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Understanding the practical limitations of chemical reactions is critically important for efficiently
planning the synthesis of compounds in pharmaceutical, agrochemical and specialty chemical research
and development. However, literature reports of the scope of new reactions are often cursory and biased
toward successful results, severely limiting the ability to predict reaction outcomes for untested
substrates. We herein illustrate strategies for carrying out large scale surveys of chemical reactivity using
a material-sparing nanomole-scale automated synthesis platform with greatly expanded synthetic scope
combined with ultra-high throughput (uHT) matrix assisted laser desorption/ionization time of flight

mass spectrometry (MALDI-TOF MS).

The field of synthetic organic chemistry has spawned a vast
array of creative reactions that can be logically combined to
prepare nearly any molecule. However, efficient selection of
the precise reaction sequence that leads to a particular
product remains a challenge, as poorly understood substrate-
specific interactions often necessitate laborious screening of
combinations of catalysts, reagents and conditions. High-
throughput experimentation (HTE) chemistry facilitates
these investigations by increasing the pace (I-7), and an
emerging strategy uses machine-learning (ML) data
generated with these screening tools to create predictive
models for specific problems (8, 9). Data mining surveys of
existing published or proprietary databases containing
information on hundreds of millions of reactions have been
somewhat encouraging (10-14), but a pervasive, longstanding
bias toward reporting successful results limits the utility of
this information for model-building. Additionally, these data
have not been collected under controlled experimental
conditions, and most of the substrates are not representative
of the complexity that arises in applied synthetic problems.
Hence, no existing large, structured datasets meet all of the
requirements for effective reaction modeling. Consequently,
intentional surveys are required to systematically map
reactivity patterns, with the rapid identification of
inaccessible regions, the dark space of chemical reactivity,
being particularly important for focusing subsequent ML
investigations.
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Chemical reactivity space is vast, even for a single synthetic
transformation, with permutations of possible substrate
structures, catalysts and reaction conditions soon proliferat-
ing into unmanageable experimental complexity. Large scale
reactivity surveys have thus far been limited by the through-
put of reaction screening and analysis technologies. Addition-
ally, the scarcity and high cost of relevant complex substrates
requires that screening be carried out on as small a scale as
possible. Existing miniaturized HTE chemistry tools have
only worked under a narrow range of conditions, and have
thus far not been applicable to the vast majority of high qual-
ity synthetic protocols. In this work, we describe how engi-
neering advances in automated, miniaturized reaction
experimentation and the use of fast MALDI-MS for routine
reaction analysis affords an opportunity to rapidly survey the
chemical reactivity landscape. We demonstrate how these ad-
vances can be used to systematically reveal diverse sources of
reaction failure within large substrate sets, information that
is largely missing from current chemistry data sources, rep-
resenting an important advance toward broadly effective re-
action profiling.

Extending nanomole synthesis for systematic reaction
profiling

Our interest in reaction profiling has grown from an internal
effort termed the C-N Coupling Initiative, which aims to sys-
tematically build tools to completely understand and leverage
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a given synthetic transformation. A recent examination of our
electronic notebooks (ELN) shows C-N coupling to be a hit or
miss affair (~10,000 examples, ~35% failure rate) that, de-
spite its potential to render drug-like molecules, may be un-
derutilized due to its higher demand for optimization than,
for example, the Suzuki reaction (~50,000 example, 18% fail-
ure). Attempts to use this ELN data set for creating predictive
models have been disappointing, as the data are fractured,
with many different classes of amines that would be expected
to have different reactivity patterns (primary, secondary, NH-
heterocyclic, amides, sulfonamides) while also containing
deep channels of project-driven substrate similarity in the
aryl halide coupling partners. Additionally, these data are col-
lected under a wide array of synthetic protocols, with specific
conditions seldom being repeated. Given this lack of a suita-
ble dataset, a real and urgent goal of applied research is to
increase the understanding of C-N coupling reactions by
building an experimental process suitable for fast reaction
mapping. Clearly, this systematic reaction profiling capability
will also be of general value for surveying other reaction types
where available knowledge is scarce.

