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1. Introduction

Most organic molecules are inherently modular in their constitution. With respect to the
molecules found in living systems, this modularity is a direct consequence of the fact that
nearly all biosynthetic systems are based on the iterative coupling of bifunctional building
blocks.i For example, polypeptides are built from amino acids, oligonucleotides are derived
from nucleotide monomers, and oligosaccharides are stitched together from individual sugar
units. Interestingly, most small molecule natural products are similarly constructed via the
iterative coupling of bifunctional building blocks, e.g., polyketides from malonyl-CoA or
methylmalonyl-CoA units, non-ribosomal peptides from amino acids, polyterpenes from
isopentenyl pyrophosphate or dimethylallyl pyrophosphate, and fatty acids from malonyl-
CoA.i Similarly, many man-made pharmaceuticals are also highly modular because they are
constructed by using different reactions to assemble collections of small building blocks,
typically cyclic and heterocyclic fragments and their associated appendages. Thus,
modularity appears to be a remarkably general feature of many of the molecules that are
targeted for synthesis in the laboratory.

Despite this common modularity, the strategies utilized for making polypeptides,
oligonucleotides, and oligosaccharides are very different than those typically used to prepare
small molecules. Specifically, all of the former classes of compounds are almost always
constructed via iterative coupling of suitably-protected forms of their consituent
monomers.ii Organic polymers are similarly prepared in this fashion.iii Due to the
powerfully simple nature of this iterative coupling approach, these processes are now
oligonucleotides, the advanced development of such automation has made it possible for
even non-chemists to routinely prepare these types of compounds for a wide range of
applications.

In stark contrast, it is typical for a synthetic chemist to develop a unique, customized
strategy for each small molecule that is targeted for preparation in the laboratory. As a
result, the synthesis of small molecules remains a relatively complex, unsystematized, and
inflexible process practiced almost exclusively by highly trained specialists. Driven by the
hypothesis that the inherent modularity in small molucules remains largely underutilized, we
have established a research program that aims to develop a unified strategy for the
construction of these compounds via the iterative coupling of bifunctional building
blocks.iv:veviwvii Specifically, we have targeted the development of building blocks
representing substructures that appear frequently in natural products and man-made
pharmaceuticals and the chemistry that will enable their precise union via iterative, metal-
mediated cross-coupling reactions. In the idealized form of this envisioned “iterative cross-
coupling” (ICC) approach, building blocks having all of the required functional groups
preinstalled in the correct oxidation state and with the desired stereochemical relationships
are iteratively united using only a single, stereospecific cross-coupling reaction (Figure 1).
In addition to being simple, efficient, and potentially amenable to automation, the
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modularity of this approach makes it inherently well-suited for generating diverse
collections of compounds simply by substituting modified building blocks into the same
synthesis pathway. It is anticipated that the advanced development of this ICC strategy will
substantially enable the laboratory synthesis of a wide range of natural products,
pharmaceuticals, and organic materials, and may even extend the power of small molecule
synthesis to the non-chemist.

As described in this review, A-methyliminodiacetic acid (MIDA) boronatesviii represent a
highly promising platform for this type of synthesis strategy. These building blocks are
remarkably convenient to prepare, analyze, purify, and store. The MIDA boronate functional
group is also stable to anhydrous cross-coupling conditions but easily hydrolyzed with mild
aqueous base, thereby enabling the controlled, ICC of B-protected “haloboronic
acids.”iv'vvi In addition, MIDA boronates are remarkably stable to a wide range of
common reaction conditions and chromatography, which makes possible the facile
preparation of complex borane building blocks from simple MIDA boronate starting
materials via multistep synthesis.vi'vii Importantly, many MIDA boronate building blocks
are now commercially-available worldwide from Sigma-Aldrich
(www.sigmaaldrich.com/mida). This review aims to enable the effective utilization of this
platform and the ICC strategy to promote the simple, efficient, and flexible construction of
small molecules.

