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Abstract

An automated, silicon-based microreactor system has been developed for rapid, low-volume,
multidimensional reaction screening. Use of the microfluidic platform to identify transformations of
densely functionalized bicyclo[3.2.1]octanoid scaffolds will be described.

Introduction
Historically, major pharmaceutical breakthroughs have been enabled by complex chemical
structures – often, complex natural products – with unique biological mechanisms.1 Recently,
there have been numerous efforts to discover new complex chemical scaffolds through organic
synthesis.2 As part of our interest in the synthesis of new chemotypes and structural
frameworks, we recently formulated a new approach to chemical reaction discovery termed
“multidimensional reaction screening.”3 In this approach, chemical reactions are evaluated
using multiple variables in an array format. Efforts such as multidimensional reaction screening
address an ongoing challenge in drug discovery: the decreasing availability of new chemical
entities for biological screening and the need for discovery of new synthetic methodologies to
access novel compounds of interest.4

Miniaturization and automation of biological screening have enabled an unprecedented level
of throughput.5 However, such developments have been slower in the area of chemical reaction
discovery.6 The recent rise of microfluidic technologies has presented an opportunity for the
development of tools to enable small scale, rapid chemical reactions which may be applied to
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discovery endeavors.7 Herein, we report the development of an automated microfluidic
platform and a series of multidimensional reaction screens involving bicyclo[3.2.1]octanoid
scaffolds,8 multifunctional chemotypes9 presenting an array of functionality for reaction
discovery (Figure 1).

Numerous reports have indicated that reactions performed within microreactors generate
products in greater yield and purity and in shorter times in comparison to traditional batch
conditions owing to the high heat and mass transfer and capability of obtaining wider ranges
of temperature.10 The continuous flow operations and small volume inherent to microreactors
enable multidimensional screening to be performed quickly while minimizing required
amounts of reagents. These features also render microreactors powerful tools for screening
applications involving expensive catalysts11 and reagents that are difficult to synthesize in
bulk.12 Additionally, microreactors are ideal for screening highly reactive intermediates13 and
for analyzing reaction conditions that cannot be easily achieved with conventional laboratory
equipment.14

Ismagilov and coworkers recently reported studies that highlighted the advantages of
microfluidic screening as an alternative to the more commonly used 96-well plates.15,16 In
their study, reactions were preloaded into capillary cartridges as nanoliter plugs (droplets),
demonstrating the potential for microfluidic reaction screening. Continuous flow screening
conducted by Ley and coworkers17 represents another approach that offers many of the same
advantages of microfluidics. In the current work, we expand the field of reaction screening by
introducing an automated microfluidic system capable of selecting chemical reagents and
solvents, as well as varying reaction times and temperature.

Results and Discussion
Automated Platform

We have constructed an automated microfluidic platform capable of conducting programmed
multidimensional arrays in a sequential format (Figure 2). The ability to perform a series of
specified reactions was made possible by the incorporation of a liquid handler equipped with
four independently controlled sample probes. To maintain an inert environment for reagents,
we designed and fabricated a 96-well reagent block that accommodates commercially available
glass sleeves that are sealed with a silicon rubber septum (Figure 3). The integrity of the
reagents within the block is maintained by an inert gas chamber mounted over the sample wells.
This chamber also serves as a source of inert gas during reagent transfer. During the screening
procedure, reagents are drawn from this reagent block by syringes and injected into the
microfluidic platform as boluses.

Pulse Flow
Our specific goal was to develop a screening platform capable of executing one to several
thousand analytical scale reactions. One microfluidic technique utilizes a two-phase flow
system, where the reaction droplets are separated by a fluorinated carrier fluid or a gas phase.
15,18,19 However, both of these methods have limitations in reaction screening applications.
For example, solubility of the fluorinated liquid into the reaction droplet increases with higher
temperatures,20 and the use of a gas phase may lead to cross-contamination of the reaction
droplets via the liquid meniscus between two droplets. Therefore, a comprehensive range of
reaction conditions without cross-contamination was obtained by injecting reactions pulses
into a continuous stream of solvent and by incorporating an optically triggered collection
system. As illustrated in Figure 4, reagent pulses (boluses) were individually introduced into
the microreactor through the liquid handler and coalesced into a single reaction pulse after
entering the microreactor.21
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A disadvantage of applying this homogenous flow style is the axial dispersion of the reaction
pulses associated with laminar flow (Figure 4a).22 To account for this dispersion, an optically
triggered fraction collection system was established to collect the central section of these
pulses, while the tail ends were discarded (Figure 4b). The dispersion was also reduced by
minimizing dead volumes and the lengths of PTFE tubing between the injector and the reactor.
Furthermore, programmed delays between the reaction pulses were incorporated to prevent
cross-contamination.

Reactor Design
A silicon microreactor was developed based on a design previously used for liquid-phase23

and gas-liquid24 reaction optimization. In the current design, use of T-junctions and increased
serpentine channels results in improved mixing over a broader range of chemical applications
compared to the previous reactor design. The microreactor layout consists of three fluid inlets,
followed by an 18 μL mixing zone and a 69 μL reaction zone which terminates at the quench
inlet (Figure 5). The quenched mixture flows through another mixing zone to ensure full and
rapid quenching of the reaction.

The microfluidic channels and ports were etched into silicon wafers by a deep reactive ion etch
(DRIE). The silicon surface was then oxidized to silica (glass) and anodically bonded to a Pyrex
wafer to cap the channels, providing a glass surface that is compatible with most organic
solvents. The high thermal conductivity of silicon microreactors results in fast temperature
equilibration; its mechanical strength enables reactions to be investigated at pressures up to
100 bar with an appropriate packaging technique.25

Fluidic connections to the chip were achieved with a compression packaging scheme (Figure
6). This compression chuck houses the microreactor and a thermoelectric (TE) element capable
of heating or cooling the microreactor by adjusting the electric current.26,27 The wetted material
of the compression piece (top half) is made from stainless steel to ensure compatibility with a
broad range of reagents, while the bottom portion is constructed from aluminum to create a
sufficient heat sink with high thermal conductivity for the thermoelectric device. The reaction
temperature is monitored with a thermoresistor that is in direct contact with the microreactor
and is inserted into the top plate.

As previously mentioned, it is necessary for each reagent pulse to enter the main reactor
channels simultaneously. Accomplishing this task required the compression piece ports and
the inlet channels to be designed such that the pressure drops across each reagent inlet channel
were equal. Such an arrangement allows the first two reagents to enter the first T-mixer
simultaneously, and the resultant stream enters the second T-mixer at the same time as the third
inlet flow. This coalescence was confirmed using FEMLAB® simulations. At a flow rate of
15 μL/min (5.8 min. residence time), the simulations also showed that 90 % of the mixing
occurs within the first 15 % of the mixing zone (3 % of total residence time), ensuring fast
mixing of the components.

