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ABSTRACT: BODIPY photocages are photoreactive chromophores that release covalently linked
cargo upon absorption of visible light. Here, we used computations of the T photoheterolysis barrier
to ascertain whether a computational approach could assist in a priori structure design by identifying
new structures with higher quantum yields of photorelease. The electronic structure—photoreactivity
relationships were elucidated for boron-substituted and core-functionalized 2-substituted BODIPY
photocages as well as aryl substitutions at the meso-methyl position. Although there is a clear trend for
the 2-substituted derivatives, with donor-substituted derivatives featuring both lower computed
barriers and higher experimental quantum yields, no trend in the quantum yield with the computed
activation barrier is found for the meso-methyl-substituted or boron-substituted derivatives. The lack of
a correlation between the experimental quantum yield with the computed barrier in the latter two
substitution cases is attributed to the substituents having larger effects on the rates of competing channels (internal conversion and
competitive photoreactions) than on the rate of the photoheterolysis channel. Thus, although in some cases computed
photoreaction barriers can aid in identifying structures with higher quantum yields, the ignored impacts of how changing the
structure affects the rates of competing photophysical/photochemical channels limit the effectiveness of this single-parameter
approach.

B INTRODUCTION (ISC) was accomplished by appending bromine or iodine atoms
to the BODIPY core, which accelerates ISC to the triplet state
via the heavy atom effect and leads to higher ®,.'” Additionally,
modifications to thwart unproductive channels, such as internal

Photocages, or photolabile protecting groups (PPGs), allow the
activation of biomolecules using light as a stimulus with high
spatioteméporal control.' > Unlike popular PPGs like the

phenacyl,”” o-nitrobenzyl moiety,”” or coumarin PPGs," conversion or ion pair recombination, have been undertaken by
which absorb predominantly UV light, BODIPY PPGs absorb rigidifying the BODIPY structure or stabilizing the cation to
visible light and even near-infrared light, ideal for biological prevent ion pair recombination, or by adding internal cation
studies." ' traps.”*!

A desirable property of PPGs is a high uncaging efficiency, Less obvious is how to improve the rate of the desired
which provides a reduced irradiation time to achieve photo- photorelease photoreaction, because the conventional struc-
release and fewer background photoreactions. The uncaging ture—reactivity rules for thermal Syl reactions do not apply to
efficiency is the product of the extinction coefficient at the photo-Sy1 reactions. Here, we attempted to rationally improve
irradiation wavelength and the release quantum yield (®,). the photoreaction rate by computing the triplet excited-state

Although BODIPY PPGs have high extinction coefficients photoheterolysis activation barrier for varying BODIPY PPGs
(40,000—200,000 M~" cm™" at the A, is typical), the ®,'s for substituted at the core 2-position, at the boron, and at the

the first-generation BODIPY 1;? 1Gss were lower than the ®,’s for exocyclic carbon appended to the meso position to evaluate

the best UV-absorbing PPGs." ” whether computations can make useful structure—reactivity
Several strategies have been undertaken to alter the structure predictions.

to improve the @, of first-generation BODIPY PPGs. Because a We anticipated that BODIPY PPGs with lower computed

photoreaction quantum yield depends on the ratio of the rate of
the desired photoreaction over the sum of the rates of all possible
channels, the quantum yield can be improved by either
increasing the photoreaction rate constant or diminishing the
rate constants of the competitive excited-state channels (internal
conversion, ion pair recombination, undesired photochemistry,
etc.). One way to diminish the rate of internal conversion is to
force the photoreaction to the triplet state, which is longer-lived
compared to the singlet state, because internal conversion and
luminescence are spin forbidden. Achieving intersystem crossing

activation barriers for photoheterolysis would have a larger
excited-state heterolysis rate constant and subsequently a higher
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®.. We find that this is indeed the case for substitutions at the 2-
position. Appending the 2-position of the BODIPY PPG with
electron donating groups, which are computed to have lower
activation energies, leads to higher @, whereas withdrawing
groups, which are computed to have higher activation barriers,
have lower ®. In contrast, similar predictions made for
substitutions at the boron of the BODIPY PPG or at the
exocyclic meso carbon position failed to lead to a similar
relationship, which we attributed to the chemical substitution
having a greater impact on alternative excited-state channels
than the photoreaction channel. Thus, although the activation
barrier was predictive for the 2-position, it was unhelpful for the
boron-substituted and meso-methyl-substituted cases, making
this single-parameter approach insufficient as a general photo-
reactivity predictor for BODIPY PPGs and suggesting that a
more sophisticated approach is needed to even make crude
photoreactivity predictions.

B RESULTS AND DISCUSSION

Effect of Boron Substitution on the Photophysics and
Photochemical Efficiencies of BODIPY PPGs (1): Only
Alkyl Groups Are Better. A series of boron-substituted
BODIPY PPGs were synthesized by reacting 1-F with a Lewis
acid and a nucleophilic reagent of interest, which were chosen to
encompass a broad range of electronic properties. As illustrated
in Figure 1 and Table 1, the absorption maxima of these
derivatives closely coincide (517—526 nm) irrespective of the
electronic nature of the substituent at the boron, indicating a
lack of significant participation of the boron substituent on the
BODIPY chromophore. However, small but significant
variations in the emission maxima are observed (529—556
nm), indicating that the substituents do have a small effect on
the S, energies.

To correlate the electronic nature of the unconjugated
substituents to the efficiency of the photocages, the computed
triplet energy barrier (Tj, AE"), and the experimental ®,'s were
plotted against Hammett meta (o,,) values, depicted in Figure 2
(a simplified version can be found in Figure SS).

The DFT-computed energy barrier for T, C—O bond
breaking decreases with increasing electron-donating properties
of the substituent. Although no correlation between the
experimental @, and o, values is apparent, there is a significant
difference changing from electron-withdrawing to inductive
electron-donating groups. All the derivatives except 1-CH,TMS
have a positive oy, and notably, they exhibited comparable ®,'s
ranging from 0.08 to 0.31, whereas 1-CH,TMS exhibited a @, of
6.3%, a 41-fold increment of @, compared to the parent
BODIPY 1-F. The results support the hypothesis that increasing
electron density improves @, which also agrees with previously
reported BODIPY photocages with methyl and ethyl groups
with ~45 and ~30-fold increments, respectively, compared to
their fluorinated analog.'