2. Synthesis of MIDA boronates

N-Methyliminodiacetic acidix (Figure 2) is non-toxic, biodegradable,x and commercially-
available. xi It can also be conveniently and efficiently synthesized on large scale for trivial
costxii from the commaodity chemical iminodiacetic acid.xiii

Four different methods for the synthesis of MIDA boronates are shown in Table 1. Many
boronic acids can be easily transformed into the corresponding MIDA boronates simply via
condensation with MIDA under Dean-Stark conditions (Table 1, entry 1).viii'iv'vi The
removal of water by a variety of alternative techniques (e.g., molecular sieves, azeotropic
drying with CH3CN, etc.) can also promote full conversion to the MIDA boronate product.
Typically this process requires heating to at least 40 °C, and the use of DMSO as a co-
solvent is required to partially dissolve the MIDA ligand. Alkenyl MIDA boronates can be
synthesized via a bromoboration of an alkyne to form the corresponding dibromoborane
followed by trapping with MIDA in the presence of 2,6-lutidine (Table 1, entry 2).v
Alternatively, a one-pot procedure has been developed in which organotrimethylsilanes can
be converted directly into MIDA boronates via transmetalation with BBr3 followed by
trapping with the disodium salt of MIDA (Table 1, entry 3).vii This approach was employed
in the efficient synthesis of vinyl MIDA boronate (9) where condensation of MIDA with the
related vinyl boronic acid or vinylboronate species failed. In addition, a variety of olefins
can be transformed directly to alkenyl MIDA boronates via cross-metathesis with vinyl
MIDA boronate (Table 1, entry 4).vii This approach avoids boronic acid intermediates and
is notable for its generality, efficiency, and mildness. Moreover, in contrast to previous
reports involving the use of vinyl or propenyl pinacol boronic esters,xiv cross-metathesis
with vinyl MIDA boronate yields only the £isomer and the products are uniformly
compatible with silica gel chromatography (vide infra).

3. Physical properties of MIDA boronates

MIDA boronates possess a number of highly enabling physical properties that make them
attractive as a platform for ICC and as convenient alternatives to boronic acids and esters for
a wide range of other applications. Specifically, MIDA boronates are monomeric, free-
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flowing, crystalline solids which are stable to storage on the benchtop under air. MIDA
boronates are also universally compatible with silica gel chromatography, allowing facile
purification and convenient reaction monitoring by TLC.ivv-virvii If the goal is to separate
different MIDA boronates of similar polarity, a ternary eluent of hexanes:EtOAc and up to
10% methanol is most effective. With these conditions, we have found that even
diastereomeric mixtures of MIDA boronates can be resolved. For the purification of non-
polar MIDA horonates hexanes:EtOAc is an effective eluent. Additionally, acetic acid is
generally compatible as a co-eluent in most solvent mixtures. Dichloromethane:methanol is
a useful eluent for TLC analysis, but some decomposition of the MIDA boronates can occur
if this eluent is used for preparative chromatography. Similiarly, MIDA boronates should
not be left to stand in solutions containing alcohols for more than an hour.

This compatibility with silica gel chromatography and the facility with which MIDA
boronates can be formed from the corresponding boronic acids, makes it possible to utilize
MIDA boronate formation/purification as a powerful tool to generate high purity boronic
acids from crude mixtures containing many non-boronic acid byproducts. Specifically, we
have found that adding a small excess of MIDA to a crude mixture of boronic acid and
performing a Dean-Stark complexation leads to the formation of the corresponding MIDA
boronate, while the other impurities remain largely unchanged. If the boronic acid is desired,
a simple hydrolysis of the purified MIDA boronate with 1M aqueous NaOH followed by
extraction of the boronic acid into an organic solvent yields the boronic acid in very pure
form.

MIDA boronates are also easily purified by crystallization. A generally effective strategy is
to dissolve the crude MIDA boronate in a minimum volume of acetone at 23 °C and then
slowly add Et,0 until the solution becomes cloudy. Crystals usually begin to form within
several minutes. Additional Et,O should be added periodically to the mixture to re-establish
the cloud-point. The crystallization is complete when the addition of Et,O no longer clouds
the solution. Alternative crystallization solvents include acetonitrile:EtoO and EtOAC:Et,0.
X-ray quality crystals are conveniently prepared via vapor diffusion of petroleum ether into
an acetone solution of the MIDA boronate.

