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Abstract of the Thesis

Mechanistic Studies of Organozinc Reagent Formation using Single-Particle Fluorescence
Microscopy

by
Tristen Kazumasa Soriano Tagawa
Master of Science in Chemistry
University of California, Irvine, 2021

Professor Suzanne A. Blum, Chair

Organozinc reagents are important tools for synthesis due to their highly nucleophilic
nature and their ability to participate in transmetalation reactions, such as in Negishi coupling.
Various methods for preparation of these compounds have been published, but the mechanisms of
these published synthetic routes still remain poorly understood. This thesis will focus on two
published methods for organozinc preparation and will document how fluorescence microscopy
can be used to investigate these syntheses in ways that cannot be elucidated by traditional
analytical tools.

One method of organozinc preparation involves the use of lithium salts, which can promote
the direct insertion of metallic zinc powder into an organohalide. Through a combined approach
of single-metal-particle fluorescence microscopy with *H NMR spectroscopy, it was found that
the effectiveness of different lithium salts toward solubilizing zinc-surface intermediates
establishes a previously unknown reactivity correlation that predicts the propensity of that salt to
promote macroscale reagent synthesis and also predicts the solution structure of the ultimate
organozinc reagent. This work unifies previously disparate observations under a single unified

mechanistic framework.



Another method of organozinc preparation involves the formation of an activated form of
Zn (0) by the reduction of ZnCl, with lithium naphthalenide, which coincidentally leaves behind
a LiCl byproduct. This activated zinc could then be added to an organohalide, directly forming the
corresponding organozinc. Our initial hypothesis speculated that this LiCl byproduct was effective
at rapidly solubilizing organozinc reagent off of the zinc surface. Whereas, salts that are known to
be ineffective at solubilization, such as NaCl, should not result in organozinc reagent being
released off of the surface. This was investigated by imaging these activated zinc particles on a
fluorescence microscope and by modifying the preparative procedure to form these zinc particles
with different salt byproducts (i.e., LiCl and NaCl). Both images of the Zn*-2LiCl and Zn*.2NaCl
showed absence of the oxidative addition intermediate which suggests that the rapid solubilization
step may depend on factors beside the salt byproduct.

Surface-bound reaction intermediates could not be possibly detected without an analysis
method with astronomically low levels of detectability. Fluorescence microscopy is this novel

method of instrumental analysis due to its high sensitivity and excellent spatiotemporal resolution.
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I. Introduction

Organometallic compounds are important reagents in a broad range of syntheses. The
nucleophilic nature of the carbon-metal bond allows for a wide variety of applications in synthesis.
Organomagnesium (Grignard reagents) are some of the most powerful and oldest tools in
synthesis.! However, expanding the organometallic toolbox beyond magnesium proves more
difficult with more conditions. For example, Knochel found that LiCl significantly enhances the
rate of direct insertion of the zinc metal in organohalides (Figure 1, top schematic).? This method
of forming organometallics was then expanded to indium,® manganese,* and aluminum?® using
lithium chloride and a multitude of other transition metal additives.® Expansion of the
organometallic toolbox allows for facile synthesis using a variety of methods, such as using
organozinc reagents as transmetalation partners for Negishi cross-coupling reactions.” However,
the mechanistic role of the additives required in forming these organometallic reagents was, until
recently,® unknown. Determining the mechanistic role of the additive would give further insight
into the salt effects in promoting oxidative addition with other metallic elements. While LiCl was
found to favorably alter reactivity of the organometallic reagents,® other salts, with the exception
of LiBr, have been reported to replicate the same effect.®°

While salt additives like LiCl were found to directly increase the yield of organometallic
reagents,?® alternative methods have been found to increase organometallic formation by means
of an activated form of the metal, without the need for an additive.!**® Rieke discovered that
forming zinc (0) by a reduction of ZnCl, with lithium naphthalenide results in a finely divided zinc
powder with a high surface area.* This activated form of zinc is extremely reactive and could be
utilized to form organozinc reagents directly from the corresponding organohalide (Figure 1,

bottom schematic).3-16 This method was also used prior to this study to form activated magnesium



as well.1*121 In some cases, this magnesium could be used in organomagnesium reactions that
were not possible with normal Grignard reagents, such as a 1-choloronorbornane.?> However, the
role of the Rieke metals in expediting organometallic formation remains poorly understood. There
are many proposed hypotheses such as the high surface area of the metal particles or the lack of
an oxide layer found on the surface.}”?® However, our current hypothesis for this phenomenon is
a direct result of our finding with LiCl in our previous studies on zinc,?*?® where LiCl remains
embedded within the zinc metal in the formation of Rieke zinc,. This LiCl exists amorphously with
the solid zinc!"?"2 and may possibly act as an agent for solubilization of the organozinc product

from the zinc surface.

R—Zn—X
R * LiCl
R—X X LiCl
Knochel o - >
(2006) THE
R—2Zn—X
* LiCl
) R——X
Rieke -
(1973) >

«2LiCl THF

Figure 1. Synthetic methods of forming organozinc reagents.

With traditional analytical techniques, solid-phase reaction intermediates in heterogeneous
reactions cannot be properly resolved in a reaction. Fluorescence microscopy allows us to gauge
information about the behavior of these intermediates due to the high sensitivity of the
technique.?®=® Using a combined single-metal-particle microscopy technique with an *H NMR
spectroscopy approach, we discover that different salts affect the solubilization of zinc surface
intermediates and can predict both the effect on rate acceleration in macroscale synthesis and the

solution structure of the organozinc reagent. This new synthetic knowledge provides theoretical



framework that unifies the understanding of previously disparate multiple steps of the salt-
mediated syntheses of organozinc reagents, making the effect of lithium salts on multiple steps
predictable under one model.

As a current work in progress, fluorescence microscopy can be used to resolve surface
intermediates on Rieke zinc to determine the defining characteristic of the activated metal that
facilitates facile organozinc formation. The formation of Rieke zinc can be configured to change
the alkali salt embedded within the metal, therefore, previously tested salts that fail to solubilize
organozinc product (such as NaCl) can be used to prepare Rieke zinc and hypothetically should

show surface intermediates if analyzed by fluorescence microscopy.