But the lack of significant changes in ®, for the eight other
derivatives suggests that the dominant effect of boron
substitution on @, is not driven by the excited-state heterolysis
barrier. Rather, some other effect is likely operating. For
example, it is known that there is a competitive B—R bond
excited-state breaking pathway for BODIPY compounds.””*
This photoreaction channel is potentially invisible if the bond
can thermally reform, but it introduces a light-wasting channel.
Perhaps with a B-alkyl group (e.g, Me), this invisible light-
wastin§4photoreaction channel is less efficient (although not

22, ) . .
zero "), leading to an increase in the ®,.
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Figure 1. Normalized absorbance (top) and emission (bottom) spectra
of boron-substituted BODIPYs in DCM.

Effect of 2-Substituents on Photophysics and Photo-
chemical Efficiencies of BODIPY PPGs (2): Pi-Donating
Groups Are Better. A recent report by Weinstain and co-
workers demonstrated a correlation between the electron-
donating/-withdrawing ability of the substituents at the 2- and 6-
positions of BODIPY PPGs with the @, of the BODIPY
photocages. 2,6-Disubstitutions with withdrawing groups (e.g,,
SO,") shut down the photoreaction completely.”> Although not
synthesized in that paper, pi-donating groups in these positions
were computed to have smaller T, C—O cleavage activation
barriers, suggesting the possibility that such pi-donating
derivatives would be more photoreactive.

To explore this computed structure—reactivity relationship
experimentally, a set of 2-substituted BODIPY PPGs were
synthesized (Table 2). To synthesize these derivatives, the
parent BODIPY PPG 1-F was formylated followed by Baeyer
villager esterification, hydrolysis, and methylation to provide
BODIPY derivatives featuring aldehyde, ester, hydroxyl, and
ether groups substituted at the 2-position.

The absorbance and emission spectra of the 2-substituted
BODIPY PPGs are shown in Figure 3. EDGs generally induced a
red shift in absorbance and emission spectra compared to those

https://doi.org/10.1021/acs.joc.3c02980
J. Org. Chem. 2024, 89, 6740—6748
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Table 1. Photophysical and Photochemical Properties of Boron-Substituted (1) Compounds

OAc
=~ X
\ NN <
B+
R R
1
compound R Ay (nm) Aem (nm) e (x10* M 'em™) @, (%)° ed (M em™)
1-Me Me 519 556 6.1 6.30° 3842
1-CH,TMS CH,TMS 518 546 7.6 574 4362
1-F F 517 529 7.1 0.14° 99
1-OMe OMe 522 540 4.0 0.20 80
1-Ph phenol 522 540 9.2 0.31 285
1-OBn BnOH 522 550 7.2 0.08 58
1-PAA phenylacetic acid 523 547 10.0 0.08 80
1-Cat catechol 524 538 5.9 0.12 71
1-BTA benzotriazole 526 556 S.S 0.10 SS
1-CN CN 521 536 4.6 0.08 37

“Values reported previously.'” “Quantum yields (®,'s) were obtained using quantitative 'H NMR following the growth of AcOH in CDCl;/MeOD
1:1 solution with 1-F as the actinometer. All the samples were irradiated using a LED illuminator at 525 nm in air without purging.
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Figure 2. Observed ®, and computed T, C—O bond breaking energy
(B3LYP/6-31+G(d,p), SMD = H,0) for boron-substituted BODIPYs
as plotted versus o,,, Hammett constants. Note that the Y axis for @, is
truncated to plot the Me and CH,-TMS derivatives, and the Y axis for
C—0 bond breaking starts at 8 kcal/mol and not 0.

of 1-F. For example, 2-OH bearing a hydroxy group features a
Amax Of 542 nm, a red-shift of 23 nm compared to 1-F.
Additionally, an increase in electron density corresponded to a
decrease in the fluorescence intensity and broadening of
emission bands. To evaluate the structure—photoreactivity
relationship, theoretical AE* was plotted against Hammett o,
values and the experimental @, to visualize the correlation
between the electron-donating/-withdrawing properties of the
2-substituent on the @, (see Figure 4).

This Hammett plot shows that increasing the electron density
enhances the experimental @, while also reducing the theoretical
AE". Both observations suggest that increasing the electron
density improves the photo uncaging efficiency in BODIPY
photocages by increasing the photoheterolysis rate. The
observed results can be further substantiated by referencing
specific evidence from the existing literature. As noted
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previously, Weinstain and co-workers reported the absence of
photouncaging when sulfonic acid was substituted in the 2-
position, a strong electron-withdrawing group.” In work
published by our group, it was shown that attaching a weakly
donating alkyl group to the core had a minimal impact on @
Furthermore, the introduction of halogens has resulted in a
significant improvement in the ®,, but this was attributed to the
heavy atom effect promoting ISC rather than an effect on the
heterolysis barrier."”

To enhance the electron-donating ability of the substituent, 2-
OH was treated with NaOH to deprotonate the hydroxyl group.
As observed via UV—visible spectroscopy, the deprotonation
process, which is reversible upon acidification, leads to a
bathochromic shift upon the addition of base, shown in Figure 5,
with an absorption tail that extends into the near-IR. However,
attempts to achieve complete deprotonation with excess base led
to undesirable hydrolysis of the ester leaving group, thereby
impeding the ®, experiments. Another noteworthy observation
is that 2-OH and 2-OMe exhibited a concentration-dependent
release efficiency, where higher concentrations showed a
noticeable decrease in release efficiency, suggesting the
possibility of aggregates.

meso-Methyl Aryl Substituents Attenuate @, despite
Having Lower Computed T, C—O Heterolysis Barriers. In
prior investigations, it was shown that the attachment of a meso-
methyl group surprisingly shut down the photorelease
reaction.”” In contrast, Szymanski and co-workers found that
substituting the BODIPY PPG with a meso-methyl allyl group
improved the relative rate of release compared to the H-
substituted derivative by up to ~7-fold>' These authors
attributed the improvement in the @, to the stabilization of
the carbocation through resonance, slowing the light-wasting
recombination of the contact ion pair and giving additional time
for the desired solvent separation and trapping.