Another important feature of MIDA boronates is that they are soluble in many organic
solvents. Reactions are typically performed using THF, dioxane, dichloromethane, DMF,
toluene, DMSO, acetonitrile, acetone, or 1,2-dichloroethane. Prolonged exposure of MIDA
boronates to aqueous conditions or alcoholic solvents leads eventually to hydrolysis of the
MIDA ligand, and this effect is accelerated with heating or in the presence of base.
However, water or alcoholic solvents have been successfully employed as co-solvents in
some reactions with MIDA boronates. Further, MIDA boronates are generally compatible
with aqueous extractions employing water, brine, aqueous acids (e.g., ag. HCI or NH4CI),
and even some oxidative or reductive aqueous solutions (e.g., ag. H,O, at pH < 6 or aq.
NaS,03). Remarkably, even saturated aqueous NaHCOs is tolerated in the absence of
alcoholic solvents. Aqueous extractions are typically performed with EtOAc or
dichloromethane as an organic phase. For highly polar MIDA boronates, solvent mixtures of
EtOAc:acetone or THF:Et,0 are convenient. As described below, despite this widespread
stability, MIDA boronates are easily hydrolyzed to yield the corresponding boronic acids
using very mild aqueous basic reagents at 23 °C.

Interestingly, in contrast to MIDA boronates such as 3, similarly pyramidalized A+
methyldiethanolamine adducts such as 12 (Figure 3) are not stable to silica gel. As described
below, again in contrast to the MIDA boronates, A-methyldiethanolamine adducts are
reactive under cross-coupling and many other common reaction conditions.iv:vi:xv The
remarkable (and in many cases unique) stability of MIDA boronates to storage under air,
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chromatography, aqueous work-ups, as well as cross-coupling and many other reaction
conditions (vide infra) is attributed to the extreme conformational rigidity of the fused
bicyclic [A-methyliminidiacetate- O,0’,Mborane framework. Specifically, as shown in
Figure 3, variable temperature NMR experiments with a DMSO solution of 3 reveal no
coalescence of the diastereotopic methylene protons of the MIDA backbone, even at 150
°C.vixvi In contrast, the same experiment with 12 reveals coalescence of the diastereotopic
methylene protons of the diethanolamine backbone over a temperature range of 23 to 60
°C.virxvi These studies are consistent with the conclusion that the potentially reactive boron
p orbital and nitrogen lone pair of MIDA boronates are kinetically inaccessible at <150 °C.

4. Iterative Cross-Coupling (ICC) with halo MIDA boronates

The now routinely automated process of iterative peptide couplingiia represents an inspiring
benchmark for a potentially general strategy for making molecules in the laboratory. It is
interesting to note that peptides are quite complex in structure, having many different
functional groups with varied oxidation states and a large number of stereogenic centers.
However, the synthesis of peptides is very simple, involving the use of a single reaction to
iteratively assemble a collection of bifunctional building blocks having all of the required
functional groups and stereochemistry preinstalled. With the goal of developing an
analogous process for the laboratory construction of small molecules, we decided to focus
on the Suzuki-Miyaura reaction and the ICC of bifunctional “haloboronic acids” (Figure 1).

To avoid random oligomerization of a haloboronic acid under cross-coupling conditions, it
was necessary to find a way to reversibly attenuate the reactivity of one end of this type of
bifunctional reagent, analogous to the use of a protective group to control the reactivity of
the amine terminus of an amino acid.xvii Toward this goal, we chose to focus on controlling
the reactivity of a boronic acid.

It is hypothesized that a vacant and Lewis acidic boron p-orbital is required for
transmetallation of a boronic acid under Suzuki-Miyaura cross-coupling conditions (Figure
4A).xviii Consistent with this, complexation with electron-donating, Lewis basic ligands is
known to attenuate the reactivity of boronic acids towards cross-coupling (Figure 4B).xviiia
For example, pinacol boronic esters can be less reactive than the corresponding boronic
acids under anhydrous coupling conditions.xix This reactivity attenuation can be attributed
to the decreased Lewis acidity of the boron p-orbital via conjugation with the ligand
heteroatom lone pairs.xviiia This same approach has been utilized with a variety of other
divalent heteroatomic ligands.xx There is an inherent limitation, however, that precludes the
general utilization of this approach for complex small molecule synthesis. Specifically,
conjugation between the heteroatom lone pairs and the boron p orbital creates relatively
strong boron-heteroatom bonds, creating a high kinetic barrier for bond cleavage. Moreover,
the equilibrium between the boronic acid and the corresponding boronic ester typically lies
strongly towards the latter, creating an additional thermodynamic barrier to hydrolysis. As a
result, cleaving these types of ligands to regenerate the boronic acid typically requires harsh
conditionsxviii'xix:xx and/or additional reagents to destroy the divalent ligand after it has
been cleaved.xxi These types of conditions can be problematic in the context of complex
small molecule synthesis.

