 6.07 (s, 2H), 5.42 (s, 2H), 4.25 (q, J =
7.1 Hz, 2H), 2.45 (s, 6H), 2.40 (s, 6H), 1.32 (t, J = 7.1 Hz, 3H), 0.18
(s, 6H). 13C{1H} NMR (151 MHz, chloroform-d) δ 155.0, 153.4,
137.3, 132.3, 131.4, 122.9, 64.7, 61.4, 16.7, 16.1, 14.4. HRMS (ESI-
TOF) m/z: [M + H] + calcd for C19H28BN2O3 342.2229, found
342.2226.
2-Et. 2-CDI (50 mg, 0.09 mmol, 1 equiv) in 5 mL ethanol and

DMAP (10 mg, 0.09 mmol, 1 equiv) were reacted according to the
general procedure. The reaction mixture was stirred at room
temperature for 24 h. The clean product was obtained as a dark
blue solid (30 mg, 61%) by column chromatography on silica gel
using hexane/ethyl acetate (3:1) as the eluent, m.p. 113−115 °C. 1H
NMR (400 MHz, chloroform-d) δ 8.33 (d, J = 8.9 Hz, 2H), 7.00 (s,
2H), 6.91 (dd, J = 8.9, 2.8 Hz, 2H), 6.80 (d, J = 2.7 Hz, 2H), 5.39 (s,
2H), 4.26 (q, J = 7.1 Hz, 2H), 3.87 (s, 6H), 2.83 (dd, J = 8.3, 5.2 Hz,
4H), 2.74 (dd, J = 8.0, 5.4 Hz, 4H), 1.33 (t, J = 7.1 Hz, 3H), 0.57 (s,
6H). 13C{1H} NMR (151 MHz, chloroform-d) δ 159.8, 155.1, 150.2,
143.0, 134.4, 132.8, 131.4, 128.5, 122.6, 119.3, 114.2, 111.3, 64.7,
64.2, 55.4, 31.5, 23.1, 14.4. HRMS (ESI-TOF) m/z: [M] + calcd for
C33H35BN2O5 [M]+ 549.2675, found 549.2659
2-BA. 2-CDI (40 mg, 0.07 mmol, 1 equiv) in 5 mL CH2Cl2 and

DMAP (10 mg, 0.09 mmol, 1 equiv) were reacted according to the
general procedure. The reaction mixture was stirred at room
temperature for 24 h. The clean product was obtained as a dark
blue solid (25 mg, 65%) by column chromatography on silica gel
using hexanes/ethyl acetate (3:1) as the eluent, m.p. 132−135 °C. 1H
NMR (600 MHz, chloroform-d) δ 8.34 (d, J = 8.9 Hz, 2H), 7.42−
7.27 (m, 8H), 6.99 (s, 2H), 6.91 (dd, J = 8.9, 2.8 Hz, 2H), 6.80 (d, J =
2.7 Hz, 2H), 5.40 (d, J = 9.9 Hz, 2H), 5.22 (s, 2H), 3.87 (s, 6H), 2.83
(dd, J = 8.4, 5.5 Hz, 4H), 2.73 (dd, J = 8.1, 5.8 Hz, 4H), 0.57 (s, 6H).
13C{1H} NMR (151 MHz, chloroform-d) δ 159.8, 150.2, 143.0,
135.1, 134.4, 132.8, 131.4, 128.8, 128.7, 128.7, 128.6, 127.8, 127.1,

122.6, 119.3, 114.2, 111.3, 70.3, 64.5, 55.4, 31.5, 23.1. HRMS (ESI-
TOF) m/z: [M] + calcd for C38H37BN2O5 611.2832, found 611.2813

