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ABSTRACT: Performing organic reactions in water
provides environmental and toxicity advantages com-
pared to in organic solvents, but such strategies are still
evolving, limited by current understanding of these mul-
tiphasic systems. Here, a fluorescence lifetime imaging
microscopy (FLIM) technique characterizes surfactant-
dependent partitioning of organics in a system that mim-
ics the early, zinc-related steps of a Negishi-like cross-
coupling reaction in water, under synthetically relevant
high concentrations of substrate (0.18 M), where large
emulsion droplets (5—20 pm) form an organic phase. Brij-
30 resulted in the highest degree of partitioning of organ-
ics in the aqueous phase, which was not predictable from
simple hydrophilic—lipophilic balances (HLB). The ionic
surfactant CTAC suppressed reactivity of the metallic
zinc surface with both neutral (TMEDA) and anionic
(carboxylate) reactants, presumably through competitive
chloride binding and concurrent cetrimonium coating, a
finding that may contribute to the reduced performance of
ionic surfactants in the bench-scale coupling reaction.

In order to react, reactants must be colocalized. Thus,
the understanding of partitioning in multiphasic reaction
systems underpins targeted reaction progress. Water—sur-
factant emulsions provide a promising and sustainable
medium for performing organic chemistry, while avoid-
ing the toxicity associated with organic solvents' and
have been applied in highly impactful applications from
academic to agrochemical to pharmaceutical synthesis.*
15 Unpredictable or irreproducible behavior, however, is
currently limiting progress.'®!” The complexity of these
systems has so far restricted understanding of partitioning
and thus of valuable mechanistic insight that may arise to
overcome irreproducibility challenges and aid in the de-
velopment of broader applications (Figure 1a).

a. Sustainable organic chemistry in water generates complicated emulsions
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Figure 1. a. Knowledge gap bridged through analytical
method development. b. Negishi-like cross-coupling reac-
tion in water.

With the high concentrations of substrates (0.1-1 M)
and surfactants (1-3 wt%) employed under synthetic con-
ditions, phase separation occurs:'*!®!° Larger emulsion
droplets (organic phase) contain high concentrations of
organic substrates and surfactant, and likely some wa-
ter;'®! simultaneously, the aqueous phase may contain
dispersed, individual micelles with organic substrates and
interior water,”*! or free organics. The mixed composi-
tion of both phases makes the concept of phase distinction
more complex. Both discrete micelles and emulsion drop-
lets have been previously imaged in situ in systems con-
taining representative reaction components, providing
support for these species under reaction conditions.?>?
Reactions can plausibly occur in both phases;** thus, in
any given system, it remains mechanistically unclear
which reaction steps occur where. While higher
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concentrations of reagents in a given phase (thermody-
namics) does not dictate that the reaction occurs in that
phase (kinetics), partitioning data provides a robust start-
ing point for improving reaction models.

Traditional analytical methods (e.g., NMR, UV-vis
spectroscopy) fail at measuring partitioning of reagents
due to ensemble averaging, lack of spatial resolution,
and/or insufficient measurement ability under the highly
concentrated conditions of synthetic reactions, which pro-
duce phase-separated, frothy, opaque emulsions. >>* Cal-
culation-based models'®?’ are similarly restricted because
they lack robust experimental data to employ as starting
points.

We became interested in exploring if fluorescence life-
time imaging microscopy (FLIM)**? could address this
gap in partitioning/colocalization knowledge by offering:
1) spatial resolution to differentiate emulsion droplets,
from aqueous phases, from solids, 2) production of a sig-
nal indicating composition, 3) operation close to native
synthetic conditions (including not requiring synthesis of
labeled versions of reactants or surfactants, and high con-
centrations), and 4) time resolution suitable for in situ
monitoring of system evolution. It is important to note
that the technique does not distinguish location between
organics dissolved in the aqueous phase inside of micelles
and dissolved in the aqueous phase outside of micelles,
but rather distinguishes partitioning between the bulk or-
ganic phase (emulsion droplets) and aqueous phase.

A Negishi-type cross-coupling reaction in water de-
veloped by Lipshutz served as inspiration for initial stud-
ies (Figure 1b).>>° This reaction contained three phases:
an organic phase, an aqueous phase, and solid metallic
zinc powder. The initial report identified PTS and other
nonionic surfactants as viable, and noted that reactions
also proceeded in pure water in the absence of surfactant,
albeit more slowly (reaching full consumption of sub-
strate only after 24 h rather than 8 h).’> The reasons for
surfactant-dependent outcomes remained, however,
poorly understood. These reactions progress through or-
ganozinc intermediates, which are typically hydrolyti-
cally unstable; the stability was attributed in part to the
chelation of the tetramethyl ethylene diamine (TMEDA)
to the presumptive organozinc intermediate.’>>!** Thus,
the surfactant’s impact colocalization of TMEDA, organ-
oiodide, and zinc, are relevant factors.