1. Single-Particle Studies of Organozinc Reagent Synthesis with Various Lithium Salts

A previous study by Feng® revealed that oxidative addition intermediates in organozinc
synthesis are observable by fluorescence microscopy with high sensitivity (Figure 2). The same
method for organozinc synthesis was utilized in this study to observe the effect of various lithium
salts. In this experimental design, imaging agent 1 is used as a probe for oxidative addition
reactivity on the surface of zinc particles. The imaging agent is composed of a BODIPY (boron
dipyrromethene) spectator core, a reactive carbon-iodide bond for oxidative addition, and a butyl
chain separating the BODIPY unit from the carbon—iodide site. Due to oxidative addition of 1, the
fluorophore accumulates on the zinc surface when left to react, leading to bright fluorescent
hotspots on the zinc surface that represent oxidative addition intermediate 2 bound to the zinc
surface. It is not yet clear whether the alkyl group and the iodide are bonded to a common zinc

atom. After the addition of lithium salt, microscopy images will show either a persistence or a



disappearance of the fluorescent hotspots, depending on the ability of the salt to solubilize the

intermediate into the organozinc solution species 3.

o <CZ_I 2%:

oxidative addition

20 h soak imaging agent, 1
THF then wash
Zn—X
| « LiCl
.| @
E— .
<3 min

oxidative addition solution
surface species 2 species 3

Figure 2. Schematic of the fluorescence microscopy experiments for mechanistic study of Knochel synthesis
of organozinc reagents. Inset: Imaging agent for oxidative addition.

In a collaborative study with Jess,?® we had examined the effects of various conditions in
organozinc synthesis using a combined fluorescence microscopy—H NMR spectroscopy approach.
My role in this study was to run the organozinc syntheses with LiF, LiCl, LiBr, and Lil and to
examine the zinc particles after alkyliodide addition by fluorescence microscopy, before and after
addition of the lithium salt. In the case of LiCl, LiBr, and Lil, fluorescent hotspots had either
completely disappeared or significantly dimmed 90-150 s after addition of salt, showing that these
salts were effective at solubilizing organozinc product. These results had mirrored the studies with
LiCl by Feng.2% In contrast, microscopy showed very little difference in fluorescence before and
after the addition of LiF, revealing that LiF is a poor salt at solubilizing the organozinc product.
The presence and then absence of oxidative addition intermediate is a phenomenon that has only

been visualized by our single-particle microscopy technique.
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Zn, (LiX) ‘
| Mesitylene, THF-dg Znl (-LiX)
1500 rpm, 2 h
4 (X =F, Cl, Br, I, OTf) 50r
5-LiX

Figure 3. Reaction scheme for *H NMR spectroscopy experiments. X = OTf was done by Kristof Jess.

To investigate the trend observed by fluorescence microscopy, we studied the conversion
of (2-iodoethyl)benzene (4) to its corresponding organozinc species 5 by *H NMR spectroscopy.
My role in this section of the study was to generate organozinc reagents with various salts LiX (X
=F, Cl, Br, 1) and a control experiment with no salt additive present (Figure 3). Jess had completed
the experiments with X = OTf. Substrate 4 was reacted with 1.4 equiv of zinc powder and 1 equiv
of LiX. In all experiments, it was evident that there were two sets of results. Both the LiF, LiOTT,
and control experiment with no salt showed low rates of conversion (50-62%) to the organozinc
product. In the second set, LiCl, LiBr, and Lil showed full conversion to the organozinc product.
These results correlate to our previously mentioned findings with the fluorescence microscopy
images, where the oxidative addition intermediate could be more easily solubilized with LiCl, LiBr,
and Lil. This observation provides evidence that the rate of conversion observed in macroscale
synthesis can be explained by the solubilization effect observed from microscopy experiments.

Furthermore, closer examination of the *H NMR spectroscopy data reveals prominent
differences between the two sets of salts that support structurally different reagents in solution. In
the set with LiF, LiOTf, and the no-salt control sample, o methylene protons exhibited at 0.53 ppm,
whereas the set with LiCl, LiBr, and Lil exhibited those same protons comparatively upfield at
0.38 ppm. In addition, the protons in the first set revealed first-order coupling patterns. whereas

the protons in the second set revealed second-order coupling patterns. These distinct coupling

5



patterns and chemical environments led to the conclusion that the salts exist as two distinct classes
of structural conformity. In the case of LiF or no salt, the organozinc reagent resembles a
monomeric structure RZnl, whereas in the case of LiCl, LiBr, and Lil, the organozinc reagent
resembles a neutral diorganozinc compound R2Zn*"=38, The stark difference in chemical
environments and coupling patterns between these two sets provide compelling evidence that the
two classes of lithium salts produce reactivity differences on the solubilization of intermediates
from the zinc surface.

The difference in solubilization of oxidative addition intermediates and accelerated
organozinc formation in macroscale synthesis can be explained by inherent properties of the
lithium salt. The anion of the salt must be able to coordinate to zinc to form a zincate, which boasts
high solubility. Anions with high propensities for coordination to zinc such as Cl, Br, and | are
able to better facilitate the solubilization step and dictate the final solution structure. Salts with low
solubility in THF, such as LiF*°, show low propensity of the anion to coordinate to the zinc surface
due to strong LiF bonds. The coordinating nature of the cation in solution is also an important
factor in the organozinc formation. Enhanced solubility of the organozinc product occurs because
of the propensity of the lithium cation to coordinate in THF, resulting in a complex
(THF)nLI[RZNnX2], which results in the release of the organozinc species from the surface, which

can then equilibrate into R2Zn + Li[ZnX3]*.
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Figure 4. Unifying theoretical and predictive model.

This combined fluorescence microscopy and *H NMR spectroscopy study shows that the
solubilization of the oxidative addition intermediate 2 correlated with the accelerated reaction in
the bulk synthesis of the organozinc reagent. The imaging of these intermediates, which were not
previously observed due to the insufficient quantities needed for traditional analytical instruments,
establish a connection with the observations from macroscale synthesis. The predictive power of
this fluorescence microscopy technique could be applied to other systems involving oxidative

addition reactions and enable rational development of organometallic reagents.

I11. Explaining the High Reactivity of Rieke Zinc

In our previous study?®, we had demonstrated the use of fluorescence microscopy as a tool
for preliminary analysis of the macroscale synthesis of organozinc reagents with various lithium
salt additives. At this point, single-particle fluorescence microscopy studies have only been used
to mechanistically study the formation of organozinc reagent using the method by Knochel?.
Decades earlier, however, Rieke found another method for organozinc formation which involved
the preparation of an activated form of zinc metal*>'*#!, This activated form of zinc, herein
referred to as Zn*, is a highly reactive and a facile tool in organozinc reactions'*'%42, Rieke had
then developed a toolbox of activated metals including magnesium?®®, nickel*3, copper**, and
cobalt?’. A complete rationale for the high reactivity of these Rieke metals in organometallic
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complex formation still remains to be formulated. In the generic preparation of Rieke metals, an
alkali metal reduces a metal halide salt, forming the Rieke metal and an alkali metal halide salt.
We hypothesize that the presence of a lithium salt byproduct in the formation of Rieke zinc
facilitates the high rate of organozinc formation in reactions from Zn* and organohalide substrates.
This lithium salt byproduct could plausibly act as a solubilizing agent for the final organozinc
product, congruent with the role of the lithium salt?*? in the method of organozinc formation by
Knochel?. We envisioned that using fluorescence microscopy, the presence or absence of oxidative
addition intermediates on the surface of the Rieke zinc particles could be visualized in a similar
method to our previous study with Jess?®. The salt byproduct effect on intermediate persistence could

then be studied directly.