Failure in metal-catalyzed reactions can result from a va-
riety of causes, including inhibition of catalysts due to sub-
strate binding, competitive side-reactions, local steric and
electronic interactions and substrate decomposition caused
by harsh reaction conditions. In addition, small perturba-
tions in molecular structure may result in changes in reactiv-
ity, especially for complex substrates. We perceived that
mapping reaction failure arising from this diverse patchwork
of mechanisms would require a large collection of structur-
ally diverse analogs as well as a tremendous number of ex-
periments. Emerging nanomole scale tools have the material-
sparing miniaturized scale and ultra-high-throughput (uHT)
required for broad profiling, however, existing experimental
strategies involve simplified engineering and are inadequate
for examining most high-quality synthetic protocols. The first
generation nanomole synthesis platform that we developed
(I) was limited to plastic compatible, homogenous, ambient
temperature reactions in low volatility polar, aprotic solvents,
encompassing only a small subset of organic transformations.
The recent work by Perera et al. (2), extends nanomole syn-
thesis capabilities in a flow chemistry format, allowing heat-
ing and the use of diverse solvents; however, this format also
requires that reactions remain homogeneous, necessitating
the use of very high dilution and limiting study to extremely
fast Kinetics that can keep up with serial HPLC analysis. Ra-
ther than accepting such constraints, we systematically engi-
neered and validated new plate-based nanomole synthesis
tools with a general ability to carry out a wide variety of typ-
ical synthetic reactions. We identified effective chemically-
compatible glass microplate reactors, fast 384-tip dosing of
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reagent solutions in volatile solvents, and designed alumi-
num sealing blocks that can retain volatile solvents on heat-
ing. In addition, we used LabRam™ resonant acoustic mixing
to both agitate reactions and to create milky slurries of solid
inorganic bases that can be added to reactions by parallel lig-
uid handling. Finally, we created a nanomole scale photo-
chemistry tool to enable reaction evaluation in the rapidly-
growing field of photoredox catalysis. We describe the use of
these tools in reaction profiling experiments below, but they
are expected to benefit extensions to nanoscale chemistry/ bi-
ological evaluation as well (15).

MALDI-TOF MS reaction analysis

Owing to the sheer number of experiments necessary, survey-
ing chemical reactivity can be limited by the rate of analytical
measurement. Despite considerable recent progress, HPLC-
MS assays typically used for such screening are constrained
by the fastest speed with which samples can be mechanically
taken up and injected (~10 s/sample) (I6). Spectroscopic tech-
niques can be faster, but often lack the resolving power
needed to study a diverse collection of molecules. High
throughput mass spectrometry provides excellent mass to
charge ratio (m/z) separation of individual products (17-20)
and MALDI-MS has been intensively optimized in recent
years for rapid and robust, molecule-specific MS imaging of
biological tissue slices. The new generation of MALDI-TOF
instruments equipped with a 10 kHz scanning beam laser,
substantially faster X,Y stage and faster plate loading/unload-
ing cycle dramatically improves sample throughput to hun-
dreds of thousands of measurements per day. We were
therefore intrigued by the possibility of applying this fast
analysis approach (several samples/s) to high throughput re-
action screening. Although MALDI is commonly used for
high throughput analysis, applications are typically limited
to either quantitative biochemical assays that feature a single
substrate/product within each well (21-28) or chemistry dis-
covery using a MS-active tag or special MALDI plate to ensure
MS detection of all labeled products (29-31). Neither of these
approaches enabled the rapid, label-free analysis of a diverse
collection of products that we required.