In this study, we examined the effect of an aryl group at the
meso-methyl position on @, considering the well-known
stability of benzylic carbocations through resonance and the
ability to alter the donating ability of the aryl group with para
substituents. Accordingly, two meso-methyl aryl BODIPY
derivatives were synthesized by reacting the corresponding
Grignard reagent with compound $ followed by attaching the
acetic acid leaving group via DCC coupling (a third derivative

https://doi.org/10.1021/acs.joc.3c02980
J. Org. Chem. 2024, 89, 6740—6748
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Table 2. Photophysical and Photochemical Properties of 2- Substituted (2) Compounds

compound R Ay (nm)
1-F H 517
2-CHO CHO 516
2-OCHO OCHO 527
2-OH OH 542
2-OMe OMe 538
2-CH=C(CN), CH=C(CN), 533

OAc
S N\ R
\ N~'§: N =
FF
2
Aem (nm) e (x10* M™!

529 7.1
531 6.03
541 7.20
609 4.49
610 6.04
561 8.80

cm™!) @, (%)” e®d, (M cm™)
0.14“ 929
0.05 27
0.11 79
0.53 239
0.16 29
0.03 29

“Values reported previously."’ ®Quantum yields (®,'s) were obtained using quantitative 'H NMR following the growth of AcOH in CDCl;/MeOD
1:1 solution with 1-F as the actinometer. All the samples were irradiated using an LED illuminator at 525 nm in air without purging.
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Figure 3. Normalized absorbance and emission spectra of 2-substituted BODIPYs in DCM.
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Figure 5. Absorbance spectra demonstrate the deprotonation of 2-OH
upon addition of 0.1 M NaOH and reversal with 0.1 M HCI in MeOH.

prepared in a similar fashion, bearing a p-NMe,-Ph group,
proved to be thermally unstable).

https://doi.org/10.1021/acs.joc.3c02980
J. Org. Chem. 2024, 89, 6740—6748


https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c02980?fig=fig5&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c02980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

Table 3. Photophysical and Photochemical Properties of meso-Methyl-Substituted Compounds

O.
R_O
<~
\ N —
N-g
FF
3
compound R Ay (nm) Aem (nM)
3-H H 524 534
3-Ph phenyl 523 543
3-PhOMe anisole 522 551

Cl
A\
e (x10*M ' em™) @, (%) ed (M cm™)
7.36 0.22 165
7.11 0.10 73
7.08 0.12 82

“Quantum yields (®,'s) were obtained using quantitative 'H NMR following the growth of chloroacetic acid in CDCl;/MeOD 1:1 solution with 1-
F as the actinometer. All the samples were irradiated using a LED illuminator at 525 nm in air without purging.
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Figure 6. Normalized absorbance and emission spectra of meso-methyl-substituted BODIPYs.

A small technical challenge in determining the photorelease of
the meso-methyl-substituted derivatives had to be overcome.
Introducing aryl derivatives to the exocyclic meso carbon
broadened the 'H NMR signals for the methyl groups at
positions 1 and 7. Thus, distinguishing photoreleased AcOH
signals by 'H NMR became challenging because of the overlap
of the AcOH 'H NMR signal with these broadened methyl
peaks. To address this challenge, chloroacetic acid was chosen as
the leaving group to avoid spectral overlap of these protons. The
photophysical and photochemical properties of the synthesized
compounds are presented in Table 3. Figure 6 shows the
absorbance and emission spectra for the synthesized meso-
methyl aryl compounds. The absorbance spectra of the three
derivatives have similar maximum absorption wavelengths.
Surprisingly, some differences were observed in the emission
spectra (534—551 nm), suggesting the involvement of the
unconjugated phenyl groups in S;. Perhaps the aryl rings adopt a
conformation, placing the aryl rings over the BODIPY
chromophore in S; and enabling electronic communication
and S, stabilization.

The computed AE* values for T, (the first triplet excited
state) 3-H, 3-Ph, and 3-PhOMe are 11.2, 8.7, and 7.5 kcal/mol,
respectively, making us anticipate higher ®, values with the
attached aryl rings. However, as shown in Table 3, ®_ values for
the 3-Ph and 3-PhOMe were unexpectedly lower than those for
3-H. This is surprising given our computations and the previous
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results by Szymanski et al. reported for the meso-methyl allyl
derivatives.

One possible cause for the diminishment in the photo-
reactivity of 3-Ph and 3-PhOMe we considered is that the
methyl groups on the 1- and 7- positions may prevent an
effective conjugation of the larger aryl ring to the BODIPY core
to exert stabilization through resonance. This effect may not be
as apparent for the smaller allyl derivative. A supplementary
computational analysis was conducted without 1,7-methyl
groups to evaluate their impact on the T; bond-breaking barrier.
However, the computations revealed no significant difference in
the energy barrier between the BODIPY derivatives with and
without methyl groups (8.1 and 7.5 kcal/mol, respectively).
Importantly, we noticed a 17-fold decrease in fluorescence
lifetime observed with the 3-Ph (0.8 ns) and 3-PhOMe (0.8 ns)
compared to 3-H (12.1 ns) (see Figures S1-S4), which suggests
the introduction of unproductive nonradiative decay pathways
by the aryl substituents, possibly contributing to the
unexpectedly lowered @, in these compounds;