O dr—
ZnCl, > Zn*s2MCl > ﬁ—znl

THF THF

Figure 5. Schematic preparation of Rieke zinc and subsequent reaction with fluorophore-tagged organoiodide
substrate. M = Li or Na. Fluorescent tag is the same BODIPY used in study with Jess?.

In the typical preparation of Zn*1°, lithium metal is first dissolved in a solution of 1.01
equiv of naphthalene in THF, forming a dark green lithium naphthalenide solution. After stirring
for 2 h, a solution of 1.75 equiv of ZnCl in THF is added dropwise into the lithium naphthalenide
while stirring. After the complete addition of ZnCl,, finely divided solid particles will form and
the mother liquor should revert back to a colorless solution. Larger Zn* particles can be generated
by increasing the speed of the ZnCl. addition; smaller particles can be generated by further
vigorous stirring after the addition. Rieke zinc should resemble fine black particles with varied

morphologies. These particles can then either be washed or used immediately for organozinc



synthesis. Since the LiCl byproduct is hypothesized to accelerate organozinc synthesis, this
synthesis was configured to generate different salt byproducts in the Zn* particles. For example,

sodium naphthalenide was used to generate Rieke zinc with the inclusion of NaCl byproduct.

with ineffective
salt byproduct
oxidative addition
I 24 hr soak surface species 2* %& - N CH
then wash CHa~_ 3
] 8 2
a THF % Zn—I control imaging
agent, 6

with effective * MX
salt byproduct ﬂ

solution

species 3* MX

Figure 6. Left: Schematic of the fluorescence microscopy experiments for Rieke zinc, Right: Control imaging
agent.

In this study, two forms of Zn* were prepared for analysis by fluorescence microscopy,
which were Zn* with the LiCl and NaCl byproduct. These two forms of Zn* will be referred to as
Zn*:2LiCl and Zn*.2NaCl, respectively. It should be noted that the Zn*-2NaCl is present mostly
as a black suspension in THF which was vigorously washed with THF and yielded only a small
amount of very fine black particles. Both these samples were divided in half and were subjected
to a 24 h soak in a solution of either 1 or 6 in THF (Figure 6). Imaging agent 6 acts as a control
since there is no carbon-iodide bond present, so oxidative addition cannot occur. This method was
adapted from the previous method for BODIPY treatment of zinc metal by Feng, and it was found

that reducing the concentration of fluorescent marker to 2 UM was ideal for microscopy study of



Zn* particles. After the treatment of Zn* in imaging agent, the supernatant solution was removed
and Zn* was thoroughly washed with THF. These Zn* particles were then analyzed by
fluorescence microscopy.

One caveat that was discovered during the optimization of microscopy was the choice of
solvent under microscopy analysis. Although the reaction and washes were all executed in THF,
the Zn* was ultimately transferred into hexanes during the microscopy analysis. When the Zn*
particles are left in THF for a prolonged period of time (>5 min), the mother liquor would turn
slightly green, indicating fluorescent marker in solution. This was problematic since it caused a
high background and poor contrast in the microscopy images. Using a solvent with lower solubility
of the imaging agent, such as hexanes, led to less excretion of imaging agent from the Zn* particles,
which led to improved image contrast. This hexane imaging protocol was later adopted by other
group members for their own projects.

We hypothesized that the reagent Zn*-2LiCl should not have the oxidative addition
intermediate 2* present on the surface and the microscopy images after soak in 1 and 6 would
show little or no fluorescence in both cases. In contrast, reagent Zn*.2NaCl should show surface
species 2* since NaCl is an ineffective salt at solubilization, therefore microscopy images of
Zn*2NaCl soaked in 1 should show significant fluorescent hotspots compared to the control soak
in 6.

Fluorescence microcopy analysis of the 4 conditions, however, revealed similar levels of
fluorescence between the Zn* soak in 1 and the control 6 for both Zn*-2LiCl and Zn*.2NaCl
(Figure 7). Due to the random 3-dimensional nature of the Zn* particles, obtaining a proper focus
on the microscope proved difficult. Figure 7 reveals that oxidative addition intermediate is not

present in either the type of Zn*, since samples all show the same amount of fluorescence as their
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corresponding control. The fluorescent spots present in all of the images are most likely explained
by fluorophore trapped within crevices of the Zn* particles. In scanning electron microscopy of
Rieke metals, the particles have complicated, sponge-like textures with high surface area®*. Over
the 24 h BODIPY soak, imaging agent may have diffused into the microscopic cracks of the Zn*

and may not have been accessible to removal during the washing process.

M = Li M = Na
Zn**2MClI > SHis
THF

Figure 7. Fluorescence microscopy imaging of Rieke zinc particles after soaking in 2 uM BODIPY solution in
THF for 24 h. Laser power in all experiments were kept constant. Brightness settings in ImageJ was set to
[75]100] for the M = Li experiments and [100|200] for the M = Na experiments.

%CH:;

THF
(Control)

Zn**2MCl

To confirm that the fluorescence was not due to oxidative addition intermediate, additional
experiments were done where LiCl salt was added to the Zn* particles after soaking in BODIPY
solution and subsequent washing (Figure 8). Fluorescence should disappear completely if
oxidative addition intermediate is present, but fluorescence should persist after addition of salt if
the fluorescence is not due to an intermediate surface species.

Since there is no intermediate present on the Zn* particles in either case, this could be an

indication that the solubilization step in oxidative addition occurs so quickly, that the intermediate

11



cannot be detected. This could be attributed to the high surface area of Zn* which could facilitate
release of the organozinc reagent from the surface of the metal. Inherent to the morphology of Zn*,
the activation energy for the solubilization step in oxidative addition of substrates could be

significantly lower than that of normal zinc metal.

%I

THF

Zn** 2LiCl 0.2 mmol LiCl

|

Y

2 FCH3

Zn*« 2LiCl >
THF

0.2 mmol LiCl

Y

30 ym

30 pm

Figure 8. Fluorescence microscopy imaging of Zn - 2LiCl particles after soaking in 2 UM BODIPY solution in
THF for 24 h, before and after the addition of LiCl salt. Laser power and brightness was kept constant between
all 4 images. Brightness setting in ImageJ was set to [75]200].

The lack of an oxide layer and high surface area on the Rieke metal surface could also
explain the high levels of fluorescence found in experiments with Zn* soaked in 1 and control
imaging agent 6. It should not be possible for the control fluorescent marker to perform oxidative
addition, however, there is still fluorescence present on these control experiments. Substrate 6
could possibly be attaching to the surface of the Zn* by means of physisorption. On normal zinc
metal, physisorption of imaging agent onto the zinc surface is not observed in significant quantities.