Direct MS analysis of small molecules can be vulnerable
to interference from reaction components that would typi-
cally be removed by chromatography. To analyze samples by
MALDI-TOF, we found a suitable ionization matrix and in-
strument settings afforded excellent performance for diverse
pharmaceutically relevant products, with the addition of an
ionizing internal standard helping to normalize the effects of
different reaction conditions on product ionization and
MALDI spot formation. Screening and optimization of
MALDI ionization matrices was carried out using a library of
drug-like informer compounds (32), leading to the identifica-
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tion of a-cyano-4-hydroxycinnamic acid (CHCA) as a gener-
ally preferred matrix (4 mg/ml in 50% H,O/ACN with 0.1%
TFA) affording optimal S/N across a wide range of proto-
nated model compounds. A general protocol including
MALDI plate preparation, automated data acquisition and
data processing was established for MALDI analysis, in which
175 nL of quenched reaction mixture in DMSO with added
internal standard was directly spotted on a HTS MALDI tar-
get plate in 1536 format using a 16-channel positive displace-
ment liquid handling robot. In our experiments, the spotting
time for a single plate is about 30 min, but MALDI plate prep-
aration time can be shortened using a liquid handling robot
with 1536-channel pipetting head. The resulting DMSO on
the target plate can be evaporated either under vacuum at
0.01 bar (2 min) or at atmospheric pressure (1 hour). 150 nL
of CHCA matrix solution is then applied onto the dried reac-
tion spots through the same liquid dispensing procedure. The
readout speed for each 1536 MALDI plate ranges from 8-11
min depended on the number of laser shots per spectrum. All
automated MALDI runs were set up, triggered and processed
using dedicated uHTS software for MALDI-TOF instruments
(Bruker MALDI PharmaPulse 2.0). In the whole molecule
analysis experiment a custom processing script was used to
simultaneously extract nearly 400 masses, peak intensities
and peak areas for reaction products and the internal stand-
ard into a single spreadsheet in addition to standard MALDI
PharmaPulse processing. A signal to noise-ratio of 5:1 was
used in the software to extract the final MALDI-MS data.

uHT fragment poisons analysis

In order to test our MALDI analytical approach for general
reaction profiling, we began with an analytically simplified
screening protocol developed by Glorius and co-workers for
identifying reaction poisons, i.e., functional groups and rea-
gents that interfere with a given reaction (Fig. 1) (33, 34).
Since the same reaction is investigated in each experimental
well, a single product standard can be used throughout,
greatly simplifying analysis. We realized that the throughput
of the MALDI technique could enable screening of much
larger sets of steric and electronic functional variants and
higher-order polyfunctional molecular fragments to precisely
identify specific deleterious binding motifs and cooperative
interactions. At the same time, we could evaluate the ability
of the MALDI system to provide accurate product quantifica-
tion in the presence of different reaction conditions and a
wide variety of additives.

We selected 4 different C-N coupling conditions (Fig. 1A,
Ir/Ni and Ru/Ni photoredox (35) as well as Pd and Cu condi-
tions (32) that were previously demonstrated to perform well
using our chemistry informer libraries approach. Each
method was evaluated using the new nanomole experimenta-
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tion platforms in the presence of 383 polar molecular frag-
ments (with one control reaction containing no additive)
ranging from simple compounds containing a single func-
tional group (such as amides, esters and N-heterocycles) to
more complex polyfunctional compounds. The resulting 1536
fragment additive reactions were analyzed in a single MALDI
experiment in 11 min, with the settings described above and
using a deca-deuterated product analog, added to each well
after reaction completion, as an internal standard (Fig. 1A).
The reactions were also analyzed using a conventional 2-min
UPLC-MS method. The raw MALDI product response shows
only marginal correlation with the UPLC-MS/UV data for the
same reactions (extracted ion count, EIC, R? = 0.24, UV210,
R? = 0.16), however, normalization of the MALDI signal with
the closely related internal standard signal affords quite good
correlation (EIC, R? = 0.85) showing that chemistry-specific
effects on MALDI signal intensity can be mitigated by the use
of internal standards (Fig. 1B). The normalized MALDI prod-
uct response metric, ranked from high to low for all 4 meth-
ods, is shown in Fig. 1C, with the corresponding UPLC-MS
EIC data shown below for comparison. This analytical ap-
proach is similar to the application of MALDI MS for high
throughput screening of enzyme inhibitors, but demonstrates
here that MALDI, in conjunction with an appropriate prod-
uct standard, can be used for routine reaction screening in
the presence of a diversity of interfering elements.