Reaction times ranging from 1 to 30 minutes were controlled by adjusting the flow rate of the
multi-head syringe pump. The quench stream in the reactor is an important feature that sets
finite and uniform reaction times for the sequential reactions. Temperatures ranging from -30
to 100 °C were achieved by using the thermoelectric module and incorporating a sufficient
heat sink. Collection of individual reaction pulses was achieved by coupling an optical trigger,
an analytical scale switch, and a 96 well plate fraction collector. Analysis of the reaction screens
was performed by UPLC/MS/ELSD.
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Scaffold Synthesis
The synthesis of bicyclo[3.2.1]octanoid scaffolds derived from [5+2] cycloaddition of quinone
monoketals and styrene derivatives was first reported by Bühi and coworkers in their work
towards the synthesis of neolignan natural products.8 Further efforts resulted in an improved
synthesis of bicyclo[3.2.1] derivatives.28,29 Based on these studies, we were able to develop
optimized conditions for the synthesis of five bicyclo[3.2.1] substrates (Table 1) using carefully
controlled addition of water. The relative stereochemistry of bicyclo[3.2.1] scaffold 7 was
confirmed by X-ray crystallographic analysis.30 The relative stereochemistry of bicyclo[3.2.1]
substrates 8-11 was confirmed via 1H coupling constant and 1D nOe analyses.30

During reaction optimization, we observed that when rigorously water-free conditions were
utilized for [5+2] cycloaddition of monoketal 131 and styrene (Scheme 1), the major product
was diene 12 rather than the desired bicyclo[3.2.1]octanoid 7. Ring-opened product 12 appears
to arise from a retro-Dieckmann-type process with oxonium intermediate 13 and the methanol
liberated during formation of oxonium intermediate 14.32 Addition of water effectively
competes with methanol to preferentially afford the desired bicyclo[3.2.1]octanoid 7.
However, the addition of more than one equivalent of water resulted in competing hydrolysis
of oxonium intermediate 14 affording benzoquinone 15. Reaction optimization revealed that
the optimal amount of water needed in the reaction to maximize the yield of the desired bicyclo
[3.2.1]octanoid 7 was 0.65 to 0.75 equivalents.

Multidimensional Screening of Bicyclo[3.2.1]octanoid Scaffolds
The dense functionality of multifunctional bicyclo[3.2.1]octanoid scaffolds such as 7 and 9 is
highly desirable for reaction discovery. Using these scaffolds, 23 heteroatom nucleophiles, 16
carbon/dipole nucleophiles, and 16 electrophiles (reaction partners) were screened using the
microfluidic platform (Figure 7). Due to the presence of multiple electrophilic centers on the
substrate, reaction partners capable of tandem nucleophilic additions (e.g. 22, 23, 24, 26, and
32) were also included. Two non-nucleophilic bases offering a range of basicity, 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) and 1,8-diaza-bicyclo[5.4.0]-undec-7-ene (DBU), were
utilized in the multidimensional screen. A complete representation of the screening dimensions
is shown in Figure 7.

Each reaction was performed using 1 μmol (typically 0.25 mg) of substrate, with 2.0 to 3.0
equiv of reaction partner and 1.2 equiv of base with a total reaction volume of 24 μL. The latter
volume was achieved by simultaneously delivering 8 μL of each reaction component from
stock solutions in the reagent storage block (Figure 3) to the reactor. The required stock
solutions were prepared in both DMSO and CH3CN in oven-dried glass sleeves with minimal
exposure to air as 0.125 M solutions of the bicyclo[3.2.1] substrates, 0.250 M solutions of the
reaction partners, and 0.150 M solutions of the bases.

Reaction times of 5 min and 20 min were achieved by utilizing set flow rates of 4.5 μL/min
and 1.2 μL/min, respectively (multi-head syringe pump with 4 - 10 mL syringes). Reactions
were quenched in the reactor with 10 % v/v acetic anhydride (continuous flow) and collected
into 96 well plates using UV-triggered fraction collection. The diluted reactions (final
concentration = 1 mg/mL) were analyzed using UPLC/MS/ELSD33 without further
preparation. Reactions affording >20 % conversion to a major product were subsequently
scaled up and isolated using traditional bench chemistry methods for further characterization
of reaction products.

Analysis of UPLC/MS/ELSD data for the reaction screen indicated positive outcomes for 11
out of 23 heteroatom nucleophiles (Figure 8 and 9). All primary amine nucleophiles afforded
retro-Dieckmann-type ring-opened products 72 - 93 (Tables 2 and 3). Although positive results
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utilizing bicyclo[3.2.1] substrate 7 were observed when either DBU or TBD were used, higher
rates of conversion were generally observed using the latter base. Interestingly, positive results
utilizing substrate 9 were only observed when TBD was used as base.

During scale-up and optimization of ring-opened products such as product 72, it became
apparent that epimerization of the α-amide stereocenter was occurring, giving rise to the
isolation of a mixture of diastereomers (Tables 2 and 3). It was also noted that greater rates of
epimerization occurred with the stronger base, TBD, which is expected given a predicted
pKa of ~25 for the α-amide proton.34 Thus, the observed diastereomeric ratios reported in
Tables 2 and 3 are primarily dictated by deprotonation kinetics, which are in part dependent
on suitable alignment of the weakly acidic proton and the amide carbonyl. The relative
stereochemistry of the major diastereomer of amide 83 was confirmed by X-ray
crystallographic analysis.30 Conformational analysis followed by ab initio (B3LYP, 6-31g*)
minimization of both possible diastereomers of amides 72, 77, and 82 (Table 2) indicated that
the major diastereomers are thermodynamically favored by approximately 1-2 kcal/mol.30 This
data indicates that while epimerization is under kinetic control, a thermodynamic equilibrium
would still exist, favoring the initially formed diastereomer (cf. 72-93).

Heteroatom nucleophiles without an alkyl primary amine (e.g., benzylalcohol, p-anisidine,
phenol, and O-benzylhydroxylamine) did not react under any of the conditions examined in
the screen. This is attributed to the lower nucleophilicity of these reaction partners in
comparison to those containing a primary alkyl amine. Similarly, secondary amines (e.g., N-
methylbenzylamine, piperidine, and pyrrolidine) did not react. The only exception was the
reaction between pyrrolidine (29) and bicyclo[3.2.1] substrate 7 which afforded tertiary amide
77.