However, this could be due to the ZnO layer and limited surface area that is present on commercial

12



zinc powders. Since Zn* does not have an oxide layer present and has more surface area, this could
possibly lead to a lower barrier for attachment to the zinc metal, which could explain the
fluorescence seen in the control samples.

While this study is still a work in progress, there are certainly other conditions for
organozinc formation with Zn* that should be tested. Other lithium halide salts have yet to be
tested. Salts such as LiBr and Lil were expected to be effective at solubilizing the organozinc
reagent, but since it appears as rapid solubilization is due to the morphology of the Zn* rather than
the salt byproduct, then we should expect to see Zn*-2LiBr and Zn*-2L.il to have little difference
from Zn*.2LiCl or Zn*-2NaCl. We had attempted to image intermediates in the case of Zn*-2LiF,
however the insolubility of ZnF, in THF during the Zn* preparation process proved difficult and
presented unclear results. It was also unknown if the particles prepared were actually the desired
Zn*2LiF, however this could be characterized by methods such as X-ray photoelectron
spectroscopy. Use of other alkali salts besides lithium or sodium have yet to be studied as well. It
is possible to prepare Zn* with potassium metal*!, and the preparation of Zn*-2KCI could lead to
a more desirable morphology of Zn* particles since naphthalene is not needed. Our lab has also
invested in a confocal microscope which will be received after the completion of this thesis, which
could provide better resolution of fluorescent hotspots on Zn* due to enhanced imaging ability in
3D.

Overall, fluorescence microscopy has been used to determine that the solubilization step in
oxidative addition of organohalide substrates is not accelerated by the alkali salt byproduct present
in the Rieke metal. As far as we currently know, this is the first instance of Rieke metals imaged
using singe-metal-particle fluorescence microscopy. It was initially believed that the mechanism

of organozinc formation was identical to that characterized by Feng,® but the absence of oxidative

13



addition intermediate when Zn* particles prepared with ineffective salts were no different from

fluorescence observed from the control fluorophore.

IV. Conclusion

The single-particle fluorescence microscopy technique utilized in both mechanistic studies
of organozinc formation proved useful for observing the presence and absence of elementary steps
which could not be found in other traditional analytical tools. The high sensitivity of fluorescence
microscopy enabled the detection of oxidative addition on the surface of the Zn particles which
could not previously be observed due to the lack of significant quantity on the metal surface. These
sub-ensemble measurements also revealed the non-uniformity of fluorophore-tagged organic
substrates interacting with the zinc surface.

We found that the choice of salt in the synthesis by Knochel? plays significant role in the
solubilization step of the organozinc reagent and the conversion rate and structure in the
macroscale synthesis. The fact that the analysis by fluorescence microscopy and *H NMR
spectroscopy sorted the salts in the same two sets showed how the elementary step of solubilization
effected the conversion and structure in the bulk synthesis.

Rieke zinc does not appear to accelerate the rate of organozinc formation in a similar
manner to the mechanism found by Feng. Instead of the alkali salt byproduct acting as an agent
for solubilization of the ultimate organozinc reagent, it appears as if the solubilization rapidly
occurs despite the presence of ineffective salts as a byproduct of the Rieke zinc formation.

Fluorescence microscopy has proved to be a useful tool for observing substances with low
levels of detectability. These studies could be further extended to observing intermediates in other

systems where oxidative addition occurs on a surface. These studies have aided in pioneering a
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novel and highly sensitive analytical technique with excellent spatiotemporal resolution and could

prove useful in addition to traditional methods of analysis.
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Appendix 1: General Information
All manipulations were carried out under inert atmosphere using dried glassware unless otherwise
noted. Inert atmosphere was nitrogen, unless Li metal was used (mainly for the Rieke zinc
experiments), in which case Argon was used. All chemicals were used as received from
commercial sources unless otherwise noted. HPLC grade THF, hexanes, and toluene were
purchased from Fisher Chemical and dried by passage through an alumina column under argon
pressure on a Seca Solvent System (Glass Contour), or by vacuum-transfer from sodium after
drying overnight at 100 °C in a sealed Schlenk tube. Zinc powder (Strem, 325 mesh, 99.9%) was
dried in vacuo with applying heat from a heat gun until a constant pressure of ca. 50 pbar. Lithium
chloride (Sigma-Aldrich), lithium fluoride, lithium bromide (both Alfa Aesar), lithium iodide
(Acros), zinc chloride (EMD Millipore Sigma), and zinc fluoride were dried in a Schlenk tube in
vacuo with repeated cycles of applying heat from a heat gun and flushing with nitrogen until a
constant pressure of ca. 20 ubar at heating was maintained. Trimethylsilyl chloride (Aldrich) was
dried by stirring over CaH> for 24 h and vacuum transferred. Sodium metal (Alfa Aesar) and
lithium rods (Sigma-Aldrich) were stored in glovebox under argon atmosphere. Naphthalene was
purchased from Fisher Chemical. THF-dg was dried with sodium overnight at 120 °C in a sealed
Schlenk bomb tube and vacuum transferred.
1.1 Microscope Parameters

Fluorescence microscopy imaging for the solubilization experiments (section 2.1) was
performed with an IX71 inverted microscope (Olympus Corp.) and a 60x oil-immersion objective
with a 1.49 numerical aperture. Samples in experiments described in section 2.1 (solubilization
experiments) were illuminated with the 488 nm line of an Ar/Kr ion laser (Coherent Inc.) with

power above the objective ca. 0.3-0.4 mW. Illumination of sample was conducted under
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conditions of widefield EPI fluorescence. Samples were imaged with a C9100-13 electron
multiplier CCD camera (Hamamatsu Photonics). The CCD chip was a black-thinned electron
multiplication type with an effective 512 x 512 array of pixels and pixel width and height of 0.267
pum.

Fluorescence microscopy equipment was upgraded before the Rieke zinc experiments
started (section 4.1-4.2). Samples were, again, using the same Olympus microscope and an oil-
immersion, 60x objective with a 1.49 numerical aperture. Samples on fluorescence microscope
were illuminated with the 488 nm line obtained from a solid-state laser stack (Intelligent Imaging
Innovations). Samples were imaged with a CMOS Prime 95B camera (Photometrics). The
Backside Illuminated Sensor (95% quantum efficiency) has an effective 1200 x 1200 array of
pixels. The pixel size was 11 um, which with the 60x magnification, resulted in each pixel in the
acquired images representing an area of 115 x 115 nm. Time lapses were obtained at gain = 1, 100
ms exposure, with intervals every 1000 ms.

The focus of the microscope was changed with a z-axis controller (MS-2000, Applied
Scientific Instruments, Inc.).

