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1. Introduction

The competitive nature of the drug discovery process in the 
pharmaceutical industry means that companies often work on 
the same therapeutic target. Given this scenario, reduction of 
drug discovery and development cycle time is of critical impor-
tance for an individual company. In fact, drug discovery cen-
tered on “follower” projects has recently been described as a 
race [1]. Failure to successfully compete in this commercial 
maelstrom threatens the ability of a company to thrive or even 
survive.

Previously, we had described efforts within the Medicinal 
Chemistry Technologies organization at Abbott that led to the 
formation of a high-throughput organic synthesis (HTOS) group 
which, extensively utilizing microwave chemistry, polymer-
supported reagents [2], and custom automation/robotics, pro-
vided small focused libraries of compounds (48–96 members) 
with a turnaround time of around 2 weeks after receipt of the 
core scaffold. All library compounds were purified by a separate 
high-throughput purification (HTP) group using MS-directed 
preparative high performance liquid chromatography (HPLC) 
[3]. Seeking to improve upon cycle time, we decided to reinvent 
our process in order to enable turnaround times of 5 days and 
under for synthesis, purification, analysis, and compound regis-
tration. An additional requirement was that library compounds 
should be available in bioassay-ready plates for higher through-
put screening activities.

To this end, we chose to develop a flow-chemistry-based plat-
form. Although the merits of flow chemistry have been extensively 
propounded and debated [4], we felt that a segmented-flow-
based approach [5] was ideally suited to our needs and would 
provide a significant time saving advantage if we could integrate 
synthesis with purification. We also wanted to retain an option 
to produce a fully integrated closed loop synthesis/purification/
bioassay platform as a future avenue for a rapid, integrated 
synthesis/ bioassay paradigm [6].

2. Results and Discussion

2.1. Flow Synthesizer. We chose to proceed with the com-
mercially available Accendo Conjure™ reactor [7] (Figure 1) 
envisioning that, after several custom modifications, this could 
function effectively as the lynchpin of our system. To best fit our 
strategic requirements, the instrument vendor provided modifi-
cations to the original reactor design, including retrofitting for 
standard 4-mL vials and customizing valves and syringes to 
accommodate the reaction scale to our specifications.

An auxiliary autosampler was added to the front end of 
this system to increase the capacity of reaction number. This 
autosampler, which is integrated with the Conjure via digital 
input/output signals, supplements the core and reagents con-
tained on the original Conjure™ carousel with up to 96 unit-dose 
aliquots of monomers available from our centralized monomer 
storage facility. These monomer aliquots are ordered via a web 
interface, can be picked up from a central location in less than a 
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Figure 1. Conjure™ flow synthesis system

JFC-D-11-00013R1.indd   56 12/5/2011   7:09:50 PM



J.E. Hochlowski et al.

57

few hours, and then can be directly placed onto the autosampler 
to initiate synthesis.

A custom fabricated piezoelectric (PZT) transducer module, 
fabricated by Autochem Private Limited [8], was fitted adjacent 
to the original Conjure™ flow reactor in order to accelerate the 
rate of certain reactions, including Huisgen-type cycloadditions 
performed in the Conjure™ copper reactor [13].

2.2. Purification System. In order to provide the flexibility 
required to integrate with the flow-synthesis platform, a custom 
preparative HPLC-MS system was developed in-house using 
components from several vendors (Figure 2). A two-pump 
preparative HPLC system was set up using the “at-Column 
Dilution” configuration [9] to inject crude reaction mixtures 
directly from the HPLC interface module of the Conjure™ flow 
synthesizer. Precise timing of the Conjure HPLC interface 
allowed the crude reaction segment and fluorinated spacer sol-
vent to be accurately captured. No detrimental chromatographic 
effects were observed from the fluorinated solvent injected onto 
the HPLC column.

An active splitter [10] and a makeup pump were used to 
deliver a 1000:1 split of the preparative stream to the mass spec-
trometer operating in atmospheric pressure chemical ionization 
(APCI) mode, with the main preparative stream being delivered 
via the UV detector flow-cell, to the fraction collector (Figure 3).