The FLIM strategy employed BODIPY imaging agent
1, harnessing its quenching, and thus change in fluores-
cence lifetime (7), in the presence of TMEDA and/or 2-
iodoethybenzene (Stern—Volmer constants: TMEDA =
6.8, 2-iodoethylbenzene = 4.3). Six surfactants com-
monly employed in synthetic reactions (PS-750M, Brij-
35, CTAC, Brij-30, TPGS, PTS) at 1.8 wt% in water, and
pure water were evaluated, at concentrations akin to those
reported by Lipshutz.>*
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Figure 2. a. TMEDA-only quenching of 1 and 2. b.
TMEDA increases solubility of 2-iodoethylbenzene in wa-
ter, leading to codependent partitioning. ¢. FLIM images
with ensemble concentrations 0.18 M TMEDA, 0.42 M 2-
iodoethylbenzene, 0.96 x 10° M 1.

Fluorescence lifetimes of BODIPY fluorophore 1, and
of its water-soluble TMEDA-deprotonated analog 2
quantitatively correlated with TMEDA concentration, as
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determined by FLIM (Figure 2a). The degree of quench-
ing was found to be surfactant-dependent even at 0 M
TMEDA, a finding attributed to differing microenviron-
ments caused by the surfactants, but accounted for within
each calibration curve. Calibration data were fit, allowing
interpolation of T for TMEDA concentrations between
measured data points. Under these substrate-free condi-
tions, no emulsion droplets were observed during imag-
ing, presumably due to the alternative presence of only
(smaller) micelles in the aqueous phase.

Next, a successful substrate from Negishi-like cross-
couplings, 2-iodoethylbenzene, was added, reaching en-
semble concentrations of 0.18 M TMEDA, 0.42 M 2-io-
doethybenzene, and 0.96 x 10° M 1 (Figure 2b). At this
low doping of ~1:40,000 imaging agent—substrate, 1 is
not expected to significantly alter the system, but rather
serve as a spectator that informs on the partitioning of
other components through its variable fluorescence life-
time. As shown in Figure 2c, these conditions produced
large, dark emulsion droplets (“the bulk organic phase”),
with fluorescent BODIPY carboxylate 2 preferentially
partitioned in the aqueous phase, as demonstrated by the
bright region outside of the droplets.

Now, the fluorescence lifetime of the aqueous phase
was a combined result of the TMEDA partitioning (previ-
ously measured as a standalone in Figure 2a) plus the 2-
iodoethylbenzene partitioning (nonpolar and nonhydro-
gen bonding, and thus expected to strongly partition into
the emulsion droplets in the absence of codependent ef-
fects of additional reagents and surfactant on aqueous
phase properties).

A “colocalization score” was defined as the difference
in T (caused by increased quenching) that occurred when
both 2-iodoethybenzene and TMEDA were present, com-
pared to that with TMEDA alone (i.e., colocalization
score = AT = T TMEDA only — T measured TMEDA and 2-iodoethylben-
zcnc)-

With this definition, a higher colocalization score cor-
responded to more 2-iodoethylbenzene in the aqueous
phase and thus more colocalization with TMEDA, and by
mass balance, to less 2-iodoethylbenzene in the bulk or-
ganic phase/droplet interiors. In contrast, a lower colocal-
ization score corresponded to the less colocalization of
TMEDA and 2-iodoethylbenzene in the aqueous phase
and more 2-iodoethylbenzene in the organic phase. Data
in Figure 2c show that all aqueous phases exhibited more
quenching than with TMEDA alone, as demonstrated by
positive colocalization scores (0.2—1.2), characterizing
solubility of 2-iodoethylbenzene. Limitations of the
FLIM approach included that t provided a composite ef-
fect from all possible quenching reactants rather than en-
abling teasing out quantitative contributions from each.

A significance of this data is that surfactants do not
just stabilize the emulsion droplets, but also substantially
impact phase composition through partitioning adjust-
ments. The trend of decreasing colocalization scores of
Brij-35, PS-750 M, TPGS, and PTS (0.9-t0-0.4) indicated

increasing amounts of 2-iodoethylbenzene partitioned out
of the aqueous phase and in the organic phase, which gen-
erally matched the increasing lipophilicity of the surfac-
tants as estimated by their respective hydrophilic—lipo-
philic balances (HLB).** Brij-30, with the smallest HLB
and the most lipophilic affinity, however, was an excep-
tion to this trend and instead exhibited the highest colo-
calization score, corresponding to the least 2-io-
doethylbenzene partitioning in the organic phase. This ex-
ception, and the lack of HLB analysis to account for back-
bone polarity,>**** underscore the importance of a meas-
urement technique rather than a simple HLB theoretical
approach.