Reaction cells were constructed from a 4 mL screw-cap vial by cutting the bottom of the
vials and adhering them to a prepared glass cover slip with Devcon Epoxy as previously reported.t
The epoxy was allowed to cure overnight and then brought into the glovebox. Glass pockets were

made from Pasteur pipettes as previously reported.®
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Appendix 2: Solubilization Experiments (Fluorescence Microscopy)

All of the following manipulations were done in a nitrogen-filled glovebox. To prepare the 2.0
mM BODIPY stock solution, BODIPY 2 (1.7 mg, 4.0 umol) was dissolved in THF (2.0 mL).

2.1 Salt Addition Experiments

Figure S1 schematically shows the procedure to obtain the microscopy images. A widefield
microscopy approach was selected because it acquires the full field of view image at the same time.
This approach is well-suited to viewing the behavior of multiple zinc particles at the same time.
(In contrast, confocal microscopy involves scanning the sample during image acquisition, results
in different parts of the image being acquired at different times.) Zinc (75 mg, 1.2 mmol) was
weighed in a 4 mL screw-cap vial and treated with THF (1 mL) and TMSCI (1 drop), consecutively,
and then the vial was capped and agitated. After 2 h soaking at room temperature the solution was
removed by syringe and the powder washed with THF (3 x 1 mL). After the last wash and removal
of the washing solution, the powder was treated with the 2.0 mM stock solution of 1 (10 drops),
the vial was capped and agitated (A, Figure S1). This mixture was allowed to soak at room
temperature for 20 h. After that time, the solution was removed by syringe and the powder washed
three times with THF (3 x 1 mL). After the last wash and removal of the washing solution,

additional clean THF (3 mL) was added (B).
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Figure S1. Schematic procedure to obtain microscopy images. The same supplier and mesh of zinc particles were used as
in the reported synthetic procedure by Knochel, allowing detection of the heterogeneity of reactivity germane to the “real”
synthetic reaction. This heterogeneity involved a range of particle sizes, shapes, and chemical compositions. These particles
reacted differently, and even different locations on the same particle were found to vary significantly in their reactivity, as
detected as a range of brightness and distribution of fluorescent intermediate 2. This distribution is uniquely revealed by the
sensitivity and spatial resolution of the microscopy approach. This heterogeneity is depicted schematically in this figure as
different sizes, shapes, and brightness of the particles.

After the first time-lapse prior to salt addition was taken, the microscopy vial was inverted ten
times to distribute the salt into the imaging volume and then agitated (F). This action rearranges
all particles making it impossible to find the exact same particles before and after salt addition.
Thus, a new region of the sample was examined. Nevertheless, clear trends are visible across entire
samples, which are fully reproducible in triplicate experiments. The next time-lapse was started at
t = 90 s after salt addition, which was just after the time it took to place the vial on the microscope
and refocus the sample (G). For the time-lapse, the same parameters as described above were used.

Using ImageJ to set display conditions for all images, all images in this series are displayed
with the same brightness and contrast settings to allow for direct comparison. From the center of
the time lapse, an area of 300 x 300 pixels was cropped for display. One frame was chosen that

was the best representation of data from the whole video. All experiments were run in triplicate.

25



20h

7h soak

then
wash

Region

26




LiF
New
Region

|

LiCl
New
1 Region
20h
soak
€0 then
wash

LiBr
New
Region

25 um

Lil
New
Region

I.

Figure S2. Results from the first, second, and third runs of the salt addition experiments. All images are displayed at identical
brightness/contrast settings showing the variation in brightness between samples. Although absolute brightness was different
between samples, reflecting the heterogeneity of the samples, the same trend for each salt before and after addition is
observed in all triplicate runs. The pictures on the right were taken 90 — 150 s after salt addition. The image after Lil should
be regarded with care due to significant fluorescence quenching of iodide.



Appendix 3: NMR Experiments

3.1 Purification of (2-lodoethyl)benzene

To remove iodine, (2-iodoethyl)benzene (Sigma-Aldrich, 97%) was dissolved in ethyl acetate, and
shaken with a saturated aqueous Na>S»Os3 solution. The aqueous layer was extracted (3 x ethyl
acetate) before the combined organic extracts were dried over Na2SO4 and the solvent was then
evaporated by rotovap. Under nitrogen atmosphere (2-iodoethyl)benzene was added to Schlenk
flask that was charged with a stir bar and CaHz and stirred overnight to remove water that was not
removed during the Na,SQOj4 step. During the first 2 h the flask was kept under dynamic nitrogen
to allow for escape of H, and afterward it was kept under static nitrogen. After this process, it was
fractionally distilled.

3.2 Preparation of the 0.1 M Stock Solution of (2-lodoethyl)benzene

A stock solution in THF-ds with the substrate (2-iodoethyl)benzene (0.1 M) and mesitylene as
internal standard (0.1 M) was prepared. The following shows an example procedure to prepare 3.5
mL of this stock solution: All of the following manipulations were done in a nitrogen-filled
glovebox. Mesitylene (42.1 mg, 0.350 mmol) and (2-iodoethyl)benzene (81.2 mg, 0.350 mmol)
were weighed in separate vials; (2-iodoethy)benzene was weighed in the glass vial with the help
of a Pasteur pipette. To the mesitylene vial, 1.0 mL THF-ds was added and after that the solution
was transferred by Pasteur pipette to the vial of (2-iodoethyl)benzene. This rinsing procedure was
repeated once again with 1.0 mL and once with 1.5 mL THF-ds (total amount of THF-dg: 3.5 mL).
The vial of the resulting stock solution was tightly capped.

3.3 'H NMR Experiments

In a nitrogen-filled glovebox, one 4 mL screw-cap vial was charged with zinc (4.6 mg, 0.070

mmol) and a stir bar. Another vial was charged with the corresponding LiX salt [1.3 mg (LiF), 2.1
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mg (LiCl), 4.3 mg (LiBr), 6.7 mg (Lil), 7.8 (LiOTf); 0.050 mmol]. My role in this study was to
perform experiments with LiF, LiCl, LiBr and Lil for 2 hours at 1500 rpm. First, the 0.1 M stock
solution (0.50 mL, i.e., 0.050 mmol substrate and mesitylene) was added to the vial with the lithium
salt and agitated until dissolution (LiF gave a fine suspension only; LiCl needed to be shaken
vigorously for about 3 min for complete dissolution; LiBr, Lil and LiOTf dissolved rapidly). This
mixture was then added to the zinc vial, which was then tightly capped and placed in a metal block
on top of a magnetic stirrer to stir without heating at a starting ambient temperature (2629 °C) for
1 or 2 h, with stirrer speed of 200 rpm or, in case of stirrer speed of 1500 rpm, the batch of vials
was placed in an otherwise empty small beaker (but including a tissue wipe for stability, Figure
S4). The beaker was fixed ca. 3 cm above the stir plate to exclude unintentional warming of the
sample due to the motor in the magnetic stirrer. After the noted reaction time the stirring was
stopped. To remove residual zinc metal powder, the mixture was filtered through a filter pipette, a
pipette stuffed with a small plug of Whatman GF/B glass microfiber filter, and the filtrate was
expelled directly into an NMR tube. The NMR tube was sealed and removed from the glovebox,
and spectra were acquired on a Bruker DRX500 spectrometer.