To simplify MALDI-based assessments in fragment addi-
tive screening, we binned the normalized MALDI product re-
sponse for each reaction into poisons (>50% signal
knockdown) and non-poisons (<50% signal knockdown) for
each fragment and synthetic method (Fig. 2). Across all 4
methods, the MALDI assignment matched the UPLC-MS EIC
signal ~95% of the time and UPLC-UV210 data ~88% of the
time (we found that UPLC-UV210 nm data often show peaks
that interfere with the product peak). The fragment screening
data showed the expected outcome that each of the synthetic
methods is susceptible to poisoning by particular single func-
tional groups (see figs. S19 and S20 for complete lists). We
were also able to observe that when these single-functional
poisons are incorporated as parts of polyfunctional frag-
ments, reaction poisoning almost always occurs (>90% of the
time). Most interestingly, polyfunctional fragments com-
posed of functional groups that are not themselves poisons
often (~50% of the time) act as poisons as well. The structural
details of this poisoning are very specific. For example, we
observed cases where the combination of N-heterocycle and
ketone strongly poisons a given catalytic system, while other
similar structural combinations do not (Fig. 2). This work
gives some indication of how screening large permutations of
multifunctional structures can identify precise motifs that
lead to reaction failure. We were gratified to find that with
large number of experiments, the effects of false negatives
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and positives on identifying trends are to some degree offset
by the internal validation coming from using multiple frag-
ments that are structurally related. The fragment based anal-
ysis herein reveals Cu to be remarkably more resilient to
single and poly-functional poisoning than the other methods
evaluated, which should support its wider use in complex,
densely functionalized substrates. The Ir/Ni and Ru/Ni pho-
toredox methods were very similar to each other in their in-
hibition profiles, and also generally performed very similarly
to Pd. Most importantly, the specific problematic functional
arrays that poison each method can be roughly mapped, and
subsequent detailed nanomole chemistry exploration with
structural variants can provide focused data for effective ML
predictive modeling [as in ref. (8)].

uHT simplest partner whole molecule analysis

We next investigated the much more challenging use of
MALDI MS to characterize the effects present in large whole
molecule substrate sets (Fig. 3). Whereas the fragments ap-
proach is useful for rapid identification of problematic func-
tionality, classifying local steric and electronic as well as bulk
molecular effects such as solubility can only be accomplished
using whole molecule substrates. Previous work in our labs
explored the effects of pharma-relevant whole molecule in-
former compounds (32) on the performance of different syn-
thetic methods. Though useful to begin to systematically
evaluate different synthetic methods, the 18 compounds in
these test sets do not provide enough structural diversity to
begin to assign general causes of reaction failure. In addition,
the impact of amines in complex reactivity space was not pre-
viously taken into account. Hence, we envisioned a much
larger virtual array of 192 N-heterocycle-containing aryl bro-
mides crossed with 192 cyclic secondary amines (Fig. 3A),
both of increasing molecular complexity, representing 36,864
unique potential products. This array, if evaluated with the
four aforementioned C-N coupling protocols, would result in
147,456 experiments. Although experimental assessment of
all substrates and protocols is conceivable, we explored a sys-
tematic “simplest partner” approach to study the isolated
structural effects of individual building blocks in this space.
In this protocol, each bromide is subjected to reaction with
the simplest amine in the set and each amine with the sim-
plest bromide. Applying the four different synthetic methods
to this 384-substrate test set affords a total of 1536 experi-
ments, or approximately 1% of the experimental space. In or-
der to ensure that every reaction in the set would have a
strong MALDI-MS response, the simplest coupling partners
were chosen to incorporate a basic nitrogen atom, thereby
ensuring MS detectability in the positive ion mode. While
measuring products in negative ion mode was not the focus
of this work, analysis of small molecules by MALDI-TOF in
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negative ion mode can be successfully achieved when appro-
priate sample preparation methods are used (36-38). Clearly,
this strategy would be poorly suited for the synthesis of hy-
drocarbons or other species having poor MS ionization prop-
erties.