Reaction partners with the potential for tandem nucleophilic additions also afforded retro-
Dieckmann-type ring-opened products, but did not undergo a second, intramolecular addition.
As shown in Tables 2 and 3, the major isolated products were the acetylated amines and/or
alcohols that were formed by quenching with acetic anhydride. While tandem addition products
were not observed, tethered products were observed with diamino reaction partners 23 and
26.30 Increasing the amount of diamine to 12 equivalents effectively prevented the formation
of the tethered products. The utilization of the chiral diamine, 26, resulted in the formation of
separable diastereomers (78/79 and 89/90). The absolute stereochemistry of 89 was confirmed
by X-ray crystallographic analysis.30 The relative stereochemistries of 78, 79, and 90 were
assigned using NMR analysis.

UPLC/MS/ELSD analysis of the carbon nucleophile microfluidics screening (cf. Figure 7) also
indicated positive outcomes for reactions with 3-methoxyphenylmagnesium bromide (54) and
isonitriles 44 and 47 (Figures 8 and 9). Interestingly, structure elucidation of the reaction
utilizing Grignard reagent 54 indicated that addition occurred at the enone carbonyl exclusively
over the bridgehead ketone (Table 4). The addition afforded a single diastereomer, 98, with
approach occurring opposite the phenyl group.35 Related additions to bicyclo[3.2.1] octanoids
have been reported; however, in this case stereoselectivity was not observed.36

In order to determine scope and limitation for this reaction, additional commercially available
Grignard reagents were investigated using traditional bench chemistry methods. As shown in
Table 4, Grignard reactions proceeded with excellent yield and afforded single diastereomers.
Facial-selectivity for the addition to the diosphenol ether carbonyl was confirmed by X-ray
crystallographic analysis of alcohol 100.30 As indicated in Table 4 (entry 5), only allyl
magnesium bromide underwent a second addition to the bridgehead ketone to afford tertiary
alcohol 102. The relative stereochemistry of diol 102 was confirmed by 1D nOe analysis.30
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Furthermore, upon mild heating 102 underwent cyclization to afford polycyclic ketal 105
(Scheme 2).

Alcohol 100 derived from the addition of methyl Grignard was also treated with allyl
magnesium bromide to afford diol 106, which upon heating gave the polycyclic ketal 107. Of
the Grignard reagents investigated, only ethynyl Grignard (Table 4, entry 6) resulted in the
formation of two regioisomers. In this case, addition to the enone carbonyl was still favored,
but single facially-selective addition to the bridgehead ketone did occur. In order to confirm
the relative stereochemistry of 104, the tertiary alcohol was methylated using standard NaH/
MeI conditions to afford the corresponding methyl ether, which was used to conduct 1D nOe
analysis.30,37 Presumably, the smaller ethynyl functionality presents a smaller steric profile
than the other Grignard reagents investigated and thus is able to approach the bridgehead ketone
from the less hindered face bearing the α-methoxy enone.

Elucidation of the successful microfluidics reactions of bicyclo[3.2.1] substrates 7 and 9 with
isonitriles 44 and 47 revealed that a [3+2] cycloaddition had occurred at the bridgehead
ketone38 in a 1:1 diastereomeric ratio affording oxazoline spirocycles (e.g., 108 and 109,
Scheme 3). Diastereoselectivity of the cycloaddition occurs through addition to the less
hindered face bearing the α-methoxy enone. These structural assignments were supported by
1D nOe analyses (Scheme 2).30,39 The oxazoline spirocycles 108 - 111 were found to be prone
to hydrolysis, affording a ring-opened formamide.39a Reaction products derived from p-
toluenesulfonyl methyl isocyanide (44) suffered significant decomposition while on silica and
could not be cleanly isolated.

Interestingly, when an isocyanide lacking an α-acidic proton (49) was utilized, no reaction
occurred. This suggests that the formation of an isonitrile ylide intermediate39a in the presence
of base is a critical step in this process. Based on this observation, we investigated an additional
nitrile ylide using a standard batch reaction (Scheme 4).40 Structure elucidation of the isolated
product revealed formation of the unusual polycyclic imine 113. The structure was confirmed
by X-ray crystallographic analysis.30 Selective reduction of the imine using NaBH3CN and
acetic acid afforded 114 as a single diastereomer.41

A proposed mechanism for the dipole condensation reaction is shown in Scheme 5 and takes
advantage of the proximity of the diosphenol ether and bridgehead ketone on the bicyclo[3.2.1]
octanoid scaffold. Addition of the dipole to the bridgehead ketone generates the nitrilium
zwitterion 115.42 The enol ether may then undergo intramolecular addition to the emerged
nitrilium to afford oxonium intermediate 116. Base-mediated proton transfer generates a new
zwitterion 117 which undergoes intramolecular cyclization to afford 113.

Finally, UPLC/MS/ELSD analyses of the electrophile reaction partner subset did not reveal
any successful transformations. The lack of reactivity with the electrophiles was unexpected
given the participation of the diosphenol ether moiety observed in the formation of polycyclic
imine 113.

Conclusion
A microfluidic reaction platform has been developed and used for multidimensional reaction
screening of highly functionalized bicyclo[3.2.1]octanoid scaffolds. This study represents a
successful application of microfluidics technology to reaction discovery allowing for over 1000
reactions to be screened and analyzed on an analytical scale. Use of the microfluidic platform
enabled expansion of an interesting retro-Dieckmann-type fragmentation affording highly
functionalized cycloheptenone derivatives. Furthermore, [3+2] cycloaddition involving the
bridgehead ketone of the bicyclo[3.2.1]octanoid scaffolds and isocyanides was observed in the
reaction screen. These dipole cycloadditions inspired the ultimate discovery of a stepwise
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condensation of an isonitrile ylide to afford a novel polycyclic imine. Finally, use of moisture
sensitive Grignard reagents with the microfluidics platform resulted in the discovery of chemo-
and stereo-selective additions to the bicyclo[3.2.1]octanoid scaffolds, highlighting the overall
reagent capability of the screening platform. Additional applications of microfluidics-enabled
multidimensional reaction screening and expansion of the platform capabilities for reaction
optimization and scaleup are currently underway and will be reported in due course.