The HPLC-MS system was controlled through a custom soft-
ware application, written in-house (Figure 4). The software 
controlled all HPLC components and interfaced with the mass 
spectrometer to send sample lists and start MS data acquisi-
tion. Synchronization with the Conjure™ system was achieved 
through digital I/O, to provide signals for “Inject start,” “HPLC 
ready,” “HPLC error,” and “Global error” conditions. The soft-
ware allowed the user to import sample information for a run 
from structure-data file, provided by the Laboratory Information 

Figure 2. Preparative HPLC-MS purification system

Figure 3. Schematic diagram of synthesis–purification system

Figure 4. HPLC control software
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Management System (LIMS) software, and configure the puri-
fication run parameters. Full control of the liquid chromatogra-
phy (LC) gradient, UV wavelengths used for detection, and MS 
method parameters was provided. In addition, a variety of frac-

tion collection options were made available to allow collection 
of the desired product when the MS-extracted ion chromato-
gram of the target mass, or the UV signal intensity, or both were 
above the specified thresholds. Fraction collection parameters 
could also be used in combination with time collection win-
dows. Further options were available to enforce collection of 
only one fraction per sample, stop the run if fractions were not 
collected for a specified number of samples, stop the run upon 
loss of system pressure, and allow the user to trigger fraction 
collection manually. After each sample was completed, a porta-
ble document format (PDF) report was generated and archived 
along with the raw data for viewing within the LIMS software.

A primary concern in the development of the HPLC sys-
tem was to optimize the fraction collection timing in order to 
maximize the recovered yield of the purified product. There are 
inherent complications arising from the delay times associated 
with the lengths of tubing between the HPLC components, from 
having multiple detectors available, and in using software to 
provide real-time peak detection and trigger fraction collection. 
The fraction collection timing was optimized, firstly, through 
the measurement of delay times using standard compounds and, 
secondly, through the addition of a second UV detector to mon-
itor the waste stream immediately after the fraction collector 
valve (Figure 3). Delay times were adjusted in the software to 
ensure that the desired product was efficiently collected and not 
detected by the UV detector post fraction collector. In practice, 
the second UV detector was left connected to the system for 
many library production runs, using one UV acquisition chan-
nel to monitor the absorbance at 220 nm post-column and the 
other acquisition channel to monitor the absorbance at 220 nm 
post-fraction collector (Figure 5).

A second software application was developed to allow the 
user to review purification data throughout the run, without 
the need to access the LIMS software. This “purification data 
browser” (Figure 6) provided a convenient means to monitor the 

Figure 5. Example of optimized fraction collection timing using dual 
UV detectors. Ch1 shows absorbance post column and Ch2 shows 
absorbance post fraction collector. Desired product was collected by 
MS signal at 6.0–6.5 min

Figure 6. Purification data browser software
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library purification at the instrument or remotely from the user’s 
desktop, so that modifications could be made to LC method and 
fraction collection parameters, if required.

2.3. Final Product Analysis. As mentioned previously, a 
high-throughput synthesis and purification function had long 
existed in-house at Abbott. Consequently, we elected to leverage 
many of the processes and procedures that had been developed 
therein in the creation of our integrated synthesis–purification 
system. One component of our internal knowledge base was the 
LIMS system, employed previously to transfer sample informa-
tion between laboratories, which in the new paradigm transfers 
samples directly between the integrated components.

After purification, validation and weight determination of 
library compounds are achieved in a single step by NMR. The 
NMR data are used to both validate structure and determine purity. 
Quantitative nuclear magnetic resonance (qNMR) is acquired 
simultaneously, and since a constant 5% aliquot is taken, reaction 
yield is reliably accessed and can be used to calculate sample 
concentration to be dispensed for further assays or analyses.

Two alternate approaches to collecting the 5% aliquot were 
considered. The first approach required dry-down of the entirety 
of each fraction, solubilization of each to a set volume, and then 
taking the aliquot. The second approach involved a thorough 
mixing of each fraction, measurement of its volume, taking the 
5% aliquot, and drying down the aliquot and remaining fraction 
volume in parallel. The second approach was selected because 
it allowed the two most time-consuming steps, the dry-down of 
multi-milliliter fractions and the collection of qNMR data, to 
be run in parallel rather than sequentially. Custom software was 
written to incorporate a Tecan Genesis 150 pipettor with liquid 
level detection to automate the fraction mixing, volume mea-
surement, and aliquotting processes.

The ability to obtain a low aliquot of a sample and per-
form qNMR analysis eliminates the need to transfer, tare, and 
weigh samples, thus providing further time savings. “Weights” 
obtained from qNMR are also accurate on the small end of 
the weight range without requiring a multi decimal point bal-
ance and the requisite conditions thereof. A 5% aliquot is taken 
(typical weight ~200 mg) from each HPLC fraction collected, 
dried, and dissolved in d

6
-dimethyl sulfoxide (DMSO-d

6
), along 

with internal and reference standards. Actual quantitation is 
reported, and the total sample weight determined.