B CONCLUSION

We have elucidated the effect of BODIPY PPG substituents on
@, at the boron, the 2-position, and the meso-methyl position.
Although substituting the boron fluorines with inductively
donating groups (e.g., Me and CH,TMS) shows a ~40—50-fold
enhancement in the @, substituting the boron with a wide
variety of other substituents has little effect on @, despite

https://doi.org/10.1021/acs.joc.3c02980
J. Org. Chem. 2024, 89, 6740—6748
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differences in the computed T; C—O heterolysis barrier. The
lack of a correlation of the @, with the computed bond breaking
energy barrier for boron substitution suggests that the dominant
effect on @, is not the heterolysis rate constant and may be
attributed to altering an “invisible” side photoreaction involving
B—Rbond scission. In contrast, when substituting the 2-position
of the BODIPY PPG, there is a clear correlation between the
computed C—O heterolysis barrier and the @, Electron-
donating groups increase the efficiency of the photouncaging,
whereas withdrawing groups attenuate it. For example, a 2-OH
substituent increases @, by ~4-fold compared to the parent
PPG. In contrast, withdrawing groups such as CHO diminish
the ®,. Because the @, correlates well with the computed C—O
T, heterolysis barrier, these changes in @, upon substitution
likely derive from donating groups increasing the excited-state
heterolysis rate and withdrawing groups slowing the excited-
state heterolysis rate, with minimal differential impact on
competing photochemical/photophysical channels. However, in
contrast to prior reports showing that meso-methyl allyl
substituents increase the photoreactivity, we find that meso-
methyl aryl substituents do not increase the ®,, which we
attribute to these groups introducing unproductive internal
conversion channels that diminish the excited-state lifetime.

Overall, this work provides insights into how the photo-
reactivity of BODIPY PPGs can be tuned by substituents and
shows the limits of using the computed excited-state heterolysis
barrier to predict ®,. In cases where the substituents primarily
impact the rate of the photoreaction, such as in the 2-position,
the computed C—O heterolysis barrier can provide a useful tool
for predicting ®,. However, in cases such as in the meso-methyl
aryl substitution or boron substitution, where the substituents
more greatly affect other photophysical/photochemical chan-
nels, the computed barrier is not a useful tool. Given that it is
difficult a priori to predict the impact of a substituent on
competing photochemical/photophysical channels, such a
single-parameter approach may have limited utility, and new
approaches may need to be developed.

B EXPERIMENTAL SECTION

General Information. Reagents were purchased and used as
received unless otherwise specified; when necessary, solvents were
dried over activated molecular sieves for 1 day before use. 1-Me,"” 1-
F,'"® and 4°° were synthesized as previously reported. NMR spectra
were recorded on Bruker NEO 400 (400 MHz) and Bruker AV III 600
(600 MHz). For @, determinations, Bruker AV III 600 (600 MHz) was
used. High-resolution mass spectra (HRMS) were obtained using a
6540 ESI-QTOF mass spectrometer (Agilent).

T, Heterolysis Barrier. Previous studies'” indicate that the triplet
state of the BODIPY photocage is a photoreactive state, as evidenced by
higher quantum yields for derivatives bearing heavy atoms like iodine
and because the @, roughly doubles when the irradiated solution is first
purged with inert gas compared to irradiations conducted under air.

All the structure optimizations and scans were performed using the
Gaussian 09 software package®” utilizing the B3LYP functional**~*
and 6-31+G(d,p) polarized double-{ basis set on triplet state with the
SMD solvent model (water) at the default temperature (298.15 K). In
all cases, optimized T geometries were found to have zero imaginary
frequencies.

A triplet state relaxed potential energy scan was conducted on the
optimized geometries by increasing the C—O bond length by 0.1 A. The
difference in the SCF energies of the starting point and the point with
the highest electronic energy on the curve was used for AE,

Light Sources. For quantum yields of release determinations, a
Luzchem LED illuminator (distance to sample: 3.8 cm) with a mounted
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cuvette holder and stir bar was used. Samples were irradiated with
LEDi-RGB green light centered at 525 nm.

Quantum Yield Determination. All of the quantum yield
experiments were carried out in a solvent mixture of 1:1 deuterated
methanol and chloroform with 1-F as the actinometer. The release of
the leaving group, acetic acid, or chloroacetic acid was tracked using
quantitative "H NMR (Figure S3). For quantitative accuracy, a 90°
pulse angle was used along with 10 s of recycling delay cycle and eight
scans. Approximately 1 mM solutions of the compounds were prepared,
and absorbance of the solution at 532 nm was measured to ensure that
absorbance is above 2 so that we could assume 100% light absorption by
the sample. Three milliliters of the sample was irradiated in a cuvette
using the LED illuminator green 466—538 nm (centered at 532 nm).
After the irradiation, 0.6 mL of the sample was transferred to take the
'"H NMR spectrum. The sample from the NMR tube was then
transferred back to the cuvette, and the irradiation process was
continued. Dimethyl sulfone (1 mM) was used as the internal standard,
and the release of acetic acid was determined to be relative to this
internal standard. Commercially available deuterated methanol has
impurities that appear around 1.9 ppm, close to the acetic acid peak, so
the sample was irradiated for S min at the beginning to see a linear
increment. Three trials with at least five data points were collected for
each compound, and time was plotted against the concentration of the
leaving group. An example graph can be found in the SI (Figure S2).
The average of slopes from three trials was taken to get the final value of
the quantum yield of the corresponding compound. The @, for the
compounds was determined using the following formula:

slope of the compound of interest

b =

T

X D ofl — F
slope of 1 — F

Fluorescence Lifetime Measurements. Fluorescence lifetime
(7p) measurements were carried out by measuring the fluorescence
decay with a time-correlated single-photon counting (TCSPC)
spectrometer (DeltaFlex, modular fluorescence lifetime system,
HORIBA Scientific) and a 360 nm LED emitter (DeltaDiode,
HORIBA Scientific). Solutions of 3-H (0.1 mM), 3-Ph (0.2 mM),
and 3-PhOMe (0.2 mM) in DCM were used, and the samples were
excited with 540, 550, and 560 nm, respectively. The decays were fitted
to the sum of exponential functions with iterative reconvolution by the
WzTime software (Figure S4 and Table S1)