Experimental Section
(1R,5R,6R,7R)-3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-ene-2,8-dione (±) (7)

To a oven-dried vial was added dry (1S)-(+)-10-camphorsulfonic acid (CSA) (63 mg, 0.27
mmol) followed by anhydrous CH3CN (3 mL), water (3.7 μL, 0.21 mmol), and β-trans-
methylstyrene (70 μL, 0.54 mmol). To this mixture was added 3,4,4-trimethoxycyclohexa-2,5-
dienone (50 mg, 0.27 mmol) dissolved in CH3CN (1 mL). The reaction was stirred at rt for 1.5
h, quenched with triethylamine (38 μL) and stirred for 15 min. The solution was diluted with
sat. NaHCO3 and extracted with diethylether (x3). The organic layer was washed with brine
(x1), dried over sodium sulfate, filtered, and evaporated in vacuo. The crude material was
purified by flash chromatography (SiO2, 20:80 EtOAc:petroleum ether) to afford 3 (43 %, 66
mg, 0.27 mmol) as clear/white crystals. m.p. = 140 - 142 °C; 1H NMR (400 MHz, CDCl3) δ
7.31 – 7.25 (m, 2 H), 7.24 – 7.19 (m, 1 H), 7.05 (d, J = 8.6 Hz, 2 H), 6.48 (d, J = 8.6 Hz, 1 H),
3.81 (dd, J = 7.0, 2.0 Hz, 1 H), 3.72 (s, 3 H), 3.20 (t, J = 6.5 Hz, 1 H), 3.05 (dd, J = 8.6, 2.1
Hz, 1 H), 2.56 (qt, J = 6.7 Hz, 1 H), 1.26 (d, J = 7.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3)
δ 200.2, 190.3, 154.6, 138.0, 129.1, 128.6, 127.8, 118.1, 71.1, 56.0, 54.1, 49.6, 43.2, 21.7; IR
(thin film) νmax 2962, 1761, 1684, 1606, 1456, 1363, 1245, 1223, 1153, 1103, 1036, 753, 701
cm-1; HRMS calculated for C16H16O3Na: 279.0997, found: 279.1022 (M+Na).

Bicyclo[3.2.1]octanoid (±) 9

To a oven-dried vial was added dry (1S)-(+)-10-camphorsulfonic acid (CSA) (63 mg, 0.27
mmol) followed by anhydrous CH3CN (3 mL), water (3.7 μL, 0.21 mmol), and 2-methylindene
(73 μL, 0.54 mmol). To this mixture was added 3,4,4-trimethoxycyclohexa-2,5-dienone (50
mg, 0.27 mmol) dissolved in CH3CN (1 mL). The reaction was stirred at rt for 1.5 h, quenched
with triethylamine (38 μL) and stirred for 15 min. The solution was diluted with sat.
NaHCO3 and extracted with diethylether (x3). The organic layer was washed with brine (x1),
dried over sodium sulfate, filtered, and evaporated in vacuo. The crude material was purified
by flash chromatography (SiO2, 20:80 EtOAc:petroleum ether) to afford 9 (70 %, 51 mg, 0.19
mmol) as clear/white crystals; m.p. = 135 - 138 °C; 1H NMR (400 MHz, CDCl3) δ 7.17 – 7.10
(m, 2 H), 7.09 – 7.03 (m, 2 H), 6.04 (d, J = 8.3 Hz, 1 H), 4.02 (dd, J = 8.3, 1.8 Hz, 1 H), 3.77
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(d, J = 8.3 Hz, 1 H), 3.35 (s, 3 H), 3.20 (d, J = 17.3 Hz, 1 H), 3.12 (dd, J = 8.3, 2.0 Hz, 1 H),
2.95 (d, J = 17.3 Hz, 1 H), 1.42 (s, 3 H); NOED (400 MHz, CDCl3) irrad. δ 6.04 (Ha) 2 %
enhancement at Hb, irrad. δ 3.20 (Hb) 3 % enhancement at Ha; 13C NMR (100 MHz, CDCl3)
δ 200.5, 190.3, 154.7, 143.8, 140.1, 128.0, 127.5, 126.2, 124.1, 114.2, 67.5, 58.1, 55.8, 55.1,
47.2, 42.5, 28.4; IR (thin film) νmax 2962, 2923, 1762, 1685, 1608, 1458, 1218, 1141, 749
cm-1; HRMS calculated for C17H16O3Na: 291.0997, found: 291.1026 (M+Na).

General procedure for analytical reaction screening (automated microfluidics platform)
Stock solutions of substrate (0.125 M), reaction partner (0.25 M), and base (0.15 M) were
prepared in DMSO or CH3CN (anhydrous) while maintaining dry handling. The solutions were
placed in a custom designed 96-well aluminum holding block fitted with oven-dried glass
sleeves. This was covered with an inert gas chamber and sealed. The block was attached to the
microfluidics platform and a slow steady stream of argon was passed through the inert gas
chamber. System parameters were first set to achieve 5 min reactions (microreactor residence
time) at 30 °C. Longer reaction times at elevated reaction temperatures were achieved by
decreasing the syringe pump flow rate and increasing the power supply to the TE heating
module. Reactions were quenched on the microreactor by flowing acetic anhydride (10 % V/
V in DMSO or CH3CN) into the quench port. Individual reactions were collected into 96-well
plates using optical detection. Each reaction was analyzed by UPLC/MS/ELSD (10-90 %
CH3CN, 2 min). Reactions affording >20 % conversion to a major product were subsequently
scaled up and isolated, using traditional bench chemistry methods, for further characterization.
A sample UPLC/ELSD Profile for substrate 7 and benzylamine (16) is provided below.

(1R,6S,7R,E)-N-benzyl-3-methoxy-7-methyl-4-oxo-6-phenylcyclohept-2-enecarboxamide (±)
(72)

To an oven-dried 1 dram vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-
ene-2,8-dione (7) (40 mg, 0.16 mmol) and anhydrous CH3CN (0.90 mL) followed by the
addition of benzylamine (34 μL, 0.31 mmol). To this mixture was added DBU (28 μL, 0.19
mmol) in anhydrous CH3CN (100 μL). The reaction was stirred at rt for 60 min under argon
and quenched with the addition of acetic anhydride (44 μL, 0.47 mmol) in CH3CN (400 μL).
The reaction was filtered through a short plug of silica and washed with CH3CN (2 mL × 3,
until all the product was eluted from the silica plug as indicated by TLC). The eluent was then
evaporated in vacuo. The crude material was purified by flash chromatography (SiO2, 40:1
CH2Cl2:MeOH) to afford 72 as a mixture of diastereomers in 20:1 ratio (dr was estimated from
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crude UPLC/ELSD) (63 %, 36 mg, 0.098 mmol). Characterization data for major
diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.37 - 7.21 (m, 8 H), 7.17 - 7.12 (m, 2 H), 6.20
(d, J = 6.1 Hz, 1 H), 5.95 (t, J = 5.3 Hz, 1 H), 4.50 (dd, J = 5.5, 4.1 Hz, 2 H), 3.73 (s, 3 H),
3.71 (ovrlp t, J = 5.7 Hz, 1 H), 3.02 (dd, J = 17.6, 11.9 Hz, 1 H), 2.80 (dd, J = 17.6, 1.2 Hz, 1
H), 2.60 (dd, J = 11.1, 9.8 Hz, 1 H), 2.26 - 2.14 (m, 1 H), 0.88 (d, J = 6.6 Hz, 3 H); 13C NMR
(100 MHz, CDCl3) δ 197.3, 171.2, 152.8, 143.8, 137.9, 128.8, 128.7, 128.0, 127.7, 126.9,
107.6, 55.5, 48.1, 45.9, 45.0, 44.1, 43.0, 15.3; IR (thin film) νmax 3337, 2961, 2927, 1666,
1537, 1454, 1345, 1208, 1140, 701 cm-1; HRMS calculated for C23H26NO3: 364.1913, found:
364.1937 (M+H).