Recognizing the inherent limitations of this approach, we focused on an alternative strategy
(Figure 4C).iv Given that the boron p-orbital is predicted to be critical for transmetalation of
a boronic acid, we hypothesized that removing this p-orbital via rehybridizing an sp?-
hybridized boronic acid to its sp3-hybridized boronate via complexation with a trivalent
heteroatomic ligand would eliminate reactivity towards cross-coupling. Further increasing
our interest in this approach, it is known that boron-heteroatom bonds in tetrahedral adducts
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are weaker than those in their tricoordinate counterparts.xxii For example, the
pyramidalization of trimethyl borate via complexation with ammonia actually weakens the
boron-oxygen bonds by about 10-12 kcal/mol.xxiii Thus, we felt that it might be possible to
find relatively mild conditions that could hydrolyze this type of pyramidalized boronate and
regenerate the reactive boronic acid. After surveying a series of trivalent heteroatomic
ligands, we discovered that MIDA boronates embody all of these expectations and represent
a powerful platform for ICC chemistry.

Specifically, in a competition experiment between tolylboronic acid (14b) and para-n-
butylphenyl MIDA boronate under Buchwald-typexxiv anhydrous Suzuki-Miyaura cross-
coupling conditions with p-bromoanisaldehyde, we observed a 24:1 ratio of products 15 and
16, consistent with a strong preference for cross-coupling of the sp?-hybridized boronic
acid.iv Interestingly, a wide range of non-aryl substituents were tolerated on the nitrogen
atom (e.g. Table 2, entry 2). However, the corresponding diethanolamine adduct (14d),
lacking the carbonyl units of MIDA, was equally reactive as the boronic acid (Table 2, entry
4). As described above, this difference in reactivity is attributed to differences in
conformational flexibilty of these two complexes.

Encouraged by these results, we set out to prepare a series of bifunctional B-protected
haloboronic acids and explore their capacity to undergo selective cross-coupling at the
halide terminus. The efficient synthesis of aryl heteroaryl, alkenyl and alkyl derivatives was
achieved via simple condensation of the corresponding boronic acids with MIDA under
Dean-Stark conditions (Scheme 1). As shown in Table 3, this approach proved to be
remarkably general, with the same ligand similarly protecting aryl, heteroaryl, alkenyl and
alkyl boronic acids. Moreover, consistent with our initial hypothesis, the MIDA boronate
products of these reactions can all be hydrolyzed under mild aqueous basic conditions (1N
ag. NaOH/THE, 23 °C, 10 min) to generate the corresponding reactive boronic acid.

Polyenes are especially challenging synthetic targets because of the sensitivity of this
framework to light, oxygen, and acid. It is also critical to control the stereochemistry of each
double bond. The ICC approach is particularly well-suited to making these types of
compounds due to the mild and stereospecific nature of metal-mediated cross-coupling.
Given the prevalence of akenyl and polyenyl subunits in both natural products and
pharmaceutical targets, we developed a collection of bifunctional building blocks
specifically designed to enable polyene synthesis via ICC.v

As described in Table 1, frans-(2-bromovinyl) MIDA boronate 7 can be prepared via
bromoboration of acetylenexxv followed by complexation with MIDA in the presence of
2,6-lutidine. An alternative and more convenient procedure involves transmetalation of 1-
bromo-2-(trimethylsilyl)ethylene with BBrsxxvi followed by trapping with MIDAZ Na*.vii
This building block has proven to be a remarkably versatile cross-coupling partner (Scheme
2).v Specifically, Suzuki-Miyaura, Stille, and Heck couplings were all achieved at the
bromide terminus without perturbing the MIDA boronate. A series of bis-metallated
lynchpin-type reagents were also created via Sonagashira coupling with TMS acetylene,
Miyaura borylation with pinacolatodiborane 25, and a triply metal-selective (Zn vs. Sn and
B) Negishi coupling with bismetalleted olefin 27.