Notably, the colocalization scores for PTS (0.4) and
pure water (0.2)—the conditions reported by Lip-
shutz>**—differed slightly, with pure water exhibiting the
lowest colocalization score and less reactants dissolved in
the aqueous phase and thus more (co)dissolved in the or-
ganic phase, as expected for the medium with the most
distinction in hydrophilicity/lipophilicity between its
phases. Yet, the overall reaction was reported to be slower
in pure water than in PTS. Given this partitioning data, a
possible interpretation of the bench-scale reaction out-
come is that in pure water, the organics are primarily col-
ocalized in the emulsion droplets, where overall chemical
reaction is slower. In PTS, the organics may be distributed
between emulsion droplets (slower reaction) and micelles
in aqueous phase (faster reaction), resulting in an overall
faster chemical reaction. The reasons for such kinetic dif-
ferences remain unknown and lie outside the scope of the
current partitioning study. The extent to which such a
model may assist in broader understanding of bench-scale
yields with many different surfactants, beyond the re-
ported PTS and water comparison,>*° remains to be ex-
plored.

Next, the partitioning at the zinc solid—solution inter-
face was examined (Figure 3a). Under oxygen-free con-
ditions, TMEDA, 2-iodoethylbenzene, and imaging agent
1 were added to four systems: two nonionic surfactants
(Brij-30 and PTS), ionic CTAC, or pure water. The reac-
tions were stirred to mix, and imaged by FLIM (¢ = 0).
Then, zinc powder was added at # = 5 min, the reactions
were stirred, and then monitored with time in the absence
of further stirring. Figure 3b shows FLIM images from
select timepoints for three of four systems; standard devi-
ations derive from duplicate experiments, showing repro-
ducibility of trends.
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a. Schematic of observed reactions upon Zn addition
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Figure 3. a. Schematic of reactions after the addition of zinc.
b. Zinc scavenging of TMEDA is time- and surfactant-de-
pendent. ¢. FLIM images.

An immediate increase in fluorescence lifetime (red
shift) in the aqueous phases of PTS, Brij-30, and in water
occurred upon zinc addition, attributed to unexpected
substantial scavenging of the TMEDA from the aqueous
phase and its coordination onto the zinc solids (Figure
3c). In contrast, the ionic surfactant CTAC appeared to
inhibit TMEDA coordination, plausibly though competi-
tive chloride coordination to zinc with concurrent cetri-
monium surface coating, as visible by the consistent
green color of the FLIM images at all timepoints. Con-
sistent with the idea that certimonim coating plays a role
in this surface passivation, a comparison experiment in

which NaCl was added to PTS did not result surface pas-
sivation, but addition of BusNCl did result in passivation.

To compare the surfactant-dependent degree of
TMEDA scavenging by zinc, a zinc-TMEDA colocaliza-
tion score was defined as AT =T 10 min — T at 0 min no zinc-
Comparison of PTS and pure water showed that water had
a higher Zn—-TMEDA colocalization score (2.1 vs 1.0), in-
dicating that TMEDA was scavenged at a somewhat
faster rate in water, whereas CTAC remained near un-
changed (0.1), indicative of its lack of scavenging.

A series of control experiments under otherwise simi-
lar conditions with zinc but in the absence of the 2-io-
doethylbenzene showed similar FLIM changes (or lack of
changes), demonstrating that the lifetime effects were not
caused by reaction between 2-iodoethylbenzene and zinc.
An additional control series, but to which zinc was not
added, remained at constant 7.

Finally, at #= 35 min, coordination of 2 was substantial
on the surfaces of zinc in pure water and PTS, as observed
by the bright blue/green outlines of zinc particles. Con-
sistent with the conclusion that CTAC passivates the zinc
surface against additional coordination, coordination of 2
with time did not occur in the CTAC system: the outlines
of the zinc particles remain unobservable.

The dramatic difference in reactions of the zinc sur-
face in the presence of the ionic surfactant CTAC may
contribute to the inefficiency of bulk reaction outcomes
with ionic surfactants as previously reported by Lip-
shutz,>% but alternative causes cannot currently be ruled
out.

In conclusion, colocalization of reactants is strongly
impacted by surfactant selection and co-reactant presence
and is characterizable by FLIM. Water-soluble organic
cosolvents (e.g., acetone, THF, or acetonitrile) commonly
added to synthetic systems may behave similarly to
TMEDA by increasing solubility of organic substrates
into the aqueous phase,'” setting up additional opportuni-
ties for competing reactions both inside emulsion droplets
and inside micelles'® that may ultimately occur with dif-
ferent rates and selectivities; reaction reproducibility'
may thus depend on the relative stability and homogene-
ity of these micellar (aqueous phase) and droplet (organic
phase) species. Brij-30 resulted in the highest colocaliza-
tion of organics in the aqueous phase, in contrast to that
predicted from a simple HLB analysis, highlighting the
importance of an experimental—rather than strictly theo-
retical—approach. The passivation of the zinc surface by
CTAC toward both TMEDA and 2 may reflect broader
passivation against reactants and thus underpin the re-
ported failure of ionic surfactants in the bench-scale
cross-coupling.’ These findings contribute mechanistic
understanding to surfactant selection in sustainable reac-
tion systems in water.
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