(1R,6S,7R,E)-N-(4-methoxybenzyl)-3-methoxy-7-methyl-4-oxo-6-phenylcyclo hept-2-
enecarboxamide (±) (77)

To an oven-dried 1 dram vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-
ene-2,8-dione (7) (40 mg, 0.16 mmol) and anhydrous CH3CN (0.90 mL) followed by the
addition of pyrrolidine (26 μL, 0.31 mmol). To this mixture was added TBD (26 mg, 0.19
mmol) in anhydrous CH3CN (100 μL). The reaction was stirred at rt for 60 min under argon
and quenched with the addition of acetic anhydride (44 μL, 0.47 mmol) in CH3CN (400 μL).
The reaction was filtered through a short plug of silica and washed with CH3CN (2 mL × 3,
until all the product was eluted from the silica plug as indicated by TLC). The eluent was then
evaporated in vacuo. The crude material was purified by flash chromatography (SiO2, 40:1
CH2Cl2:MeOH) to afford 77 as a mixture of diastereomers in 9:1 ratio (dr was estimated from
crude UPLC/ELSD) (56 %, 29 mg, 0.087 mmol). Characterization data for major
diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.36 - 7.22 (m, 3 H), 7.16 (d, J = 7.4 Hz, 2 H),
6.25 (d, J = 5.9 Hz, 1 H), 3.98 (t, J = 5.5 Hz, 1 H), 3.73 (s, 3 H), 3.67 - 3.40 (m, 4 H), 3.07 (dd,
J = 17.6, 12.5 Hz, 1 H), 2.83 (d, J = 17.6 Hz, 1 H), 2.61 (dd, J = 11.7, 9.4 Hz, 1 H), 2.31 - 2.18
(m, 1 H), 2.06 - 1.97 (m, 2 H), 1.93 - 1.85 (m, 2 H), 0.88 (d, J = 6.6 Hz, 3 H); 13C NMR (100
MHz, CDCl3) δ 197.3, 170.1, 152.6, 144.2, 128.8, 127.6, 126.8, 109.2, 55.5, 48.1, 46.5, 46.0,
43.0, 40.3, 26.3, 24.1, 15.5; IR (thin film) νmax 2966, 1728, 1680, 1625, 1452, 1209, 1137,
733, 703 cm-1; HRMS calculated for C20H25NO3Na: 350.1732, found: 350.1714 (M+Na).

(1R,6S,7R,E)-N-(4-methoxybenzyl)-3-methoxy-7-methyl-4-oxo-6-phenylcyclohept-2-
enecarboxamide (±) (84)

To an oven-dried 1 dram vial was added bicyclo[3.2.1]octanoid 9 (40 mg, 0.15 mmol) and
anhydrous CH3CN (0.90 mL) followed by the addition of benzylamine (30 uL, 0.30 mmol).
To this mixture was added TBD (25 mg, 0.18 mmol) in anhydrous CH3CN (100 μL). The
reaction was stirred at rt for 60 min under argon and quenched with the addition of acetic
anhydride (42 μL, 0.45 mmol) in CH3CN (400 μL). The reaction was filtered through a short
plug of silica and washed with CH3CN (2 mL × 3, until all the product was eluted from the
silica plug as indicated by TLC). The eluent was then evaporated in vacuo. The crude material
was purified by flash chromatography (SiO2, 40:1 CH2Cl2:MeOH) to afford 84 as a mixture
of diastereomers in 7:1 ratio (dr was estimated from crude UPLC/ELSD) (72 %, 40 mg, 0.11
mmol). Characterization data for major diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.44 -
7.30 (m, 5 H), 7.20 (d, J = 4.3 Hz, 3 H), 7.14 (br. s., 1 H), 6.14 (d, J = 5.9 Hz, 1 H), 5.96 (t,
J = 5.1 Hz, 1 H), 4.60 (dd, J = 14.5, 5.5 Hz, 1 H), 4.52 (dd, J = 14.5, 5.5 Hz, 1 H), 3.70 (s, 3
H), 3.40 (d, J = 5.9 Hz, 1 H), 3.06 (d, J = 15.6 Hz, 1 H), 2.98 (dd, J = 11.7, 2.7 Hz, 1 H), 2.77
- 2.68 (m, 3 H), 1.15 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ 196.3, 171.3, 153.1, 143.3, 141.1,
137.9, 128.8, 128.0, 127.8, 127.4, 127.2, 124.9, 124.8, 111.9, 55.4, 51.0, 50.6, 48.7, 46.6, 44.4,
44.2, 23.4; IR (thin film) νmax 3334, 2930, 1673, 1622, 1537, 1455, 1206, 1155, 1137, 1119,
754, 734, 700 cm-1; HRMS calculated for C24H26NO3: 376.1913, found: 376.1919 (M+H).
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(1R,4S,5S,6R,7R)-4-hydroxy-3-methoxy-4-(3-methoxyphenyl)-7-methyl-6-phenylbicyclo
[3.2.1]oct- 2-en-8-one (±) (98)

