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« “Greener” alternative for cyclopropane synthesis
« Photoproducts feature vicinal quaternary stereocenters
« Scalability enabled by aqueous crystalline suspensions

ABSTRACT: The cyclopropane ring features prominently in active pharmaceuticals, and this has spurred the development of syn-
thetic methodologies that effectively incorporate this highly-strained motif into such molecules. As such, elegant solutions to pre-
pare densely-functionalized cyclopropanes, particularly ones embedded within the core of complex structures, have become in-
creasingly sought-after. Here we report the stereospecific synthesis of a set of cyclopropanes with vicinal quaternary stereocenters
via the solvent-free solid-state photodenitrogenation of crystalline 1-pyrazolines. Density functional theory calculations at the
MO062X/6-31+G(d,p) level of theory were used to determine the origin of regioselectivity for the synthesis of the 1-pyrazolines;
favorable in-phase frontier molecular orbital interactions are responsible for the observation of a single pyrazoline regioisomer. It
was also shown that the loss of N, may take place via a highly selective solid-state thermal reaction. Scalability of the solid-state
photoreaction is enabled through aqueous nanocrystalline suspensions, making this method a “greener” alternative to effectively
facilitate the construction of cyclopropane-containing molecular scaffolds.

Introduction Scheme 1. Photodenitrogenation of 1-pyrazolines towards

The synthesis of cyclopropyl-containing compounds re- polysubstituted cyclopropanes.
mains of great importance to the organic chemistry communi-
ty, as this structurally-unique motif is prevalent in complex
natural products, bioactive drug candidates, and extensive sp*-
rich small-molecule libraries.!™ As a result, notable cyclopro-
panation methodologies, such as nucleophilic or carbenoid-
mediated additions to double bonds, continue to be devel-
oped.*'? Recently, the Marek Group described the regio- and
diastereoselective synthesis of penta- and hexa-substituted
cyclopropanes through copper-catalyzed carbomagnesiation of
persubstituted cyclopropenes.'*!* These highly-strained cyclo-
propenes are well-suited to undergo directed carbometallation
reactions with a number of organometallic reagents. The re-
sulting metallated cyclopropanes can be subsequently em-
ployed in a variety of useful synthetic transformations that are
commonly associated with polysubstituted cyclopropanes.
Advances in this field have been incredibly robust, though
processes that minimize the use of transition metals or employ
more environmentally-benign reagents and solvents remain
highly desireable."
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« Highly stereospecific solid-state synthesis of densely-functionalized cyclopropanes

One attractive alternative is the photochemical denitro-
genation of 1-pyrazolines (Scheme 1a).'®'® Irradiation of py-
razoline 1 generates the corresponding 1,3-biradical interme-
diate 2 upon double C—N bond homolysis and loss of nitrogen
gas. Cyclopropane 3 is subsequently forged via a highly exo-
thermic radical recombination event. While this reaction has
been employed in a handful of synthetic endeavors, it remains
underutilized in organic synthesis primarily due to a lack of
control over the configurationally-labile intermediate 2, often
leading to poor yields or loss of stereospecificity. "

The solid-state photodenitrogenation of crystalline diazo-
alkanes entails high chemo— and stereoselectivities, primarily
a result of the reduced rotational and translational degrees of
freedom that reactive intermediates such as 2 are afforded
within the crystalline lattice.?* Our group previously estab-
lished the quantitative solid-state photodenitrogenation of a
series of maleimide-derived pyrazolines.”' These diazoalkanes
were shown to react in the crystalline state, and proceeded
with increased reaction stereoselectivities for the correspond-
ing stereoretentive cyclopropanes as compared to their solu-
tion-phase counterparts (Scheme 1b). There are additional
reports that describe enhanced selectivities in photodenitro-
genation reactions of crystalline diazabicyclo[2.2.1]hept-2-ene
derivatives; however, there remain relatively limited examples