Traditional exploration of complex substrate space using
HPLC analysis requires the preparation of product standards
to obtain response factors for quantification and to confirm
product identity for every new molecule of interest, an unten-
able proposition for our envisioned experiment. The prospect
of adding an internal standard that is tailored to each prod-
uct for MALDI normalization is equally daunting. We rea-
soned that in our search for causes of reaction failure, a focus
on common structural reactivity trends rather than absolute
product yields might afford valuable insights without the tra-
ditional need for individual product standards. Also, we
hoped that the use of a single internal standard in all wells,
while clearly not controlling for structure-based variations in
MALDI signal intensity, might still be useful for normalizing
the effects of MALDI spotting variability, thereby vastly sim-
plifying experimental execution. Hence, we endeavored to
use rapid MALDI responses for 384 different products cou-
pled with parameterized and clustered molecular descriptors
(such as functional group counts, steric hindrance, and bulk
properties such as H-bond donors/acceptors and polar sur-
face area) to identify fundamental incompatibilities between
given sets of reaction conditions and the diverse structural
properties within an enormous compound set. Once identi-
fied, such reactivity trends can be confirmed by conventional
analytical methods. The MALDI signal for all 1536 reactions
was acquired using a single internal standard for normaliza-
tion across all reactions, as well as a conventional 2-min
UPLC-MS analysis for comparison. Two-dimensional scatter
plots for all 1536 reactions (Fig. 3B) reveal that the normal-
ized product MALDI responses are poorly correlated vs
UPLC-MS (EIC, R? = 0.33) and UPLC-UV data (total wave-
length chromatogram, TWC, R? = 0.30, we found an averaged
wavelength to be more useful in this diverse compounds set
than a single wavelength, such as UV210). However, we found
that we could use the MALDI data to create binary thresholds
for reaction success/ failure that permitted us to identify gen-
eral structural entities that correlate with reaction failure
within a large whole molecule set. To this end, we set an ar-
bitrary pass/ fail threshold of 20% of the average MALDI
value across the entire set. When the binned data for each
synthetic method are clustered as % of failed reactions for
different structural parameters that have at least 10 examples
within the set (Fig. 4A), the data from the normalized MALDI
experiment show essentially the same trends revealed in the
UPLC-MS data (both EIC and TWC responses), suggesting
that MALDI can be used to stack-rank the structural entities
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that most often cause reaction failure for each set of condi-
tions (see figs. S26 to S33 for complete lists). Again, any of
these identified problematic structural parameters can be
promoted for higher-order systematic ML studies.

Although lists of potential poisons for specific synthetic
methods are useful, understanding the comparative reactiv-
ity of different synthetic methods for problematic functional-
ity is arguably even more important. Figure 4B shows how
the clustered binary pass/ fail data for all 4 synthetic methods
can be combined into a single graph that reveals structural
entities that are generally problematic for bromides and
amines across all methods. The data can serve as a valuable
map for academic research focused on creating new methods
that can overcome these common problems. At the same time
this graph also reveals which method affords the lowest fail-
ure rate for each parameter. Figure 4B clearly shows the syn-
thetic advantage of the Cu system in nearly all parameters
used to describe aryl bromides (the most problematic are
listed in Fig. 4C), which again substantiates its value in com-
plex synthesis; at the same time, for a number of parameters
within the amine structural space (Fig. 4B, in red) Pd is the
best catalyst. Diving deeper (Fig. 4D), we can identify very
specific structural features within amines that are problem-
atic for Cu and where Pd can provide a synthetic advantage.
Particularly interesting is the reproducibly higher perfor-
mance of Pd versus Cu for 3-substituted-4-N-carbonyl piper-
azines and  3,4-N-heterocycle-appended  piperazines,
revealing subtle conformational effects several bonds re-
moved from the reactive amine that are not considered in the
current understanding of C-N coupling reactivity. These sys-
tems were explored at larger reaction scale (10 umol, 40x
scale-up) with additional structural examples to confirm the
trends (see figs. S37 to S39 for further details on Cu versus Pd
amine trends).