To an oven-dried vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-ene-2,8-
dione (7) (40 mg, 0.16 mmol) and anhydrous THF (4.0 mL). The reaction mixture was cooled
to 0 °C while under argon. To this mixture was added 1.0 M 3-methoxyphenylmagnesium
bromide in THF (470 μL, 0.47 mmol) dropwise via syringe over 1 min while at 0 °C. The
reaction was warmed to rt with continued stirring for 30 min. The reaction was cooled back
down to 0 °C and quenched with the addition of water (20 μL). This mixture was warmed to
rt, diluted with water (20 mL) and extracted into CH2Cl2 (15 mL × 3). The organic fractions
were combined, washed with brine (20 mL), dried over sodium sulfate, filtered, and evaporated
in vacuo. The crude product was purified by flash chromatography (SiO2, 40:1 CH2Cl2:EtOAc)
to afford 98 as an amorphous clear/white solid (96 %, 54 mg, 0.15 mmol). 1H NMR (400 MHz,
CDCl3) δ 7.46 - 7.36 (m, 4 H), 7.33 - 7.27 (m, 1 H), 7.21 - 7.15 (m, 1 H), 6.83 - 6.81 (m, 1 H),
6.80 - 6.74 (m, 2 H), 5.39 (d, J = 7.4 Hz, 1 H), 3.74 (s, 3 H), 3.64 (s, 3 H), 3.09 (dd, J = 7.0,
5.9 Hz, 1 H), 2.94 (dd, J = 7.0, 1.6 Hz, 1 H), 2.88 - 2.78 (m, 1 H), 2.58 (dd, J = 7.4, 1.6 Hz, 1
H), 2.09 (s, 1 H), 1.07 (d, J = 7.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 205.7, 159.4, 155.4,
144.1, 140.6, 129.5, 128.8, 128.8, 127.2, 118.1, 113.2, 111.6, 99.5, 82.7, 63.6, 55.3, 55.1, 51.2,
50.4, 42.7, 21.5; IR (thin film) νmax 3552, 2958, 1750, 1600, 1584, 1484, 1455, 1434, 1289,
1250, 1227, 1150, 1095, 1079, 1032, 784, 701 cm-1; HRMS calculated for C23H24O4Na:
387.1572, found: 387.1587 (M+Na).

(1R,2R,5R,6R,7R,8S)-2,8-diallyl-3-methoxy-6-methyl-7-phenylbicyclo[3.2.1] oct-3-ene-2,8-
diol (±) (102)

To an oven-dried vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-ene-2,8-
dione (7) (40 mg, 0.16 mmol) and anhydrous THF (4.0 mL). The reaction mixture was cooled
to 0 °C while under argon. To this mixture was added 1.0 M allylmagnesium bromide in diethyl
ether (470 μL, 0.47 mmol) dropwise via syringe over 1 min while at 0 °C. The reaction was
warmed to rt with continued stirring for 30 min. The reaction was cooled back down to 0 °C
and quenched with the addition of water (20 μL). This mixture was warmed to rt, diluted with
water (20 mL) and extracted into CH2Cl2 (15 mL × 3). The organic fractions were combined,
washed with brine (20 mL), dried over sodium sulfate, filtered, and evaporated in vacuo. The
crude product was purified by flash chromatography (SiO2, 40:1 CH2Cl2:EtOAc) to afford
102 as an amorphous clear/white solid (98 %, 52 mg, 0.15 mmol). 1H NMR (400 MHz,
CDCl3) δ 7.32 - 7.22 (m, 4 H), 7.20 - 7.13 (m, 1 H), 6.12 - 5.98 (ddt, J = 17.2, 10.1, 7.2 Hz, 1
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H), 5.91 - 5.77 (ddt, J = 17.4, 10.2, 7.1 Hz, 1 H), 5.25 - 5.03 (m, 5 H), 3.56 (s, 3 H), 3.35 (dd,
J = 9.2, 5.8 Hz, 1 H), 2.82 (dd, J = 5.8, 2.0 Hz, 1 H), 2.79 - 2.67 (ovrlp m, 2 H), 2.64 (d, J =
7.4 Hz, 2 H), 2.60 - 2.52 (m, 1 H), 2.38 (s, 1 H), 2.18 (dd, J = 7.8, 2.0 Hz, 1 H), 1.28 (s, 1 H),
1.18 (d, J = 7.0 Hz, 3 H); NOED (400 MHz, CDCl3) irrad. δ 3.35 (Ha) 7 % enhancement at
Hb’, 5 % enhancement at Hb”; 13C NMR (100 MHz, CDCl3) δ 160.0, 141.5, 134.7, 134.0,
128.7, 126.1, 118.5, 118.1, 99.8, 81.5, 77.6, 55.0, 53.2, 51.4, 49.1, 43.8, 43.4, 42.6, 20.6; IR
(thin film) νmax 3566, 2954, 2928, 1638, 1450, 1373, 1223, 1153, 1065, 1033, 999, 912, 697
cm-1; HRMS calculated for C22H28O3Na: 363.1936, found: 363.1942 (M+Na).

Polycyclic ketal (±) (105)
To a 1 dram vial was added diol 102 (20 mg, 0.059 mmol) followed by the addition of THF
(1 mL). The reaction mixture was heated to 50 °C for 8 h while stirring. The reaction was
concentrated and purified by flash chromatography (SiO2, 40:1 CH2Cl2:EtOAc) to afford
105 as an amorphous clear/white solid (96 %, 19 mg, 0.056 mmol). 1H NMR (400 MHz,
CDCl3) δ 7.31 - 7.27 (m, 4 H), 7.21 - 7.14 (m, 1 H), 6.02 - 5.89 (m, 1 H), 5.61 - 5.48 (m, 1 H),
5.20 - 5.12 (m, 2 H), 4.98 - 4.89 (m, 2 H), 3.45 (s, 3 H), 2.91 (dd, J = 9.6, 5.7 Hz, 1 H), 2.83 -
2.71 (m, 1 H), 2.59 (d, J = 7.0 Hz, 2 H), 2.48 (dd, J = 5.7, 1.6 Hz, 1 H), 2.32 - 2.14 (ovrlp m,
3 H), 2.07 - 1.96 (ovrlp m, 2 H), 1.24 (s, 1 H), 1.14 (d, J = 7.0 Hz, 3 H); 13C NMR (100 MHz,
CDCl3) δ 140.0, 133.6, 133.4, 128.2, 128.1, 125.9, 119.7, 117.7, 109.7, 89.1, 81.4, 56.0, 52.5,
50.9, 49.5, 41.6, 40.6, 38.1, 36.2, 22.3; IR (thin film) νmax 2953, 1498, 1456, 1447, 1311,
1217, 1154, 1134, 1096, 1064, 1032, 994, 912, 697 cm-1; HRMS calculated for C22H28O3Na:
363.1936, found: 363.1944 (M+Na).