The chemical shift assignments for the sample’s protons 
are estimated through utilization of the Abbott NMR predic-
tion system engine [11]. This system is designed to allow the 
rapid update of new assignments for a core and allows the pre-
dictions to be heavily weighted by the closest matching struc-
ture, such as the core itself. The sample peaks are integrated 
and scaled according to the number of protons in the target 
compound. Peaks that belong to exchangeable protons can be 
excluded from the calculation. Peaks whose chemical shift can 
be obscured by the NMR solvent are allowed to be absent from 
the observed values. The match of both chemical shift ranges 
and number of protons between the observed integral and pre-
dicted values is used to assign an identity score for the sample. 
The identity score is based on two criteria: (1) the difference 
between the number of protons predicted and that observed and 
(2) the mismatch of the estimated and chemical shift. The esti-
mated purity is based on the ratio of the integral intensity of the 
assigned peak for the compound and unassigned integral inten-
sity. The grading system performs well for compounds with 
purities greater that 80%, but becomes unreliable with com-
pounds of lower purity.

For qNMR [12], a fixed percentage of the sample is dis-
solved in DMSO-d

6
 with a known amount of maleic acid as the 

internal standard. The two protons of the internal standard are 
observed as a singlet near 6.2 ppm in DMSO-d

6
. The integral of 

the maleic acid signal is then used to calculate the concentra-
tion of the sample. Since this represents 5% of the sample, the 
weight of the sample can be calculated.

The LIMS protocol employed calculates the total weight of 
purified sample obtained and generates an Excel report (see 
Table 1) which can be transferred to any in-house bioassay lab-
oratories along with samples.

Analytical data on each compound are imported to the LIMS: 
NMR from the post-purification analysis and MS from the peak 
collected during the HPLC purification. This information can be 
used to directly deposit compounds to the company compound 
repository with all requisite information and future access to the 
original analysis data.

3. Conclusion

We sought to accelerate the process of generating small 
molecules via standardized high-throughput reactions in com-
bination with online purification capabilities. The aim was to 
generate 48-member libraries of purified, validated compounds 
ready for bioassay in less than 5 business days, which was 
achieved with the system as described above.

Integrating purification to synthesis gains efficiency. For 
example, if one synthesizes compounds with a 10-min reaction 
time (typical for our system) and a 10-min purification method, 
then a 48-member library of purified compounds is generated 
in [(48 × 10) + 10] min, or approximately 8 h. Consequently, 
there is no delay for a collection of materials to be generated 
and transferred between synthesis and purification labs as pre-
viously occurred within our laboratories.

The system deployed has limitations relative to the compa-
ny’s standard HTOS and HTP services. Specifically, owing to 
the integration, a reaction scale was selected, which was 10 mg 
of library core per reaction. In addition, since the entire crude 
reaction mixture is injected directly onto an HPLC, reactions 
are limited to homogeneous reactions only, and also solubilized 
catalysts such as Pd(Ph

3
)

4
 cannot be used, as they tend to accu-

mulate on the HPLC column. An exception to this restriction 
includes the ability to conduct heterogeneous reactions within 
a reactor either constructed of or coated with a catalytic metal. 
Such copper and palladium reactors are available from Accendo 

Table 1. Excel report after NMR analysis of purified compounds, 
indicating purity and quantitation for each reaction
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corporation, and the former was employed by the authors along 
with a custom sonication unit to generate 1,2,3-triazoles [13].

4. Experimental

Libraries have been produced using a diverse array of chem-
istries (see Table 2); for example, amide bond formation from 
amines or carboxylic acids and reductive amination reactions, tri-
azole formation through Huisgen cycloaddition, nucleophilic dis-
placement reactions, sulfonylation reactions, and urea formation. 
Library sizes have ranged from 10–48 members with an average 
size of 20. General reaction protocols are appended below.