Synthetic Procedures and Characterizations. 1-CH,TMS. 1-F
(100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL of dry
dichloromethane (DCM) under a nitrogen atmosphere to which was
added boron trichloride (37 mg, 0.312 mmol, 1 equiv).
(Trimethylsilyl)methylmagnesium chloride (1 mL, excess) was then
added. The solution was stirred at room temperature for 2 h. The
reaction was quenched with water, washed once with saturated
ammonium chloride solution and once with brine, and dried over
sodium sulfate. The solvent was removed under a vacuum, and the
crude mixture was purified with silica gel column chromatography using
30% ethyl acetate in hexanes as the eluent to give 46 mg of 1-CH,TMS
as an orange solid (32%). "H NMR (400 MHz, CDCl,) 6: 6.04 (2H,s),
5.38 (2H, s), 2.49 (6H, s), 2.37 (6H, s), 2.11 (3H, s), 0.14 (4H, s),
—0.54 (18H, s). “C{'H} NMR (400 MHz, CDCl;) §: 170.6, 153.2,
137.3, 133.7, 131.6, 123.0, 58.5, 20.4, 17.1, 15.8, —0.5. HRMS (ESI-
QTOF) m/z [M + HJ" calculated for C,,H,BN,O,Si, 457.2872;
found 457.2874.

1-BTA. 1-F (100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL of
dry DCM under a nitrogen atmosphere to which was added boron
trichloride (37 mg, 0.312 mmol, 1 equiv). A drop of triethylamine was
then added followed by adding 1-(trimethylsilyl)-1H-benzotriazole (1
mlL, excess). The solution was stirred at room temperature overnight.
The reaction was washed once with saturated ammonium chloride
solution and once with brine and dried over sodium sulfate. The solvent
was removed under a vacuum, and the crude mixture was purified with
silica gel column chromatography using 30% ethyl acetate in hexanes as
the eluent to give 66 mg of 1-BTA as an orange solid (41%). '"H NMR
(400 MHz, CDCl,) §8.13 (2H, d, ] = 8), 5 7.28 (SH,m), 5 6.31 (2H, d,
J=8.4),86.17 (2H,s), 5 5.35 (2H, s), § 2.44 (6H, s), § 2.13 (3H, s), §
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1.60 (6H, s). *C{"H} NMR (400 MHz, CDCl,) 6: 170.1, 159.0, 143.1,
136.9, 134.8,133.1,127.1, 125.6, 124.5, 123.3, 119.3, 111.2, 57.6, 20.3,
15.6,15.2. HRMS (ESI-QTOF) m/z [M + H]* calcd for C,gH,,BNO,
519.2423; found 519.2418.

1-OMe. 1-F (100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL
of dry tetrahydrofuran (THF) under a nitrogen atmosphere to which
was added aluminum chloride (42 mg, 0.312 mmol, 1 equiv). Methanol
(1 mL, excess) was then added. The solution was stirred at room
temperature for 2 h. The solvent was removed under a vacuum, and the
crude mixture was purified with silica gel column chromatography using
30% ethyl acetate in hexanes as the eluent to give 73 mg of 1-OMe as an
orange solid (69%). "H NMR (400 MHz, CDCl,) 6 6.07 (2H, s), 5.30
(2H, s), 2.86 (6H, s), 2.52 (6H, s), 2.36 (6H, s), 5 2.14 (3H, s).
13C{'H} NMR (400 MHz, CDCl;) &: 170.6, 156.6,139.4,133.9,132.7,
121.9, 58.2,48.9,29.5,20.5, 15.6, 14.5. HRMS (ESI-QTOF) m/z [M +
H]* caled for C;3H,BN,0, 345.1985; found 345.1987.

1-Ph. 1-F (100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL of
dry THF under a nitrogen atmosphere to which was added aluminum
chloride (42 mg, 0.312 mmol, 1 equiv). Phenol (1 mL, excess) was then
added. The solution was stirred at room temperature overnight. The
solvent was removed under a vacuum, and the crude mixture was
purified with silica gel column chromatography using 20% dichloro-
methane in hexanes as the eluent to give 91 mg of 1-Ph as an orange
solid (62%). "H NMR (600 MHz, CDCL,) §7.06 (2H, d, ] = 8.4), § 7.05
(2H,d,]=9.0),56.77 (2H, tt,]=7.2,1.2),5 6.56 (4H,dd, J=7.2,1.2),
85598 (2H,s), 5 5.39 (2H, s), 5 2.50 (6H, s), 5 2.38 (6H,s), 5 2.17 (3H,
s). BC{'"H} NMR (600 MHz, CDCl;) &: 170.4, 157.2, 156.3, 141.2,
133.4, 133.2, 128.9, 123.0, 119.4, 118.3, 57.8, 20.6, 15.8, 15.2. HRMS
(ESI-QTOF) m/z [M + H]* calcd for C,sH,,BN,0, 469.2293; found
469.2266.

7-OBn. 1-F (100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL of
dry THF under a nitrogen atmosphere to which was added aluminum
chloride (42 mg, 0.312 mmol, 1 equiv). Benzyl alcohol (1 mL, excess)
was then added. The solution was stirred at room temperature until the
starting material was consumed. The solvent was removed under a
vacuum, and the crude mixture was purified with silica gel column
chromatography using 30% ethyl acetate in hexanes as the eluent to give
86 mg of 1-OBn as an orange red solid (56%). '"H NMR (600 MHz,
CDCl,) 8:7.19 (10H, m), 6.04 (2H, s), 5.37 (2H, s), 4.14 (4H, s), 2.53
(6H, s), 2.43 (6H, s),2.26 (3H, s). *C{'H} NMR (600 MHz, CDCl,)
5: 170.6, 157.0, 1414, 139.7, 133.8, 132.7, 127.6, 127.3, 126.2, 122.2,
64.2 58.2, 20.6,15.6, 15.0. HRMS (ESI-QTOF) m/z [M]* calcd for
C30H33BN,0, 496.2528; found 496.2507. (5.24)