2-Cl. To the solution of 2-Alc (100 mg, 0.2 mmol, 1 equiv) in 10
mL of dry toluene were added a few drops of DMF. To the reaction
mixture was added thionyl chloride (15 μL, 0.2 mmol, 1 equiv), and
the mixture was stirred for 10 min. After the completion of the
reaction, it was quenched with water (10 mL). The reaction mixture
was washed with a saturated sodium bicarbonate solution and brine
and dried using Na2SO4. The solvent was removed on a rotary
evaporator, and a pure product was obtained as a blue solid (20 mg,
20%) by flash chromatography in silica gel using CH2Cl2/hexanes
(1:4) as the eluent, m.p. 226−228 °C. 1H NMR (400 MHz,
chloroform-d) δ 8.32 (d, J = 8.9 Hz, 2H), 6.97 (s, 2H), 6.91 (dd, J =
8.8, 2.8 Hz, 2H), 6.80 (d, J = 2.7 Hz, 2H), 4.77 (s, 2H), 3.87 (s, 6H),
2.85 (dd, J = 8.2, 5.3 Hz, 4H), 2.75 (dd, J = 8.3, 5.2 Hz, 4H), 0.57 (s,
6H). 13C{1H} NMR (101 MHz, chloroform-d) δ 159.9, 150.1, 143.0,
133.6, 132.9, 131.4, 131.21, 122.6, 118.4, 114.2, 111.4, 55.4, 40.0,
31.5, 29.8, 23.2. HRMS (ESI-TOF) m/z: [M] + calcd for
C30H30BClN2O2 495.2125, found 495.2116

General Procedure for the Synthesis of 1-DEP or 2-DEP. To
a solution of 1-Br or 2-Cl (1 equiv) in 3 mL of dry acetonitrile were
added diethyl phosphate (2−5 equiv) and silver oxide (2−5 equiv).
The reaction mixture was refluxed at 80 °C for 10 h. After the reaction
was complete, the insoluble silver oxide was removed by filtration, and
the crude reaction mixture was washed with water followed by a
saturated ammonium chloride solution and brine and dried using
anhydrous Na2SO4. The solvent was removed on a rotary evaporator,
and the pure product was obtained by flash chromatography on silica
gel using hexanes/ethyl acetate (50:50) as the eluent.

1-DEP. 1-Br (40 mg, 0.10 mmol, 1 equiv), diethyl phosphate (35
μL, 0.20 mmol, 2 equiv), and silver oxide (50 mg, 0.22 mmol, 2
equiv) were reacted according to the general procedure. The product
obtained was a red solid (20 mg, 50%), m.p. 103−106 °C. 1H NMR
(400 MHz, chloroform-d) δ 6.08 (s, 2H), 5.39 (d, J = 5.2 Hz, 2H),
4.11 (p, J = 7.2 Hz, 4H), 2.52 (s, 6H), 2.45 (s, 6H), 1.29 (td, J = 7.1,
1.1 Hz, 7H), 0.18 (s, 6H). 13C{1H} NMR (101 MHz, chloroform-d)
δ 153.5, 137.7, 133.6, 133.5, 131.1, 123.0, 64.3, 64.3, 60.4, 60.4, 16.8,
16.2, 16.2, 16.2. 31P{1H} NMR (162 MHz, chloroform-d) δ −1.34.
HRMS (ESI-TOF) m/z: [M + H] + calcd for C20H333BN2O4P
406.2307, found 406.2292

2-DEP. 2-Cl (20 mg, 0.04 mmol, 1 equiv), diethyl phosphate (35
μL, 0.20 mmol, 5 equiv), and silver oxide (50 mg, 0.22 mmol, 5
equiv) were reacted according to the general procedure. The product
was a blue solid (7 mg, 30%). 1H NMR (400 MHz, chloroform-d) δ
8.33 (d, J = 8.9 Hz, 2H), 7.05 (s, 2H), 6.91 (dd, J = 8.9, 2.8 Hz, 2H),
6.80 (d, J = 2.8 Hz, 2H), 5.26 (d, J = 8.8 Hz, 2H), 4.17−4.03 (m,
4H), 3.87 (s, 6H), 2.83 (dd, J = 8.2, 5.1 Hz, 4H), 2.74 (dd, J = 8.1, 5.4
Hz, 4H), 1.37−1.23 (m, 6H), 0.56 (s, 6H). 13C{1H} NMR (101
MHz, chloroform-d) δ 159.8, 150.2, 143.0, 134.2, 132., 131.4, 122.6,
119.3, 114.2, 111.3, 64.3, 64.2, 63.9, 55.4, 31.6, 29.8, 23.1, 16.3, 16.2,
1.2. 31P{1H} NMR (162 MHz, chloroform-d) δ −1.10. HRMS (ESI-
TOF) m/z: [M] + calcd for C34H40BN2O6 was 613.2753, found
613.2752
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