4.1. General Library Setup Procedure. The core and 
reagents (in either 4-mL or 20-mL vials) and monomers (in 
4-mL vials) were dissolved in an appropriate amount of sol-
vent. The core and reagents were placed in the Conjure Fluid 
Prep module. Monomers were placed in either the external liq-
uid handler or the carousel in the Conjure Fluid Prep module. 
Experimental design was created using the Conjure Wizard, 
which controlled the amount of each reagent used, the tem-
perature of the reactor, and the residence time of the reaction. 
Methods for the HPLC-UV-MS were created with targeted 
molecular weight (MW) data imported from external LIMS 
system. These MW data and various UV/MS threshold settings 
were used to customize the purification and collection method 
for each segment output from Conjure.

Pure fractions collected from HPLC-UV-MS were then 
labeled using a custom labeling and re-racking robot. A 5% (v/v) 
sample of the HPLC fraction was transferred for qNMR analy-
sis using a custom liquid handler with liquid sensing capability. 
The remaining HPLC fractions were dried down under vacuum.

4.2. Typical Reaction Conditions
4.2.1. Amidation of Amine or Acid Core. Amine (or acid core) 

(0.1 mmol in dimethyl acetamide (DMA), 1.0 equiv, 200 mL), 
amine monomers (or acid monomers) (1.1 equiv in DMA, 
200 mL), 2-(1H-7-Azabenzotriazol-1-yl)–1,1,3,3-tetramethyl uro-
nium hexaflu orophosphate methanaminium (HATU) (1.1 equiv 
in DMA, 200 mL), and TEA (3.0 equiv in DMA, 200 mL) were 
aspirated from their respective reagent vials using Conjure 
Fluid Prep Module, mixed through a perfluoroalkoxy (PFA) 
mixing tube (0.2-mm inside diameter (ID)), loaded into an 
injection loop, and injected into the Conjure reactor (preheated 
to 100 °C) with a flow rate of 146 mL/min (10-min residence 
time). The estimated heating time per reaction was about 8.4 
min (shorter observed residence time due to segment accelera-
tion at elevated temperature).

4.2.2. Reductive Amination of Aldehyde or Amine 
Core. Aldehyde (or amine core) (0.1 mmol in DMA, 1.0 equiv, 
200 mL), amine monomers (or aldehyde monomers) (1.1 equiv 
in DMA, 200 mL), NaCNBH

3
 (1.1 equiv in DMA, 200 mL), and 

HOAc (5.0 equiv in DMA, 200 mL) were aspirated from their 
respective reagent vials using Conjure Fluid Prep Module, 
mixed through a PFA mixing tube (0.2-mm ID), loaded into 
an injection loop, and injected into the Conjure reactor (pre-
heated to 50 °C) with a flow rate of 146 mL/min (10-min resi-
dence time). The estimated heating time per reaction was about 
9.5 min (shorter observed residence time due to segment accel-
eration at elevated temperature).

4.2.3. Triazole Formation through Huisgen Cycloaddition. 
Alkyl halide (0.1 mmol in DMA, 1.0 equiv, 200 mL), alkyne 
(1.1 equiv in DMA, 200 mL), and NaN

3
 (1.1 equiv in DMA, 

200 mL) were aspirated from their respective reagent vials using 
Conjure Fluid Prep Module, mixed through a PFA mixing tube 
(0.2-mm ID), loaded into an injection loop, and injected into 
the Conjure reactor (preheated to 150 °C) with a flow rate of 
146 mL/min (10-min residence time). The estimated heating 
time per reaction was about 8 min (shorter observed residence 
time due to segment acceleration at elevated temperature).

4.2.4. Nucleophilic Displacement Reaction (S
N 
2). Halide 

core (0.1 mmol in DMA, 1.0 equiv, 200 mL), amine monomers 
(1.1 equiv in DMA, 200 mL), and N,N-diisopropylethylamine 
(DIEA) (3.0 equiv in DMA, 200 mL) were aspirated from their 
respective reagent vials using Conjure Fluid Prep Module, 
mixed through a PFA mixing tube (0.2-mm ID), loaded into an 
injection loop, and injected into the Conjure reactor (preheated 
to 150 °C) with a flow rate of 146 mL/min (10-min residence 
time). The estimated heating time per reaction was about 8 min 
(shorter observed residence time due to segment acceleration at 
elevated temperature).

4.2.5. Sulfonylation Reaction. Amine core (0.1 mmol in 
DMA, 1.0 equiv, 200 mL), sulfonyl chloride monomers (1.1 
equiv in DMA, 200 mL), and DIEA (3.0 equiv in DMA, 200 mL) 
were aspirated from their respective reagent vials using 
Conjure Fluid Prep Module, mixed through a PFA mixing tube 
(0.2-mm ID), loaded into an injection loop, and injected into 
the Conjure reactor (preheated to 100 °C) with a flow rate of 
146 mL/min (10-min residence time). The estimated heating 
time per reaction was about 8.5 min (shorter observed residence 
time due to segment acceleration at elevated temperature).