3.4 Integration Values

The following Table S2 shows the integration values and the calculated conversion from the NMR
spectra shown in Figure S6 to Figure S11. Conversion was calculated from the integration values
of substrate and the corresponding stock solution for that experiment: [1-
(Integrationsubstrate/ INtegrationstock soiution)]. In cases marked ‘“>99%”, the amount of remaining
starting material was so low as to not give meaningful integration by spectroscopy, leading to the

“negative” integration values noted, even after baseline correction.
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Table S1: Values of NMR integration and calculated conversion. My only role in this study was for entries 1-5.

Entry Experiment Integration Conversion [%]:["]
valuel?
Stock Solution (A) 1.9276 -
1 Zn only, 1500 rpm, 2 hours 0.8254 57
2 LiF, 1500 rpm, 2 hours 0.8496 56
3 LiCL 1500 rpm, 2 hours 0.0119 99
4 LiBr, 1500 rpm, 2 hours 0.0154 99
5 LiI, 1500 rpm, 2 hours -0.0076 >99
6 [L1OTt, 1500 rpm, 2 hours 0.7322 62

[a] Methylene protons on iodine (a protons) were integrated (integrated region: 3.416-3.309 ppm) and referenced
to the mesitylene-CHs signal (integrated region: 2.391-2.050 ppm), which was set to 9 protons. [b] Calculated
from the integration values of substrate and the corresponding stock solution for that experiment: [1-
(Integrationsubstrate/ Integrationstock solution)].
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3.5 H NMR Spectra (Stock Solution Experiments)
Zn, (LiF or LIOTf)

I mesitylene, THF-dg Znl
stirrer speed, time

4

5 HO ©A0H3
I mesity%;r;el_l)'l('HF-dg Zn
’ = 1/2 | S-1
©/\/ stirrer speed, time ©/\/ A@
X=Cl, Br,1 * LilZnX4]
5-LiX
All spectra were referenced to the high field residual proton signal of THF-ds: 0 = 1.72 ppm, at 500

MHz. Signals observed (br: broad, s: singlet, t: triplet, g: quartet, m: multiplet, at: apparent triplet):

2-(lodoethyl)benzene (4): 7.28-7.22 (m, 2H, aromatic), 7.22—7.16 (m, 3H, aromatic), 3.40-3.34 [m
(AAXX"), 2H, CH2-1], 3.16-3.11 (at, 2H, CH>—Ph) ppm.

5:7.25-7.21 (m, 2H, aromatic), 7.17-7.13 (m, 2H, aromatic), 7.03-6.99 (m, 1H, aromatic), 2.81 (at,
2H, CH>—Ph), 0.53 (at, 2H, CH>—Zn) ppm.

5-LiCl: 7.21-7.16 (m, 2H, aromatic), 7.12—7.08 (m, 2H, aromatic), 6.98-6.93 (m, 2H, aromatic), 2.80—
2.74 [m (AAXX"), 2H, CH>—Ph], 0.40-0.36 [m (AA'XX"), 2H, CH>-Zn] ppm.

5-LiBr: 7.21-7.16 (m, 2 H, aromatic), 7.12-7.08 (m, 2H, aromatic), 6.97-6.93 (m, 2H, aromatic), 2.79-
2.73 [m (AA'XX"), 2H, CH2—Ph], 0.41-0.36 [m (AA'XX"), 2H, CH2—Zn] ppm.

5-Lil: 7.21-7.16 (m, 2 H, aromatic), 7.12—7.06 (m, 2H, aromatic), 6.97-6.92 (m, 2H, aromatic), 2.78—
2.73 [m (AAXX’), 2H, CH2—Ph], 0.42-0.36 [m (AA'XX"), 2H, CH>-Zn] ppm.

Ethylbenzene (S-1): 2.61 (q, 3Jun= 7.7 Hz, 2H, CH>), 1.20 (t, *Jun = 7.6 Hz, 3H, CH3) ppm. Aromatic
signals not identified.

Mesitylene: 6.75-6.73 (m, 3H, CH), 2.22-2.21 (m, 9H, CHz) ppm.
THF-d7: 3.58 (br. m), 1.72 (br. m) ppm.
water: 2.46 (S) ppm.

silicone grease: 0.11 (S) ppm.

31



,'H.,. | S O W |

g | [ S T R B

LiF

' /S N R S B |
Zn only

J“l_A_J I Jl “ J]l J

J Stock Solution A
) it |

e ey
7 6 5 4 3 2 1 ppm]

Figure S3: Full *H NMR spectrum (500 MHz, THF-ds, 300 K) of experiments with Stock Solution A. Reaction conditions:
1500 rpm, 2 hours. My role in this figure was performing the experiments for all conditions, except for LiOTf.
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Appendix 4: Rieke Zinc Microscopy Experiments
All of the following manipulations were done in an argon-filled glovebox. To prepare the 2.0 uM
BODIPY stock solution, 0.1 mL of the 2 mM BODIPY 1 solution (previously made in section 2)
was diluted with 0.9 mL of THF to yield a dilution of 0.2 mM. This dilution was then diluted again
by a factor of 100 (0.02 mL of 0.2 mM solution diluted with 2 mL THF).
4.1 Preparing Rieke Zinc
4.1.1 Zn*2LiCl
Rieke zinc with LiCl byproduct was synthesized by reducing ZnCl, with Li naphthalenide.'®®
First the Li naphthalenide was generated under argon atmosphere. The Li (20.6 mg, 2.88
mmol) was cut from a lithium rod with metal spatula, with oxide layer cut from metal beforehand,
and charged into a 20 dram borosilicate glass scintillation vial along with a Pyrex® encapsulated
stir bar. (Pyrex® is preferred because lithium metal can react with Teflon® coated stir bars.) Ina 1
dram scintillation vial, naphthalene (373.0 mg, 2.910 mmol) was dissolved with 1.0 mL THF. The
resulting naphthalene solution was transferred into the 20 dram vial of Li with a Pasteur pipette.
The 20 dram vial and pipette were rinsed with 0.5 mL THF and the rinse was delivered into a 20
dram vial. The 20 dram vial was then sealed with an open-top polypropylene cap lined with
PTFE/silicone. The 20 dram vial was then placed on stir plate and was stirring speed was gradually
increased to 500 rpm and the resulting dark green solution was allowed to stir for exactly 2 h.
Careful: Rapid increase in stirring speed or prolonged stirring can result in glass on the stir bar or
the vial weakening and possibly shattering! A separate 1 dram scintillation vial was charged with
anhydrous ZnCl (259.2 mg, 1.902 mmol), which was then fully dissolved in THF (1.5 mL) with
the aid of a Pasteur pipette. After the Li naphthalenide solution had stirred for 2 h, the ZnCl;