1-Cat. 1-F (100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL of
anhydrous THF under a nitrogen atmosphere to which was added
aluminum chloride (42 mg, 0.312 mmol, 1 equiv). Catechol (183 mg,
0.468 mmol, 1.5 equiv) was then added. The solution was stirred at
room temperature overnight. The solvent was removed under a
vacuum, and the crude mixture was purified with silica gel column
chromatography using 30% ethyl acetate in hexanes as the eluent to give
85 mg of 1-Cat as an orange solid (70%). "H NMR (600 MHz, CDCl,)
8 6.76 (4H, m), 6.05 (2H, s), 5.32 (2H, s), 2.36 (6H, s), 2.14 (3H, s),
2.06 (6H, s). *C{'H} NMR (600 MHz, CDCl,) 6: 170.5, 158.4, 151.6,
141.9, 133.4, 123.4, 119.5, 108.7, 57.8, 29.7, 20.5, 15.7, 15.2. HRMS
(ESI-QTOF) m/z [M + H]* calcd for C,,H,3BN,0, 391.1829; found
391.1829.

1-PAA. 1-F (100 mg, 0.312 mmol, 1 equiv) was dissolved in 15 mL of
dry DCM under a nitrogen atmosphere to which was added boron
trichloride (37 mg, 0.312 mmol, 1 equiv). One drop of triethylamine
was then added followed by phenylacetic acid (106 mg, 0.78 mmol, 2.5
equiv). The solution was stirred at room temperature for 2 h. The
reaction mixture was washed once with saturated sodium bicarbonate
solution and once with brine and dried over sodium sulfate. The solvent
was removed under a vacuum, and the crude mixture was purified with
silica gel column chromatography using 30% ethyl acetate in hexane as
the eluent to give 90 mg of 1-PAA as an orange solid (53%). '"H NMR
(600 MHz, CDCl,) 7.32 (4H,t, ] =7.2),57.27 (2H, d, ] = 6.6), 5 7.24
(4H, d, ] =7.8), 5 6.06 (2H, s), 5 5.35 (2H, s), 5 3.55 (4H, s), § 2.40
(6H, s), 2.16 (9H, s). “C{*H} NMR (600 MHz, CDCl,) é: 171.1,
170.5, 154.7,141.2,135.3, 134.1, 134.0, 129.4, 128.3,126.7,122.2, 58.0,
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43.1, 20.5, 15.6, 14.2. HRMS (ESI-QTOF) m/z [M + H]* calcd for
C3,Ha3BN, 0 (553.2510); found 553.2485.

7-CN. 1-F (500 mg, 1.57 mmol, 1 equiv) was dissolved in 15 mL of
dry DCM under a nitrogen atmosphere to which was added tin
tetrachloride (0.8 mL, 6.84 mmol, 4.4 equiv). Trimethylsilyl cyanide (2
mL, excess) was then added. The solution was stirred 4 h at room
temperature until the starting material was consumed and then was
quenched with water. The residue was extracted with dichloromethane,
washed with saturated sodium bicarbonate solution and once with
brine, and dried over sodium sulfate. The solvent was removed under a
vacuum, and the crude mixture was purified with silica gel column
chromatography using 35% ethyl acetate in hexanes as the eluent to give
400 mg of 1-CN as an orange solid (76%). '"H NMR (600 MHz,
CDCl,) 6: 6.28 (2H, s), 65.32 (2H, s), § 2.72 (6H, s), § 2.42 (6H, 5), §
2.16 (3H,'s). *C{'H} NMR (400 MHz, CDCl,) 6: 170.0, 156.8, 142.6,
134.3, 130.7, 126.8, 126.1, 125.3, 124.6, 123.5, 57.1, 20.2, 15.6, 15.3.
HRMS (ESI-QTOF) m/z [M-H]™ calcd for C;sH;,BN,O, 333.1522;
found 333.1538.

2-CHO. A portion of phosphorus oxychloride (POCL;) (12.0 mL)
was added dropwise to an ice-cold solution of dimethylformamide
(DMF) (12.0 mL). The solution was allowed to come to room
temperature, and a solution of 1-F (0.40 g, 1.25 mmol) in
dichloroethane DCE (20 mL). The reaction mixture was stirred for 4
h. Upon completion of the reaction, the reaction was cooled to 0 °C,
and saturated sodium bicarbonate (S0 mL) was added. The reaction
mixture was stirred for 30 min, and then the aqueous layer was extracted
thrice with DCM. The organic layer was washed with brine and dried
over anhydrous sodium sulfate. After the organic layer was
concentrated under a vacuum, it was loaded onto a silica gel column
and flushed with 20—30% ethyl acetate in hexanes to yield 2-CHO as a
bright orange solid (0.33 g, 77%). 'H NMR (600 MHz, CDCL;) §:
10.11 (s, 1H), 6.28 (s, 1H), 5.37 (s, 2H), 2.79 (s, 3H), 2.66 (s, 3H),
2.61 (s, 3H), 2.44 (s, 3H), 2.15 (s, 3H). *C{'H} NMR (151 MHz,
CDCl,) 8: 186.0, 170.3, 163.5, 157.2, 145.8, 140.7, 135.6, 130.6, 125.5,
57.5,20.6,16.3,15.3,12.9, 12.2. HRMS (ESI-QTOF) m/z [M]* caled
for C,,H,oBF,N,0; [M]* 349.1535; 349.1536 found.