The fragment additive and whole molecule studies both
point to Cu having a significant advantage over the other
methods examined in this study with respect to single and
polyfunctional group tolerance and scope. These observa-
tions hold with aryl bromides, but Cu also appears to have
specific liabilities in the amine structural space. This study
demonstrates that uHT fragment and whole molecule ap-
proaches can provide complementary reactivity information,
and both approaches will likely be inextricably linked in the
future of predictive chemistry. Given the observed im-
portance of precisely defined structures evident in this work,
and a shortage of diverse test substrates, chemists will likely
alternate between the two approaches to refine their maps of
holistic reactivity effects. The most important message from
this work is that, rather than accurately determining reaction
yields, broad uHT mapping of substrate space with no iso-
lated product standards can reveal specific molecular inter-
actions using adequately discriminating binary analytical
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approaches that simply separate successes from failures. The
reactivity trends identified by MALDI in these experiments
were confirmed with conventional UV/ MS scoring, suggest-
ing that MALDI alone can be used to uncover results previ-
ously only accessible by slower analytical methods. Looking
forward, we hope that the convenience, robustness and speed
of MALDI will allow for creation of large structure/ mass re-
sponse data sets to enable quantitative yield prediction to fur-
ther increase value of the MALDI-MS approach.

Full factorial whole molecule space

The remaining 99% of the full factorial whole molecule cross-
over substrate coupling space may contain additional infor-
mation on higher order bi-molecular interactions that can
also influence reaction performance. The simplest partner
approach can be used to triage the experiments required to
map the enormity of the remaining space. We reasoned that
if either compound in a complex pair performs poorly in the
simplest partner test, then structural poisoning will be likely
in the more complex combination. Likewise, when both part-
ners perform well with simple partners, the combination is
likely to work well together. We investigated 288 experiments
in this cross-over space and found that we could assign >50%
of the space into hits/ misses (with 90% accuracy, see SI for
details). The remaining space, with substrates having mid-
dling MALDI responses, could not be effectively resolved.
This pruning approach allows us to chart complex bimolecu-
lar space using the minimal coverage provided by the sim-
plest partner experiments, thereby eliminating >70,000
experiments that do not need to be performed.

Toward predictive informatics
The miniaturized uHT reaction engineering and MALDI
TOF-MS analytical advancements described in this work en-
able generation of large structured datasets that pinpoint
problematic structural elements within complex substrate
space. Identified problems can then be promoted for more
detailed mapping using uHT experimentation coupled with
atomic and quantum molecular physical descriptors to ena-
ble structure-based machine-learning. In this work we have
run over 3000 experiments studying the effects of just 4 syn-
thesis conditions on a relatively narrow area of chemistry
space (the coupling of cyclic secondary amines and N-heter-
ocycle containing aryl bromides). The real power in this ap-
proach will harness the tremendous analytical speed of
MALDI analysis for the iterative evaluation of large substrate
arrays against diverse catalysts, bases, solvents, reagent stoi-
chiometries and temperatures, enabling big data chemistry
informatics in the search for general solutions to problematic
areas in organic synthesis.