solution was then loaded into a 3 mL Norm-Ject™ plastic syringe and then slowly added dropwise
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into the 20 dram vial while continually stirring over 5 min. The solution in the 20 dram vial turned
colorless, with finely divided black particles of Zn*-2LiCl after complete addition of ZnCl,. The
particles were left to stir for 30 min more in order to obtain finer particles for optimal microscopy
imaging. The stirring was then stopped and the supernatant THF solution was then removed with
a Pasteur pipette and the Zn* particles were then washed with 3 x 3 mL aliquots of THF solution
(suspension of Zn* was allowed to quickly settle between washes) before being left stored in a vial
under clean THF (3 mL) for up to 1 week.

4.1.2 Zn*2NaCl

Rieke zinc with NaCl byproduct was prepared in an identical fashion to the previous Zn*-2LiCl
procedure.® However, this was a very low-yielding method of producing Zn*-2NaCl particles
suitable for microscopy.

Under nitrogen or argon atmosphere, Na (71.8 mg, 3.12 mmol) was cut from a chunk of
sodium metal with a metal spatula, with the oxide layer cut from the metal beforehand, and charged
into a 20 dram scintillation vial, along with a Teflon®-coated stir bar. Ina 1 dram vial, naphthalene
(405.4 mg, 3.163 mmol) was dissolved with 2.5 mL THF. The resulting naphthalene solution was
then transferred into the 20 dram vial of Na with a pipette. The 1 dram vial and pipette were rinsed
with 0.5 mL THF and the rinse was delivered into the 20 dram vial. The 20 dram vial was then
sealed with an open-top polypropylene cap lined with PTFE/silicone. The 20 dram vial was then
placed onto a stir plate and the stirring speed was gradually increased to 500 rpm. The resulting
dark green solution was allowed to stir for 2 h. Another clean 1 dram glass vial was charged with
anhydrous ZnCl, (245.9 mg, 1.804 mmol) and fully dissolved in THF (2.0 mL). The ZnCl; solution
was then loaded into a 6 mL Norm-Ject™ plastic syringe and then quickly added into the 20 dram

vial of Na naphthalenide while continually stirring. The resulting Zn*-2NaCl will form mostly as
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a black suspension with some finely divided particles. The whole ZnCl; solution was added all at
once in order to obtain some sizable particles at the bottom of the vial. The particles were then left
to stir for 30 min more in order to obtain appropriately sized particles for imaging. The stirring
was stopped and most of the supernatant solution with Zn* suspension was then removed with a
Pasteur pipette. The fine Zn* particles were washed with 3 mL aliquots of THF until supernatant
solution remained mostly colorless (the amount of washes with THF varied for each preparation,
roughly 7-10 washes. Careful: Zn* particles can be very difficult to see. A small amount of
Zn*2NaCl (roughly 5-10 mg) remained and was stored under clean THF (3 mL) for up to 1 week.
4.1.3 Zn*2LiF

Zn* with LiF byproduct was synthesized by reducing ZnF, with Li naphthalenide. Synthesis of
Zn*2LiF was adapted from LiCl counterpart, however, adjustments were made to account for low
solubility of ZnFz in THF. As far as we know, this is currently the first reported synthesis of Rieke
zinc with LiF as a salt byproduct.

First, Li naphthalenide was generated under an argon atmosphere. The Li (19.3 mg, 2.78
mmol) was cut from a lithium rod with a metal spatula, with the oxide layer cut from the metal
beforehand, and charged into a 20 dram borosilicate scintillation vial along with a Pyrex®
encapsulated stir bar. In a 1 dram scintillation vial, naphthalene (360.7 mg, 2.814 mmol) was
dissolved with 1.0 mL THF. The resulting naphthalene solution was transferred into 20 dram vial
with a Pasteur pipette. The 1 dram vial and pipette were rinsed with 0.5 mL THF and the rinse was
delivered into 20 dram vial. The 20 dram vial was then sealed with a polypropylene cap. The 20
dram vial was then placed onto a stir plate and stirring speed was gradually increased to 500 rpm.
The resulting dark green solution was allowed to stir for exactly 2 h. Careful: Rapid increase in

stirring speed or prolonged stirring can result in glass on the stir bar or the vial weakening and
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possibly shattering! A separate 20 dram glass vial was charged with anhydrous ZnF, (165.0 mg,
1.596 mmol) and THF (1.5 mL). Note: ZnF, does NOT dissolve in THF. After the Li naphthalenide
solution had stirred for 2 h, the resulting solution was transferred by Pasteur pipette into the 20
dram vial of mostly undissolved ZnF, in THF. The stir bar was also transferred. The solution was
then allowed to stir at 500 rpm for 1 h. The resulting Zn* appeared mostly as a suspension with
some fine particles, similar to the appearance of Zn*.2NaCl after addition of ZnCl; salt. The
stirring was stopped and most of the supernatant solution with Zn* suspension was removed with
a Pasteur pipette. The remaining Zn* particles were washed with 5 x 3 mL aliquots of THF until
the supernatant solution remained colorless. A small amount of Zn.2LiF (roughly 5-10 mg)

remained and was stored under clean THF (3 mL) for up to 1 week.
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4.2 BODIPY soak of Zn*2MX Particles
Previously prepared Zn* particles (with any salt byproduct) with its supernatant THF solvent was
transferred by Pasteur pipette into a 1 dram scintillation vial; Only about 1-5 mg was needed,
enough to cover approximately 1/8 of the bottom of the vial. The suspension settled quickly (<30
s) and the supernatant THF was then removed with a pipette. A dilute solution of fluorescent
imaging agent 1 in THF was pipetted directly onto the Zn* particles (10 drops, 2 pM). The Zn*
particles were then allowed to soak in fluorescent solution for 20-24 h. Once the soak was complete,
the supernatant solution was removed with a pipette and Zn* was washed with THF (3 x 1 mL).
After washes, the vial of Zn* remained uncapped in the argon—filled box, which was allowed for
drying of any residual THF (5 min). Dry hexane (1 mL) was pipetted into the Zn* vial. A pipette
was then used to suspend the Zn* particles in the hexanes and to transfer the suspension into a
prepared microscopy vial.