In the first example of boron-selective coupling of a differentially-ligated bis-borylated
building block, 26 was selectively coupled with zrans-1-chloro-2-iodoethylene at the sp2-
hybridized pinacol boronic ester terminus to generate chlorodienyl MIDA boronate 29
(Scheme 3). This type of boron-selective coupling of differentially-ligated diboron reagents
has the potential to be a generally useful strategy.xxvii A more well-precedented Sh vs B
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couplingxxviii between b/s-metallated diene 28 and frans-1-chloro-2-iodoethylene generated
chlorotrienyl MIDA boronate 30.

The olefin cross-metathesis route to MIDA boronates is remarkably tolerant to a wide range
of functional groups, including halogens. Thus, this method is particularly well suited for
preparing various haloalkenyl MIDA boronates, as shown for a series of bromostyrene
derivatives in Scheme 4.vii

The capacity to prepare and selectively couple bifunctional halo MIDA boronates enables
one to envision the synthesis of natural products or pharmaceuticals using only a single
reaction iteratively to assemble a collection of pre-assembled building blocks. This was first
demonstrated with the total synthesis of ratanhine,iv a complex neolignan isolated from the
Ratanhiae radix by Arnone and coworkers in 1990.xxix This natural product was
retrosynthetically fragmented using recursive Suzuki-Miyaura transforms to generate four
simpler building blocks 35 — 38 (Scheme 5). There were several challenges associated with
this plan that were expected to test the limits of the MIDA-based ICC methodology. First,
couplings of alkenyl boronic acids tend to be less efficient than those with aryl derivatives,
making the selective coupling between 35 and aryl MIDA boronate 36 unsecured. In
addition, 2-substituted heterocyclic boronic acids such as 36 are notoriously unstable and
difficult to purify, store, and cross-couple.xxx Finally, the coupling of highly deactivated
bromoaryl MIDA boronate 37 was expected to demand more forcing reaction conditions
that would test the limits of stability of the MIDA boronate functionality.

Despite these challenges, the first total synthesis of ratanhine was achieved via ICC as
shown in Scheme 6. Specifically, a selective coupling between propenylboronic acid 35 and
bromobenzofuranyl MIDA boronate 36 proceeded smoothly to generate 2-substituted
benzofuranyl MIDA boronate 39. Remarkably, while the corresponding benzofuranyl
boronic acid decomposed over the course of several days, MIDA boronate 39 was stored on
the benchtop under air without noticeable decomposition for more than 6 months. This
MIDA boronate was hydrolyzed under mild conditions and the resulting boronic acid was
immediately utilized in a cross-coupling reaction with bromoaryl MIDA boronate 37. As
expected, this coupling required increased temperature (80 °C in a sealed tube) and extended
reaction time (28 h). Remarkably, however, the MIDA boronate functional group was stable
to these forcing conditions, yielding the highly conjugated MIDA boronate product 40. A
final sequence of boronic acid deprotection and coupling with alkenyl bromide 38 and
MOM-ether deprotection completed the first total synthesis of this natural product. More
importantly, to the best of our knowledge, this represents the first total synthesis of any
natural product in which a single reaction was utilized iteratively to assemble all of the
required building blocks.

This same ICC strategy has proven to be highly effective in the synthesis of polyene natural
products.v Specifically, as shown in Scheme 7, all-frans-retinalxxxi was prepared simply via
ICC of boronic acid 42, bromoalkenyl MIDA boronate 7, and alkenyl bromide 44. In a
similar vein, B-parinaric acidxxxii was prepared via the ICC of butenylboronic acid 46,
chlorodienyl MIDA boronate 29, and alkenyliodide 48 (Scheme 8). Finally, the notoriously
challenging heptaene framework of the polyene natural product amphotericin B was
prepared using only the Suzuki-Miyaura reaction to assemble a collection of bifunctional
haloalkenyl MIDA boronates (Scheme 9).

Demonstrated by these examples, the ICC approach has substantial potential to enable the
simple, efficient, and flexible construction of small molecules.
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To avoid a general incompatibility with synthetic reagents, it is typically necessary to
introduce the boronic acid functional group just prior to its utilization in a cross-coupling or
other type of reaction. However, most of the methods that are available for achieving this
have poor functional group tolerance. Collectively, these limitations can render the synthesis
of complex boronic acids very challenging. This can preclude the use of boronic acids in
complex molecule synthesis and represents a potential bottleneck for the development of a
truly general ICC-based approach.