4.2.6. Urea Formation. Amine core (0.1 mmol in DMA, 
1.0 equiv, 200 mL), isocyanate monomers (1.1 equiv in DMA, 
200 mL), and DIEA (3.0 equiv in DMA, 200 mL) were aspirated 
from their respective reagent vials using Conjure Fluid Prep 
Module, mixed through a PFA mixing tube (0.2-mm ID), loaded 
into an injection loop, and injected into the Conjure reactor (pre-
heated to 100 °C) with a flow rate of 146 mL/min (10-min resi-
dence time). The estimated heating time per reaction was about 
8.5 min (shorter observed residence time due to segment accel-
eration at elevated temperature).

4.3. Purification via Preparative HPLC-MS. The HPLC 
system consisted of the following components: Gilson 305 and 
306 HPLC pumps with 50-mL pump heads; Gilson 806 mano-
metric module; Gilson 155 UV detector with preparative flow 
cell (0.05-mm path length, 0.7-mL volume); Gilson FC204 frac-
tion collector with code 22 racks for 18 × 150 mm test tubes, 
with a total capacity for 176 tubes; and Gilson 506C Interface 
box. The system was plumbed in a two-pump “At-Column 
Dilution” configuration [9] with the organic phase pump 
plumbed through the Conjure HPLC interface module sam-
ple loop, and then the stream is mixed with the flow from the 
aqueous phase pump via a mixing tee immediately prior to the 
HPLC guard column. A sample volume of 1 mL was delivered 
by the Conjure HPLC interface module.

The MS system consisted of a Thermo MSQ-Plus mass spec-
trometer operating in APCI mode: probe temperature 550 °C, 
cone voltage 30 V, scan time 0.5 s, and mass range of 170–1300 
amu. A 1000:1 split of the stream from the preparative HPLC 
flow was achieved using an Agilent G1968D active splitter and 
delivered to the MS using a Gilson 305 HPLC pump with 5-mL 
pump head, operating at 1 mL/min. A mixture of methanol–water 
(7:3) with 0.1% formic acid was used as the makeup solvent.

The column used was a Waters Sunfire™ Prep C18 OBD™, 
5 mm, 100 Å, 19 × 50 mm with a 19 × 10 mm guard col-
umn. A typical HPLC method used a gradient of acetonitrile 
(A) and 0.1% trifluoroacetic acid in water (B), at a flow rate 

Table 2. Summary of reaction types performed on SWIFT system

Chemistry Average yield (%) Average success rate (%)

Amidation 63 67
Reductive amination 37 85
Triazole formation 60 77
Nucleophilic displacement 23 83
Sulfonylation 56 56
Urea formation 37 40
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of 30 mL/min (0–1.0 min 10% A, 1.0–9.0-min linear gradient 
10–100% A, 9.0–9.5 min 100% A, 9.5–10.0-min linear gradient 
100–10% A). Column equilibration time was dependent upon 
reaction time but was a minimum of 2 min.

The HPLC-MS system was controlled through a combination 
of Thermo Xcalibur 2.0.7 software and a custom application 
written in-house using Microsoft Visual Basic 6.0. The Thermo 
Xcalibur software was used for MS method creation and MS 
data acquisition. The custom application utilized the Thermo 
Xcalibur developers kit (XDK) to send sample sequences to 
Xcalibur, initiate data acquisition, and read MS data in real 
time. National Instruments Measurement Studio controls were 
also used for displaying chromatograms. All HPLC compo-
nents were controlled by the custom application using Gilson 
serial I/O commands (GSIOC). Communication between HPLC 
components, the MS, and the Conjure system was made through 
digital I/O signals from the Gilson 506C interface box.

The purification data browser application was similarly 
written in Visual Basic 6.0 and utilized the Thermo XDK and 
National Instruments Measurement Studio controls for display-
ing chromatograms and mass spectra. All raw data files were 
archived and available over the network to multiple users.

4.4. qNMR/Structure Confirmation/Purity. Samples were 
dissolved in 160 ml of 90:10 DMSO/D

2
O with about 5 mM 

maleic acid internal standard.
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