A persistent focus on revealing structural limitations in
chemistry is a win-win scenario for academic researchers and
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synthetic practitioners alike. Dark space that remains inac-
cessible across synthetic methods becomes fodder for new ex-
perimental research of known value, and specific knowledge
of limitations will lead to predictivity and understanding that
will increase the speed and success of the design-make-test
cycle, helping to remove synthetic problem-solving from the
critical path. Even with optimally efficient tools and strate-
gies in place, mapping the entire landscape of useful chemical
reactivity is currently beyond the reach of any single organi-
zation. Given the tremendous enabling value of such a mas-
sive survey, a precompetitive public-private partnership to
address this gap might even be an achievable and worthwhile
goal.

Methods summary

The specific extended nanomole-scale chemistry protocols
used for the 4 described C-N coupling synthetic methods
(Ir/Ni and Ru/Ni photoredox, Cu and Pd) as well as the
MALDI-MS and comparative UPLC-MS analysis protocols are
described in detail in the Supplementary Information. A brief
summary is provided below.

Description of extended nanomole-scale chemistry plat-
form

Nanomole-scale chemistry reactions, to this point, have been
run using plastic plates with low-volatility, plastic compatible
solvents (polar aprotics, DMSO and NMP) and homogeneous
components (bases and catalysts) at room temperature. In
this work, reaction engineering advancements have enabled
a much wider scope of potential reaction conditions. The use
of glass 1536 well-plates and rapid 384-tip pipetting enables
use of volatile, non-plastic compatible solvents (dioxane
demonstrated, herein) and substrates (piperidine). Develop-
ment of a resonant acoustic LabRam grinding protocol to
produce long-lasting slurries that can be dosed with liquid
handling robotics has enabled the use of heterogeneous inor-
ganic bases (Cs,CO3 and K;PO,). An aluminum reactor block
was designed that can provide a high-quality seal to prevent
solvent loss, and a heating mechanism was devised that can
be equipped to heat the aluminum block inside the LabRam,
which provides a robust mechanism for parallel reaction ag-
itation. Finally, a nanomole-scale photochemistry tool was
created using a modified aluminum reactor with an acrylic
plastic bottom that allows uniform light penetration.

Description of MALDI-TOF analysis

All reaction mixtures were quenched and diluted to standard
UPLC-MS concentration. These quenched reactions were
then spotted using a Mosquito HTS liquid handling robot on
Bruker HTS MALDI targets with barcodes (1.0 mm thickness)
in 1536 format [HTS MALDI plate 1.0 mm, BC, Part#
1833280]. The targets were mounted on Bruker HTS MALDI
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adapters (Part# 1847571). 175 nL of reaction mixture was de-
posited and allowed to dry followed by depositing 150 nL of
a 4 mg/mL solution of a-cyano-4-hydroxycinnamic acid in
0.1% TFA, 50% acetonitrile/H20. These targets were analyzed
on a Bruker Rapiflex MALDI-TOF/TOF.

Description of comparative UPLC-MS analysis

The quenched reactions were also monitored using a Waters
Acquity UPLC I-Class system (Waters Corp., Milford, MA,
USA) equipped with a binary pump, a FTN sampler, column
manager, a photodiode array detector, SQD detector 2 with
electrospray ionization (ESI) source in the positive mode and
MassLynx® software. Separations were performed on a Wa-
ters CORTECS UPLC C18+ column (30 x 2.1mm, 1.6um).
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A. Fragment additive C-N coupling profiling:
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B. Comparative MALDI versus MS-EIC for all data

3500000
3000000 4
2500000 4

2000000

UPLC-MS EIC-Product

Internal std.
1500000 1 normalization
1000000
500000 - A hE7 e Be
[ Y ® 9 2 2=
0- Paleoe o R2=0.24 R2=0.85
0 100000 200000 300000 400000 500000 600000 0 02 04 06 08 1 12 14 16 18