Some sterically-bulky boronic esters are known to be more tolerant to synthetic
reagents;xxxiii however, removing these ligands to generate a targeted boronic acid usually
requires harsh conditions that are generally incompatible with sensitive building blocks.
Trifluoroborate salts represent highly useful surrogates for boronic acidsxxxiv and are
compatible with many synthetic reagents.xxxv These features have provided novel access to
many new organoborane building blocks. However, the incompatibility of the
trifluoroborate salts with column chromatography can limit the utilization of these reagents
in multistep synthesis, which is often necessary for accessing structurally and/or
stereochemically complex building blocks.

Overcoming all of these limitations, we have recently found that the MIDA boronate
functional group is stable to a wide range of common synthetic reagents.vi Combined with
the general compatibility of MIDA boronates with chromatography and the capacity to
release the corresponding boronic acids under very mild conditions, this stability enables the
first reliable approach for the multistep synthesis of complex boronic acids from simple
organoborane starting materials.

Due to the absence of a reactive p-orbital on boron, we hypothesized and confirmed
experimentally that the MIDA boronate functional group would be stable to mild synthetic
reagents. For example, hydroxymethylphenyl MIDA boronate 3 can be smoothly oxidized
under Swern conditions to generate the corresponding benzaldehyde (Scheme 10). However,
we were very surprised to find that MIDA boronates are even stable to the very strongly
acidic and oxidizing Jones conditions (H,SO4/CrQOs3). This latter stability is highly unique;
1.e., under these same conditions, the corresponding boronic acid (56a), pinacolboronic ester
(56b), 1,8-diaminonaphthalene adduct (56c), trifluoroborate salt (56d), and A-
methyldiethanolamine boronatexxxvi (56€) all decomposed. Similar to that which we
observed under cross-coupling conditions, the remarkable difference in reactivity between
the MIDA and diethanolamine boronates is likely related to the differences in
conformational flexibility of the two complexes (Figure 3).

This unique compatibility with strong acid and oxidants suggested that MIDA boronates
could be stable to a wide range of reaction conditions. In fact, even triflic acid (pKa -14) was
tolerated, enabling the p-methoxybenzylation of 3 and the reversal of this transformation
with DDQ (Scheme 11). Similarly silation and desilation were well-tolerated, as was
transformation into the corresponding benzyliodide with PPhs/I,.

This latter reaction suggested compatibility with soft nucleophiles. In this vein,
benzaldehyde 54 was successfully utilized in a series of carbon-carbon bond forming
reactions including the Evans aldol, Horner-Wadsworth-Emmons, and Takai olefination
reactions. Reductive amination and aldehyde reduction were also well-tolerated (Scheme
12).
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In another study, broad compatibility was also observed using vinyl MIDA boronate 9 as a
versatile starting material (Scheme 13).vii Specifically, cyclopronation of 9 produced
cyclopropyl MIDA boronate in excellent yield.xxxvii Remarkably, epoxidation of this
olefinxxxviii with mCPBA was also well-tolerated and even this product was stable to
column chromatography and benchtop storage under air. This same versatile building block
9 was successfully engaged in the Heck reactionxxxix to yield styrenyl derivative 66 as a
single stereo-and regioisomer. Similarly, the White catalystxl promoted an efficient
oxidative Heckxli-type reactionxlii to yield 67. As described above (Scheme 4), this same
vinyl MIDA boronate building block is also an excellent substrate for olefin cross-
metathesis (analogous to tert-butyl ethylene), yielding £-octenyl MIDA boronate 68 as air-
and chromatographically stable crystalline solid and a single stereoisomer (Scheme 13).
Fortunately, this approach has proven to be quite general and represents a very useful new
approach to prepare a range of (£)-alkenyl MIDA boronates (Table 4).

This broad compatibilty of the MIDA boronate functional group can enable the
transformation of simple MIDA boronate starting materials into otherwise difficult to access
complex boronic acids for use in a variety of synthesis applications. Specifically regarding
the ICC strategy, this approach can also provide access to a wide range of structurally
complex B-protected haloboronic acids.

To explore the enabling potential of this approach, we targeted the total synthesis of the
natural product crocacin Cxliii via ICC. As shown in Scheme 14, this molecule was
retrosynthesized via recursive cross-coupling reactions into known building blocks 72 and
74 as well as the unknown, complex iodoalkenyl MIDA boronate 73. Preparation of the
latter represents a significant challenge that we hypothesized could be overcome via
multistep synthesis starting with simple MIDA boronate 75 (Scheme 15).