(1R,4’S,5R,5’R,6R,7R)-methyl 3-methoxy-7-methyl-4-oxo-6-phenyl-4’H-spiro[bicyclo[3.2.1]
oct[2] ene-8,5’-oxazole]-4’-carboxylate (±) (108) and (1R,4’R,5R,5’R,6R,7R)-methyl 3-
methoxy- 7-methyl-4-oxo-6-phenyl-4’H-spiro[bicyclo[3.2.1]oct[2]ene-8,5’-oxazole]-4’-
carboxylate (±) (109)

To an oven-dried 1 dram vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-
ene-2,8-dione (7) (40 mg, 0.16 mmol) and anhydrous CH3CN (0.90 mL) followed by the
addition of isocyanoacetate (28.3 μL, 0.312 mmol). To this mixture was added DBU (28 μL,
0.19 mmol) in anhydrous CH3CN (100 μL). The reaction was stirred at rt for 60 min under
argon, quenched by filtering through a short plug of silica and washed with CH3CN (2 mL ×
3, until all the product was eluted from the silica plug as indicated by TLC). The eluent was
then evaporated in vacuo. The crude material was purified by flash chromatography (SiO2, 1:1
EtOAc:petroleum ether) to afford 108 (35 %, 19 mg, 0.055 mmol) and 109 (37 %, 21 mg, 0.058
mmol) as amorphous clear/white solids. Characterization data for 108: 1H NMR (400 MHz,
CDCl3) δ 7.29 - 7.22 (m, 2 H), 7.22 - 7.14 (m, 1 H), 7.08 - 7.00 (m, 3 H), 6.26 (d, J = 8.2, 1
H), 4.48 (s, 1 H), 3.71 (s, 3 H), 3.62 (s, 3 H), 3.51 (t, J = 6.4 Hz, 1 H), 3.39 (dd, J = 6.4, 2.0
Hz, 1 H), 3.15 (dd, J = 8.2, 2.0 Hz, 1 H), 2.53 (quin, J = 6.8 Hz, 1 H), 1.35 (d, J = 7.0 Hz, 3
H); NOED (400 MHz, CDCl3) irrad. δ 4.48 (Ha) 3 % enhancement at Hb; irrad. δ 3.39 (Hb) 2
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% enhancement at Ha; 13C NMR (100 MHz, CDCl3) δ 192.0, 170.6, 156.2, 153.6, 138.0, 128.7,
128.3, 127.2, 121.2, 97.5, 70.9, 68.7, 55.4, 52.4, 51.4, 48.1, 46.6, 20.4; IR (thin film) νmax
2955, 2932, 1743, 1696, 1635, 1616, 1456, 1251, 1212, 1159, 1113, 971, 736, 701 cm-1; HRMS
calculated for C20H22NO5: 356.1498, found: 356.1513 (M+H). Characterization data for
109: 1H NMR (400 MHz, CDCl3) δ 7.29 - 7.21 (m, 2 H), 7.21 - 7.14 (m, 1 H), 7.11 (s, 1 H),
7.02 (d, J = 7.4 Hz, 2 H), 6.28 (d, J = 8.6 Hz, 1 H), 4.67 (d, J = 1.6 Hz, 1 H), 3.72 (s, 3 H),
3.56 (s, 3H), 3.56 (ovrlp t, J = 6.45 Hz, 1 H), 3.35 (dd, J = 6.6, 2.3 Hz, 1 H), 2.81 (dd, J = 8.4,
2.1 Hz, 1 H), 2.56 (d, J = 7.0 Hz, 1 H), 1.35 (d, J = 7.0 Hz, 3 H); NOED (400 MHz, CDCl3)
irrad. δ 4.67 (Ha) 3 % enhancement at Hb, 1 % enhancement at Hc; irrad. δ 2.81 (Hb) 2 %
enhancement at Ha; 13C NMR (100 MHz, CDCl3) δ 191.1, 169.0, 155.8, 154.5, 137.6, 128.6,
128.4, 127.2, 118.0, 97.3, 70.6, 65.1, 55.7, 52.3, 52.2, 51.5, 46.3, 20.5; IR (thin film) νmax
2955, 2932, 1745, 1692, 1632, 1615, 1244, 1207, 1176, 1162, 1138, 1103, 1009, 971, 734, 702
cm-1; HRMS calculated for C20H22NO5: 356.1498, found: 356.1522 (M+H).

Poylcyclic imine (±) 113
To a oven-dried 1 dram vial was added N-(4-nitrobenzyl)benzimidoyl chloride (112) (40 mg,
0.15 mmol), 3-methoxy-6-methyl-7-phenylbicyclo [3.2.1]oct-3-ene-2,8-dione (7) (25 mg,
0.097 mmol) and anhydrous toluene (2 mL) followed by the addition of triethylamine (30.0
μL, 0.215 mmol). The reaction was stirred at rt for 24 h while under argon. The reaction was
then evaporated in vacuo and purified by flash chromatography (SiO2, 40:1 CH2Cl2:MeOH)
to afford imine 113 as a pale yellow solid (44 %, 21 mg, 0.043 mmol). m.p. = 210 - 215 °C
(dec); 1H NMR (400 MHz, CDCl3) δ 8.23 (d, J = 9.0 Hz, 2 H), 7.98 (d, J = 7.0 Hz, 2 H), 7.85
(d, J = 9.0 Hz, 2 H), 7.64 - 7.48 (m, 3 H), 7.40 - 7.28 (m, 3 H), 7.22 (d, J = 7.4 Hz, 2 H), 3.81
(s, 1 H), 3.52 (dd, J = 10.6, 5.1 Hz, 1 H), 3.41 (s, 3 H), 2.70 (dd, J = 5.1, 2.3 Hz, 1 H), 2.42 (s,
1 H), 2.33 (ddd, J = 10.3, 6.9, 2.7 Hz, 1 H), 1.89 (t, J = 2.3 Hz, 1 H), 1.26 (d, J = 7.0 Hz, 3
H); 13C NMR (100 MHz, CDCl3) δ 207.9, 177.0, 147.5, 142.1, 136.8, 132.2, 130.5, 129.8,
129.2, 128.4, 128.2, 127.6, 127.3, 123.4, 103.2, 90.8, 88.4, 61.4, 57.4, 56.2, 56.1, 54.1, 40.9,
20.5; IR (thin film) νmax 2959, 1750, 1603, 1518, 1497, 1448, 1349, 1271, 1151, 910, 853,
732, 697 cm-1; HRMS calculated for C30H27N2O5: 495.1920, found: 495.1915 (M+H).