MALDI Product Response Normalized MALDI Product Response

C. Comparative MALDI versus MS-EIC for each method
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Fig. 1. uHT MALDI MS approach to screening potential reaction poisons. (A) 1536 reactions were run with
4 leading C-N coupling methods evaluating the impact of 383 single and polyfunctional fragments on one simple
coupling reaction, requiring 11 min of MALDI acquisition time. (B) Raw MALDI product response is not well
correlated with UPLC-MS or UPLC-UV measures, but normalization using an internal standard reveals very
good correlation. (C) The ranked, normalized MALDI product response data with corresponding UPLC-MS

(EIC) data below for comparison.
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Single and polyfunctional fragment additive effects on each method
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Fig. 2. Fragment additives poisoning study. Comparative rates of poisoning determined by MALDI
analysis for single functional fragments and polyfunctional fragments for the 4 tested methods are
displayed. This study reveals that Cu is well-suited to managing diverse functionality. Polyfunctional
fragments that are composed of linked, single functional fragments that are not poisons themselves
often lead to differential poisoning.
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A. C-N coupling whole molecule reaction profiling
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B. Normalized MALDI versus UPLC-MS EIC data for all data
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Fig. 3. Whole molecule simplest partner evaluation with MALDI
analysis. (A) 192 bromides and 192 amines are each crossed with a
simple, mass-active coupling partner under the 4 previously described
(Fig. 1A) catalytic methods. (B) Using a single internal standard, the
normalized MALDI data show poor correlation with UPLC-MS and UPLC-

UV metrics.

First release: 24 May 2018 www.sciencemag.org  (Page numbers not final at time of first release) 10

8T0Z ‘w72 Ae|N uo /Blo Bewasuslds aoualds//:dny woly papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/
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Fig. 4. Whole molecule reactivity trends from binary thresholding analysis. (A) % Failure for different
clustered parameters determined by pass/fail binary binning using thresholded MALDI data correlates very
well with similarly binned UPLC-MS EIC and UPLC-UV TWC data. Each point on the graph represents the failure
rate of different specific aggregated structural parameters, such as NH-heterocycles or H-bond donors, for
each synthetic method. (B) The average failure rate for clustered parameters for all 4 methods reveals the
functionality that is problematic across methods. The color of each data point reveals which method has the
lowest failure rate. (C and D) The most problematic parameters for aryl bromides (blue insert from Fig. 4B) and
amines (red insert in Fig. 4B) are listed in descending order of failure rates across methods, along with the
number of examples in the test set. In nearly all cases, Cu is the preferred method in these difficult reactions.
Several very specific structural types in amines are found to be problematic for Cu, and show greater reactivity
with Pd.

www.sciencemag.org  (Page numbers not final at time of first release) 11

8T0Z ‘w72 Ae|N uo /Blo Bewasuslds aoualds//:dny woly papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

Science

Mapping the dark space of chemical reactions with extended nanomole synthesis and MALDI-TOF
MS

Shishi Lin, Sergei Dikler, William D. Blincoe, Ronald D. Ferguson, Robert P. Sheridan, Zhengwei Peng, Donald V. Conway, Kerstin
Zawatzky, Heather Wang, Tim Cernak, lan W. Davies, Daniel A. DiRocco, Huaming Sheng, Christopher J. Welch and Spencer D.
Dreher

published online May 24, 2018

ARTICLE TOOLS http://science.sciencemag.org/content/early/2018/05/23/science.aar6236
I\S/ILA}?'EIEZIIEAALESNTARY http://science.sciencemag.org/content/suppl/2018/05/23/science.aar6236.DC1
REFERENCES This article cites 38 articles, 7 of which you can access for free

http://science.sciencemag.org/content/early/2018/05/23/science.aar6236#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee
American Association for the Advancement of Science. No claim to original U.S. Government Works. The title Science is a
registered trademark of AAAS.

8T0Z ‘v7Z AeN uo /Blo Bewasuslds aoualds//:dny woly papeojumod


http://science.sciencemag.org/content/early/2018/05/23/science.aar6236
http://science.sciencemag.org/content/suppl/2018/05/23/science.aar6236.DC1
http://science.sciencemag.org/content/early/2018/05/23/science.aar6236#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