In practice, a Paterson aldol reaction between 75 and 76 followed by diastereoselective
reduction of the resulting p-hydroxyketone yielded diol 77. Importantly, the small amounts
of diastereomeric byproducts that are typically generated in these types of transformations
were readily removed by taking advantage of the compatibility of the MIDA boronate
functional group to silica gel chromatography. A subsequent sequence of permethylation
with Meerwein’s salt, oxidative cleavage of the PMB ether, oxidation of the resulting
primary alcohol, and Takai olefination yielded the targeted complex halo MIDA boronate
73. Importantly, 75, 73, and all intermediates were compatible with chromatography and
storage on the benchtop under air. With B-protected haloboronic acid 73 in hand, the
synthesis of crocacin C was readily achieved via ICC (Scheme 16).

7. Prospectus

As described herein, the inherent modularity found in many of the small molecules targeted
for synthesis in the laboratory stands to be more effectively harnessed via the ICC-based
approach. Analogous to the synthesis of peptides, oligonucleotides, and oligosaccharides,
this strategy has the potential to enable the preparation of a wide range of small molecules
via the simple, iterative union of pre-assembled, bifunctional building blocks. Due to their
ease of synthesis, putification, characterization, and storage, their reversibly attenuated
reactivity under cross-coupling conditions, and their compatibility with a wide range of
common synthetic reagents, MIDA boronates represent a powerful platform for the
development of this type of synthesis strategy.

Looking forward, the ever-expanding scope of the Suzuki-Miyaura coupling suggests that
the potential generality of this approach could be substantial. Particularly critical to realizing
this potential will be to find a way to form Csp3—Csp? and even Csp3-Csp? bonds with the
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same efficiency and stereospecificity that is now routinely achieved with Csp?~Csp?
linkages. The discovery of additional methods to prepare MIDA boronates that do not
proceed through the intermediacy of a difficult to access and/or unstable boronic acid will
also be vital. Moreover, to realize the ultimate goal of developing a machine with the
capacity for fully-automated ICC, it will be important to identify Suzuki-Miyaura cross-
coupling conditions that are maximally generalxxiv (to avoid the requirement for ad hoc
optimization of conditions for each combination of coupling partners) and amenable to
translation to the solid-phase or some other form of iterative synthesis enabling technology.
While these challenges are admittedely considerable, we are convinced that they each can be
solved. Achieving these goals could have a substantial impact on the synthesis of small
molecules in the laboratory and may ultimately even expand the power of this discovery
engine to the non-chemist.
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Figure 1.
Analogous strategies for the synthesis of peptides and small molecules.
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N-Methyliminodiacetic acid (MIDA)
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Figure 3.

Variable temperature NMR studies with MIDA boronate and N-methyldiethanolamine
adducts that demonstrate the unique and remarkable conformational rigidity of the MIDA
boronate framework.
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Figure 4.

A. Transmetalation in the Suzuki-Miyaura reaction requires a vacant and Lewis acidic p-
orbital. B. Strongly electron-donating divalent ligands can attenuate boronic acid reactivity
but typically require relatively harsh conditions for cleavage. C. The reactivity of a boronic
acid can be reversibly attenuated with a trivalent ligand.
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Scheme 1.
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THF:dioxane
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morpholine
| NaBH(OAc)3

DCE, 23 °C, 8 h, 76%

NaBH,, THF:EtOH

23 °C, 1 h, 88%

Scheme 12.

0 °C, 2h, 65%

Aldrichimica Acta. Author manuscript; available in PMC 2012 April 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gillis and Burke Page 28

Pd(OAC),/CH,N,
T NS
1h, 93% 64

MeN
mCPBA 7 N\
B-O\_O

CHCl,, 0 523°C o0— o0
18 h, 74% v 65
MeN Me(O)C@Br MeN
¢ N0 _ /%
N Y B-O (0]
\/90 0 Pd(PPhjs),, AgsPO, @/\/ o X0
THF, 100 °C
2ah, 64% eOC e

(o) @) MeN

N4 \ 7/

Ph—S . S—Ph B—&O
Pd(OAc), ) NN
PhB(OH), 67

BQ, Dioxane, 45 °C

48 h, 68%
MeN
Me _~_~_ : / %
> Me B-O0\_O
Grubbs I M/\s/s o "0
CH,Cl,, 40 °C
12 h, 80%