Rieke zinc samples were separately subjected to soaking in fluorescent imaging agent 6 for
a control study. The same method mentioned in the previous paragraph was used for these control
experiments, with the exception that a solution of 6 in THF (10 drops, 2 uM) was used in place of
1. The control sample was run at the same time with the same batch of Zn* for the same amount
of time as the sample soaked in 1.

Microscopy vials containing both the Rieke Zn* samples after soak in 1 and 6 were capped,
removed from glovebox, and placed on the microscope.

Using ImageJ to set display conditions for all images, all images of the same batch of Zn*
are displayed with the same brightness and contrast settings (specific settings shown in Figure S4)
to allow for direct comparison. One frame was chosen that was the best representation of data from

the whole video. The experiments with Zn*2LiCl and Zn*.2NaCl were run in triplicate and
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duplicate respectively (in addition to first run shown in the manuscript, Figure 7, see Figure S4 for
duplicate and triplicate data). One experiment was performed with Zn*.2LiF, but no fluorescent
hotspots were visible on Zn* particles and it was difficult at the time of the experiment to determine

if the desired Zn* product and salt byproduct had formed.
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Figure S4. Results from the duplicate and triplicate experiments with Zn*-2LiCl and a duplicate experiment for Zn*.2NaCl.
Images are displayed at identical brightness/contrast settings between corresponding samples and controls. Triplicate run
for Zn*2NaCl and Zn*-2LiF is still needed as both are difficult to prepare. The following table provides the various imaging
setting for the above experiments.

Image | Laser Power (% | Exposure ImageJ Min ImageJ Max
of ~6.0 mW) (ms) Displayed Value Displayed Value

Al 1 100 100 2500

A2 1 100 100 2500

B1 1 100 100 2500

B2 1 100 100 2500

C1l 1 100 100 150

C2 1 100 100 150

D1 1 100 100 4000

D2 1 10 100 4000

4.3 Zn* and LiCl Salt Addition Experiments

Glass pockets were made from Pasteur pipettes as previously reported.® Another sample of
Zn*2LiCl was prepared and soaked in imaging agents 1 and 6, following the procedure previously
mentioned in 4.1 However, a glass pocket charged with LiCl salt (8.6 mg, 2.0 mmol) was placed
into each microscopy vial before the vial was capped, removed from the glovebox, and placed on
the microscope. Initial captures reveal some fluorescence on the Zn* particles in both the sample

and control experiments. After the initial captures, microscopy vials were then inverted 10 times
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to mix LiCl with Zn*, identical to the procedure shown in Figure S1. The particles were then
imaged on the microscope again, and they showed a similar amount of fluorescence. This result
was interpreted to indicate an absence of oxidative addition intermediate since the material did not

solubilize. Duplicate and triplicate runs of LiCl salt addition are still needed.
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Appendix 5: Synthetic Methods
5.1 Imaging Agents

5.1.1 Imaging Agent 1 Precursor

0]

HO)J\/\/\ Br

\

S$1

An oven-dried 100-mL round-bottom flask was charged with 5-bromovaleric acid (1268.8 mg,
7.0088 mmol, Acros) and a stir bar, and then placed under dynamic nitrogen atmosphere. Dry
CH2Cl> (25 mL) and dry dimethylformamide (0.02 mL, 0.03 mmol, Omnisolve) were added to
dissolve the solid and the solution was stirred. Oxalyl chloride (0.66 mL, 7.7 mmol) was added
dropwise over 1 min via syringe causing a slow evolution of gas. After the evolution of gas
subsided, the solution was stirred at room temperature for 1 h. The solution was then concentrated
in vacuo via rotary evaporation to yield a pale-yellow oil, then further concentrated on a high
vacuum line for 1 h to remove excess oxalyl chloride (WARNING: HCI will be evaporated off. It
is advised to close off line to any pressure gauges to prevent damage). The acid chloride was
dissolved in dry CH2Cl. (25 mL) and the solution was stirred. Phosphorus oxychloride (0.71 mL,
7.6 mmol) was added via syringe, followed by the addition of 2,4-dimethylpyrrole (1.80 mL, 17.4
mmol, TCI) dropwise via syringe over 1 min. The mixture was stirred at reflux for 5 h under static
nitrogen atmosphere (round-bottom flask was sealed with a septum tightened with copper wire).
The solution was then cooled to room temperature, and concentrated via rotary evaporation to
yield a viscous, dark orange-red mixture. Mixture was layered with hexanes (80 mL) and the

mixture was stored at —35 °C overnight.
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The hexanes were decanted and the residue was placed under high vacuum for 1 h. The
residue was then dissolved in dry toluene (30 mL) and treated with triethylamine (1.4 mL, 11 mmol,
Fisher Scientific). The solution was stirred for 1 h at 80 °C. Boron trifluoride dimethyl etherate
(0.86 mL, 9.4 mmol, Sigma-Aldrich) was added via syringe, and the mixture was stirred at 80 °C
for 1 h. The red solution was cooled to room temperature and then washed with water (3 x 50 mL)
and brine (3 x 50 mL). The organic layer was dried over sodium sulfate, filtered, and concentrated
in vacuo to yield a dark red solid. The solid was purified by flash chromatography (CH2Cl2:hexanes
(1:1), Rf = 0.35) to yield a bright orange solid (literature yield: 15%*%’, 10:1 mixture of chloride to
bromide). Solid S1 was then repurified using the same method, yielding 389.8 mg (16.4% yield),

90.8:9.2 BODIPY-CI/Br.

5.1.2 Imaging Agent 1

Y

S1 1

Fluorescent probe 1 was synthesized via a Finkelstein reaction. A 1 dram scintillation vial
was charged with sodium iodide (170.2 mg, 1.135 mmol), acetone (3.0 mL), followed by precursor
S1(110.5 mg, 0.3268 mmol). After heating at reflux for 8 h, the reaction mixture was evaporated
to dryness. The residue that remained was dissolved in CHxCl (ca. 10 mL), extracted with brine
then water (ca. 5 mL each), and dried over sodium sulfate. The mixture was filtered to removed
sodium sulfate and then concentrated in vacuo to yield a crude product which was then
chromatographed with 25% DCM in hexanes as the eluent. Removal of volatiles at ca. 10 mTorr

for 6 h afforded 1 as an orange solid (51.6 mg, 37% yield). *H NMR (CDCls, 600 MHz) & 6.06 (s,
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2H), 3.22 (t, J = 6.8 Hz, 2H), 2.98 (t, J = 8.5 Hz, 2H), 2.51 (s, 6H), 2.43 (s, 6H), 2.03 (quin, J =
7.2 Hz, 3H). HRMS (ESI): m/z calculated for Ci17H2:BF2IN2Na ([M+Na]"), 453.0790; found,
453.0366.

5.1.3 Imaging Agent 6

Control probe 6 was previously synthesized in our lab as previously reported.®?
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