Polycyclic amine (±) 114

To an oven dried 1 dram vial was added polycyclic imine (113) (30 mg, 0.061 mmol) followed
by the addition of MeOH (1 mL). Next was added NaCNBH3 (46 mg, 0.73 mmol) and acetic
acid (42 μL, 0.73 mmol). The reaction was capped and stirred at rt for 1 h. The reaction was
extracted into CH2Cl2 (10 mL) and washed with water (10 mL × 2) then brine (10 mL). The
organic portion was dried over Na2SO4 and evaporated in vacuo. The resulting residue was
purified by flash chromatography (SiO2, 20:1 CH2Cl2:MeOH) to afford amine 114 as a pale
yellow solid (91 %, 28 mg, 0.056 mmol). m.p. = 225 - 230 °C (dec); 1H NMR (400 MHz,
CDCl3) δ 8.17 (d, J = 8.6 Hz, 2 H), 7.74 (d, J = 9.0 Hz, 2 H), 7.56 (d, J = 7.4 Hz, 2 H), 7.44
(t, J = 7.6Hz, 1 H), 7.37 - 7.21 (m, 5 H), 7.14 (d, J = 7.4 Hz, 2 H), 5.10 (d, J = 2.0 Hz, 1 H),
3.80 (s, 3 H), 3.23 (dd, J = 10.7, 5.3 Hz, 1 H), 2.81 (d, J = 3.1 Hz, 1 H), 2.66 (br. s., 1 H), 2.39
(dd, J = 5.1, 2.3 Hz, 1 H), 2.07 - 1.94 (m, 1 H), 1.89 (br. s., 1 H), 0.95 (d, J = 7.0 Hz, 3 H);
NOED (400 MHz, CDCl3) irrad. δ 5.10 (Ha) 3 % enhancement at Mec, 5 % enhancement at
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Hb; irrad. δ 3.80 (Mec) 2 % enhancement at Ha, 3 % enhancement at Hb; 13C NMR (100 MHz,
CDCl3) δ 210.8, 147.5, 142.1, 139.2, 137.3, 129.0, 128.6, 128.3, 128.2, 127.3, 127.1, 127.0,
123.4, 95.2, 89.3, 79.7, 63.6, 61.0, 53.7, 53.0, 52.3, 50.6, 42.8, 20.3; IR (thin film) νmax 2959,
1744, 1602, 1521, 1496, 1456, 1349, 1152, 1031, 853, 754, 699 cm-1; HRMS calculated for
C30H29N2O5: 497.2076, found: 497.2063 (M+H).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diverse functionality of the bicyclo[3.2.1]octanoid scaffold for multidimensional reaction
screening.
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Figure 2.
Automated microfluidic platform for reaction screening. Components include: (a) computer
with operating software, (b) multi-head syringe pump, (c) liquid handler, (d) 96-well reagent
block, (e) compression packaging that houses microreactor and thermoelectric module, (f) UV
detection for optical triggering, (g) sampling valve, (h) 96-well plate fraction collector, and
feedback control loops (i – k) for reagent injection, temperature control, and sample collection,
respectively.
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Figure 3.
Reagent storage block (left) and illustration of inert handling in sample syringes (right).
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Figure 4.
a) Illustration of sequential reaction pluses and the dispersion caused by laminar flow and
surface wetting. b) Example of sample collection via optical triggering. Collection begins and
terminates once concentration of reaction pulse crosses a specified threshold, thereby enabling
collection of the central portion of the pulse.
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Figure 5.
Layout of the silicon microreactor used for multidimensional screens.

Goodell et al. Page 19

J Org Chem. Author manuscript; available in PMC 2010 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Compression packaging unit used in screening applications. The unit houses microreactor and
thermoelectric device used for heating/cooling.
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Figure 7.
Multidimensional screening parameters.
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Figure 8.
UPLC/ELSD results for successful transformations with bicyclo[3.2.1] substrate 7. The shaded
region represents the LC retention time for bicyclo[3.2.1] substrate 7. Reaction conditions for
displayed traces: DMSO, TBD, 5 min, 30 °C.
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Figure 9.
UPLC/ELSD results for successful transformations with bicyclo[3.2.1] substrate 9. The shaded
area represents the LC retention time for bicyclo[3.2.1] substrate 9. Reaction conditions for
displayed traces: CH3CN, TBD, 5 min, 30 °C.
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Scheme 1.
Synthesis of bicyclo[3.2.1]octanoid scaffolds.
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Scheme 2.
Further cyclization of allyl Grignard adducts.
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Scheme 3.
Representative products for isonitrile reactions.
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Scheme 4.
Condensation with an isonitrile ylide affords a polycyclic imine.

Goodell et al. Page 27

J Org Chem. Author manuscript; available in PMC 2010 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 5.
Proposed mechanism for the formation of polycyclic imine 113.
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Table 1

Synthesis of bicyclo[3.2.1]octanoid substrates a

entry monoketal alkene product % yield

1 43 %

2 55 %

3 70 %

J Org Chem. Author manuscript; available in PMC 2010 November 9.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Goodell et al. Page 30

entry monoketal alkene product % yield

4 60 %

5 69 %

a
Conditions: alkene (2.0 equiv), dry CSA (1.0 equiv), anhydrous CH3CN, H2O (0.75 equiv), rt, 2 h.
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Table 2

Results for reactions with bicyclo[3.2.1] substrate 7.a

entry nucleophile product yield (dr)

1 63 % b (20:1)

2 60 % (11:1)

3 54 % (13:1)

4 65 % c (14:1)

5 57 % (10:1)
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entry nucleophile product yield (dr)

6 56 % d (9:1)

7 35 % c
(>25:1)

23 % c
(>25:1)

8 55 % (>20:1)
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entry nucleophile product yield (dr)

9 40 % (10:1)

10 63 % (>25:1)

11 65% (>25:1)

a
Reaction conditions: nucleophile (2 equiv), DBU (1.2 equiv), anhydrous CH3CN, room temp, 1 h.

b
TBD (1.2 equiv): 50 % yield (8:1).

c
Nucleophile (12 equiv).

d
TBD (1.2 equiv).

J Org Chem. Author manuscript; available in PMC 2010 November 9.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Goodell et al. Page 34

Table 3

Results for reactions with bicyclo[3.2.1] substrate 9.a

entry nucleophile product yield (dr)

1 72 % (7:1)

2 65 % (8:1)

3 76 % (7:1)

4 53 % b (9:1)
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entry nucleophile product yield (dr)

5 68 % (10:1)

6 27 % b
(>25:1)

24 % b
(>25:1)

7 64 % (8:1)
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entry nucleophile product yield (dr)

8 54 % (5:1)

9 49 % (>25:1)

a
Reaction conditions: nucleophile (2 equiv), TBD (1.2 equiv), anhydrous CH3CN, room temp, 1 h.

b
Nucleophile (12 equiv).
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Table 4

Results for reactions with Grignard additionsa.

entry sub reagent product yield

1 7 96 %

2 9 99 %

3 7 95 %

4 7 91 %
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entry sub reagent product yield

5 7 98 %

6 7 60 %

30 %

a
Reaction conditions: Grignard reagent (3.0 equiv), anhydrous THF, 0 ° C → rt, 30 min.
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