Scheme 13.
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Me OMe C:)Me
(+)-crocacin C (71)

Scheme 14.
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4 Me Me Sn(OTf),, EtzN
- DCM, -78 °C Mt;N

MeN K\IH76 Me Me l
\ PMBO O 12 h, 70% : : -0
(o) B-O (o]
(\l/\/\/ o

o 2. MeyN(AcO)sBH, AcOH :
0 75 MeCN, -30 °C. 6 h, 71% PMBO OH OH .,

1. Me3;OBF,, proton sponge

DCM, 23 °C, 2.5 h, 82% Me Me MeNl 1 Eg@%ﬂ%%m, 97%
3> - - B_Ok o > 73
2. CAN, MeCN:H,0 Y Y Y"T0"S0 2. CHI3, Crcl,
23°C, 15 min, 77% HO  OMe OMe THF:Dioxane
8 23°C, 1h, 74%

Scheme 15.
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72 Pd(PPhs), e e M?‘l&\ 1'?°,?5hpd(?<A;)cZ)

71 - HN A A SN B OO 2, 7
CsF, Cul, DMF TN Y YT 0" 2. THF:H,0, 60 °C
23 °C, 5 h, 62% O Me OMe OMe 24 h. 7%

79

Scheme 16.
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Table 1

Currently-available methods for the synthesis of MIDA boronates
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General Methods

Specific Examples

1. 1 Meﬁl’\l_x
[~ BOH: Fveowse L_7- B*bé“o

o}
~H,0
2. MeN
1. BBry /%
[[F= T [F~5p
PhMe:DMSO
2,6-Lutidine
3. MeN

BBr3; /\é
[ Fms T 7 BORQ

NaO,C CO;Na

CHLCN
4, MeN
/ N\
B0 MeN
[ 7R 9 /7 B/&O
7 Grubbs || 7 N0

(E only)

J@/B(Osz
r

PhMe:DMSO
HO 2 Dean-Stark HO 3
MeN
1. BBrg d ;}go
H————H -
2 1 Br/\“'ﬁ-/ (o] (o]
6 PhMe:DMSO 7
2 6-Lutidine
MeN
BEBr,, I3 1&
B-00
Z>TMs Me 00
8 9
NaO,C CO,Na
CHLCN
Me}l}l‘x
I MeN
WB%OXOO '3
P  ——— PRSI A _BCONO
oS Grubbs || 0" "0
10 CH,Cl, 1
40°C,12h

85% (£ only)
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Trivalent N-alkyliminodiacetic acid ligands attenuate the reactivity of boronic acids.

Entry 15: 16"
&)
p-Tol
MeN
I3
/B~;¥O 24:1.0
p-Tol” 0”70
14a
2 p-ToI/Eh:m-n2 10:1.0
14b
i-PrN
¥
,B:O_xo 25:1.0
p-Tol” '0” ~o
14c
MeN
4 T I/B’f_o) 1.0:1.0
p-Tol” 0" 144

/©/B(OH)2
n-Bu

13
(1 equiv.)

+

P

14
(1 equiv.)

p-BrPhCHO
Pd(OAc),

—_—

W

Pt—Bu2
KyPO,, THF
65°C,6h

+

,‘0

*
HPLC, average of three runs.
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Table 4
MeN
£ oo
X ‘0" 0o MeN
9 (1 equiv.) s %
RN Grubbs I RNABEND
69 CH,Cl, 70
1.5-2. . 0
5-2.5 eq 40°C,12h E-Z 201
isolated
Entry Cross partner cross product yield (%)
1 i-Pr3Si\/\\\ ME/N—K 85
69a I PQSlWB\—OCkOO
70a
2 — 84
Aco—/;\—OAc M"F'l
ACO\/‘\\\\/B_& 0
(@) (o]
70b
3 — MeN 98
Bzo—/ 0Bz }15
69¢c (E:Z1:1) WBCOO 00
70c
4 X MeN 96
/ \\
69d x _B-OX_0
O @)
70d
5 HO . MeN 94

> Y N\
Me" Me HO ~ _B-0Y 0
69 Me o "0

Me" Me
6 X MeNl 93
69f X B\‘OXO
0" o
67
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