2-OCOH. To a solution of compound 2-CHO (0.450 g, 1.29 mmol, 1
equiv) in DCM (15 mL) were added meta chloroperbenzoic acid
(0.875 g, 5.7 mmol, 4 equiv) and sodium bicarbonate (0.87 g, 10.32
mmol, 8 equiv). The reaction was stirred at room temperature for 1 h.
The reaction mixture was then concentrated under a vacuum, loaded
onto a silica gel column, and flushed with 20—30% ethyl acetate in
hexanes to yield 2-OCOH as a pink solid (0.245 g, 52%). "H NMR (600
MHz, CDCl,) §: 8.26 (s, 1H), 6.13 (s, 1H), 5.29 (s, 2H), 2.55 (s, 3H),
2.41 (s, 3H), 2.38 (s, 3H), 2.18 (s, 3H), 2.14 (s, 3H). *C{'H} NMR
(101 MHz, CDCL,) 8: 170.6, 159.8, 158.4, 145.9, 143.5, 140.3, 134.4,
133.8,128.7,128.3, 123.4, 57.9, 29.8,20.7, 16.0, 15.1, 11.5, 11.2. HRMS
(ESI-QTOF) m/z [M + H]" caled for C,,H;4BF,N,0, 365.1484;
found 365.1477.

2-OH. A catalytic amount of sodium methoxide (0.014 g, 0.0003
mmol, 0.04 equiv) was added to a solution of 2-OCOH (0.24S g, 0.673
mmol, 1 equiv) in DCM and methanol mixture (1:1) and stirred for 3 h.
Upon completion of the reaction, the reaction mixture was
concentrated under a vacuum and was purified using flash column
chromatography with 30% ethyl acetate in hexanes as the eluent. 2-OH
was obtained as a purple solid (0.090 g, 40%)."H NMR (600 MHz,
CDCl,) 6 6.02 (s, 1H), 5.26 (s, 2H), 4.00 (s, 1H), 2.51 (d, J = 6.2 Hz,
6H), 2.33 (s, 3H), 2.22 (s, 3H), 2.13 (s, 3H). *C{'"H} NMR (151
MHz, CDCl,) 8: 170.8, 155.2, 147.3, 140.1, 132.5, 132.1, 130.2, 121.7,
121.3,58.2,20.8, 15.6, 14.7, 11.3, 10.6. HRMS (ESI-QTOF) m/z [M +
H]* caled for C,4H,4BF,N,0; 337.1535; found 337.1535.

2-OMe. To a solution of 2-OH (0.10 g, 0.287 mmol, 1 equiv) in
acetone (20 mL), potassium carbonate (0.476 g, 3.446 mmol, 12 equiv)
followed by methyl iodide (0.08 mL, 1.285 mmol, 4 equiv) was added
and stirred at room temperature for 2 h. Upon completion of the
reaction, the reaction mixture was concentrated under a vacuum and
was purified using flash column chromatography with 20—30% ethyl
acetate in hexanes as the eluent. 2-OMe was obtained as a purple solid
(0.080 g, 80%)."H NMR (600 MHz, CDCL;) § 6.0 (s, 1H), 5.27 (s,
2H),3.73 (s, 3H), 2.52 (s, 6H), 2.34 (5, 3H), 2.26 (s, 3H), 2.13 (s, 3H).
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BC{'H} NMR (151 MHz, CDCl;) &: 170.7, 156.5,150.0, 133.3, 128 4,
121.9,62.3,58.1,29.8,20.8,15.7, 14.8,11.6, 10.8. HRMS (ESI-QTOF)
m/z [M]* caled for C;,H,,BF,N,0; 351.1691; found 351.1692.

2-CH=C(CN),. Compound 2-CHO (0.350 g, 1 mmol, 1 equiv) and
malononitrile (73 mg, 1.1 mmol, 1.1 equiv) were dissolved in DCM
followed by the addition of aluminum oxide (0.450 g, 4.4 mmol, 4.4
equiv). The reaction mixture was stirred at room temperature until all of
the starting material was consumed. The solid was removed by filtering
through Celite, and the solution was concentrated under a vacuum and
then purified with flash column chromatography using 30% ethyl
acetate in hexanes as eluent to afford 2-CH=C(CN), as a bright orange
solid (0.340 g, 86%) ("H NMR (600 MHz, CDCL;) §7.78 (s, 1H), 6.31
(s, 1H), 5.36 (s, 2H), 2.62 (s, 3H), 2.61 (s, 3H), 2.45 (s, 3H), 2.42 (s,
3H), 2.15 (s, 3H). BC{*H} NMR (151 MHz, CDCl,) &: 170.3, 165.0,
153.5,153.0,146.8,137.1,136.6, 135.0, 132.0, 126.2, 114.3, 113.2, 83.6,
5§7.7,20.7, 16.5, 15.6, 15.3, 14.4, 14.4. HRMS (ESI-QTOF) m/z [M-
H]" caled for C,H,4BF,N,O, 395.1491; found 395.1461.

Compound 5. Sodium periodate (1.16 g, 5.5 mmol, 2.5 equiv) was
added to a solution of 4 (0.70 g, 2.2 mmol, 1 equiv) in 60:40 THF (100
mL). The reaction mixture was stirred until all the starting material was
consumed (typically an overnight reaction). Upon completion, THF
was removed under a vacuum, and product was extracted with DCM
followed by washing with brine and drying over anhydrous sodium
sulfate. The organic phase was then concentrated under a vacuum and
purified via column chromatography (10—30% ethyl acetate in
hexanes) to afford 5 as a pink solid (0.425 g, 70%). 'H NMR (400
MHz, CDCl;) 6 10.57 (s, 1H), 6.08 (s, 2H), 2.54 (s, 6H), 2.13 (s,
6H)."*C{'H} NMR (101 MHz, CDCl;) § 193.2, 158.6, 141.6, 136.2,
128.9, 122.0, 15.5, 15.0. HRMS (ESI-QTOF) m/z [M + H]" calcd for
C,,H,BE,N,0 277.1323; found 277.1320.

General Procedure for Grignard Reaction. The respective Grignard
reagent (2 equiv) was added slowly to an ice-cold solution of compound
S in anhydrous DCM under N, and stirred until the starting material
disappeared by TLC (~3—4 h). The reaction was then quenched with
water, and the organic layer was washed with saturated ammonium
chloride and brine separately. The solution was dried over anhydrous
sodium sulfate, concentrated under a vacuum, and purified using flash
column chromatography (hexanes: ethyl acetate gradient).

3-Ph OH. Phenylmagnesium bromide (0.5 M, 1.44 mL, 0.72 mmol, 2
equiv) was reacted with compound 5 (100 mg, 0.36 mmol, 1 equiv)
following the general procedure to afford an orange solid (83 mg, 65%).
"H NMR (600 MHz, CDCl;) 6: 7.45 (d, J = 8.4 Hz,2H), 7.34 (t, ] = 7.4
Hz, 2H), 7.30 (t, ] = 7.2 Hz, 1H), 6.65 (s, 1H), 6.03 (s, 2H), 2.55 (s,
6H), 2.03 (s, 6H). BC{"H} NMR (151 MHz, CDCl,) &: 144.5, 139.3,
132.1, 129.9, 128.7, 128.0, 126.5, 122.8, 69.5, 29.8, 17.3, 14.8. HRMS
(ESI-QTOF) m/z [M + H]* calcd for C,oH,;BF,N,0 355.1793; found
355.1796 found.

3-PhOMe OH. 4-Methoxyphenylmagnesium bromide (0.5 M, 1.44
mlL, 0.72 mmol, 2 equiv) was reacted with compound 9 (100 mg, 0.36
mmol, 1 equiv) following the general procedure to give an orange solid
(108 mg, 78%). "H NMR (600 MHz, CDCl,) : 7.34 (m, 2H), 6.86 (d,
J = 8.8 Hz, 2H), 6.57 (s, 1H), 6.02 (s, 2H), 3.79 (s, 3H), 2.54 (s, 6H),
2.04 (s, 6H). *C{'H} NMR (151 MHz, CDCl,) : 159.3, 144.9, 132.0,
131.3, 127.9, 122.7, 114.0, 69.3, 55.4, 14.8. HRMS (ESI-QTOF) m/z
[M + H]* caled for C,;H,3BF,N,0, 385.1898, found 385.1899.

General Procedure for Attaching Chloroacetic Acid. N,N’-
Dicyclohexylcarbodiimide (DCC) was slowly added to an ice-cold
solution of chloroacetic acid, respective alcohol, and 4-dimethylami-
nopyridine in DCM at 0 °C. The reaction was stirred at room
temperature for 2 h. The reaction mixture was filtered, and the filtrate
was thoroughly washed with saturated sodium bicarbonate followed by
drying over anhydrous sodium sulfate. The organic layer was then
concentrated under a vacuum and purified with flash column
chromatography.

3-Ph. DCC (69 mg, 0.34 mmol, 1.2 equiv), chloroacetic acid (30 mg,
0.31 mmol, 1.1 equiv), 3-Ph OH (100 mg, 0.28 mmol, 1 equiv), and 4-
dimethylaminopyridine (0.4 mg, 0.003 mmol, 0.011 equiv) were
reacted according to the general procedure followed by flash column
chromatography (5—20% ethyl acetate in hexanes) to afford 3-Ph as an
orange solid (60 mg, 50%). '"H NMR (600 MHz, CDCl;) : 7.91 (s,
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1H), 7.39-7.29 (m, 5H), 6.11 (s, 1H), 6.00 (s, 1H), 4.23—4.13 (dd,
2H), 2.55 (s, 6H), 2.37 (s, 3H), 1.84 (s, 3H). *C{'H} NMR (151
MHz, CDCl,) 8: 167.1, 157.1, 156.5, 143.2, 143.0, 135.7, 129.1, 128.8,
126.4,123.1,71.4,40.9, 17.0, 14.9. HRMS (ESI-QTOF) m/z [M + H]*
caled for C,,H,,BCIF,N,0, 431.1510; found 431.1517.

3-PhOMe. DCC (58 mg, 0.17 mmol, 1.2 equiv), chloroacetic acid
(24 mg, 0.15 mmol, 1.1 equiv), 3-PhOMe OH (90 mg, 0.14 mmol, 1
equiv), and 4-dimethylaminopyridine (0.3 mg, 0.002 mmol, 0.011
equiv) were reacted according to the general procedure followed by
flash column chromatography (5—30% ethyl acetate in hexanes) to
afford 3-PhOMe as an orange solid (45 mg, 70%). "H NMR (600 MHz,
CDCl,) 8: 7.84 (s, 1H), 7.24 (d, ] = 8.3 Hz, 2H), 6.88 (d, ] = 8.8 Hz,
2H), 6.10 (s, 1H), 6.01 (s, 1H), 4.19—4.11 (m, 2H), 3.80 (s, 3H), 2.55
(s, 6H), 2.35 (s, 3H), 1.89 (s, 3H). *C{'H} NMR (151 MHz, CDCl,)
5: 167.1, 160.0, 157.1, 156.4, 137.6, 132.4, 128.1, 127.4, 123.1, 1144,
71.4, 554, 41.0, 17.2, 16.9, 14.9. HRMS (ESL-QTOF) m/z [M + H]*
caled for C,3H,,BCIF,N,0; 461.1615; found 461.1629.

3-H.DCC (223 mg, 1.08 mmol, 1.2 equiv), chloroacetic acid (93 mg,
0.99 mmol, 1.1 equiv), 1-F OH (250 mg, 0.9 mmol, 1 equiv), and 4-
dimethylaminopyridine (0.1 mg, 0.001 mmol, 0.011 equiv) were
reacted according to the general procedure followed by flash column
chromatography (10—30% ethyl acetate in hexanes) to afford 3-H as an
orange solid (86 mg, 27%). '"H NMR (600 MHz, CDCL;) 6 6.09 (s,
2H), 5.42 (s,2H), 4.10 (s, 2H), 2.53 (s, 6H), and 2.36 (s, 6H). *C{'H}
NMR (151 MHz, CDCl,) é: 167.2, 157.1, 141.6, 132.7, 132.0, 122.7,
59.3, 40.5, 15.8, 14.8. HRMS (ESI-QTOF) m/z [M + H]" calcd for
C,¢H,sBCIE,N,0, 355.1196; found 355.1196.
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