in the literature of this solid-state approach.?? >

To explore the synthetic potential of this reaction, we
herein report the synthesis and solid-state photodenitrogena-
tion of a set of crystalline pyrazolines 4 (Scheme 1c). We con-
firm that the photochemistry is highly stereospecific towards
cyclopropanes 5, and that it is scalable to synthetically-useful
quantities through the use of aqueous nanocrystalline suspen-
sions. We also report the unexpected observation of a thermal
denitrogenation reaction that proceeds with remarkably high
stereospecificity in the crystalline state. The resultant cyclo-
propanes feature vicinal quaternary stereocenters and several
orthogonal functional handles such that they are ideal for fur-
ther synthetic derivatization.”>?® We propose this method as a
useful approach to the stereospecifically synthesis of densely-
functionalized cyclopropanes with a key step that occurs under
conditions that do not employ heavy-metal catalysts nor vola-

tile organic compounds, and anticipate that it may be attractive
to the medicinal chemistry community to prepare small, satu-
rated rings within complex architectures.”” »

Results and Discussion

Pyrazoline Synthesis and Characterization. Our pyra-
zoline synthesis commenced from l-adamantaneacetic acid
(not shown) to prepare adamantyl-diazoalkane 6 in multigram
quantities (Table 1).** Acrylates 7a-k were efficiently ob-
tained either by methylenation of the corresponding aryl ace-
tates or EDCI-mediated coupling of alcohols with atropic acid.
Structural variations at the pyrazoline C3 position were
achieved though acrylate derivatization. Compounds 7a—f
comprise of a constant -COOMe handle and differ in the aro-
matic substituent (—Ar), which include para-CFs, -Br, and -
OMe substituted phenyls, -1-naphthyl, and -3-indole. Com-
pounds 7g—k all contain an unsubstituted phenyl as —Ar, but
instead vary the ester (~COOR;) substituent (-/Bu, -4-
pip(NBoc), -Ph, -4-benzophenone, -(/R,2S,5R)-menthyl).

Table 1. Pyrazolines 4a—k synthesized via 1,3-dipolar cy-
cloadditions of diazoalkane 6 with acrylate dipolarophiles
Ta—k.
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Pyrazoline Reaction Yield*® dr. ' m.p.?

time (h) (%) (trans : cis) (°C)

4a 120 52 25:1 97-101
4b 120 55 22:1 117-120
4c 72 55 23:1 116-117
4d 144 58 24:1 113-114
4e 168 39 34:1 109-113
4f 168 29 1.7:1 104-105
4g 72 95 37:1 105-106
4h 168 58 34:1 114-116



4i 72 83 29:1 109-110
4j 96 95 34:1 102-109
4k 168 68 44:1 124-128
dec(23:1)
(1.6:1)

%Yields are reflective of the pyrazoline diastereomeric mixtures.
bYields for each derivative generally improve with increased reac-
tion times, though the acrylates are in-turn more susceptible to
counterproductive decomposition. °(R,R)/(S,S) and (S,R)/(R,S)
diastereomers with respect to chiral menthyl ester. “These pyra-
zolines are sufficiently high-melting for solid-state photochemical
analysis.”’

Additionally, the indole and benzophenone groups pre-
sent in 7f and 7j, respectively, could act as triplet sensitizers as
they are known undergo efficient intersystem crossing (ISC)
following photochemical excitation. Photodenitrogenation
reactions of diazenes that progress through triplet excited-state
pathways are known to produce different product distributions
compared to ones resulting from direct irradiation and, pre-
dominantly, the excited singlet-state manifold.>' ** With these
intermediates in hand, we prepared pyrazolines 4a—k by a
regioselective, 1,3-dipolar cycloaddition in yields of 39-97%.
While the cycloadditions resulted in a mixture of diastere-
omers, the major diastereomers were isolated in >99% d.r. as
colorless prisms via fractional recrystallization from mixtures
of hexanes:diethyl ether.®® It is worth noting that multigram
quantities of 4a—k could be obtained through this cycloaddi-
tion reaction.*® The methylene -CH,- resonances in the 'H
NMR spectrum for the major diastereomer 4a were observed
as a doublet of doublets at 2.87 and 2.68 ppm with coupling
constants of J=13.6 Hz. The '"H NMR signals corresponding to
the same group in the minor diastereomer displayed similar J
values, but were instead separated by >1.00 ppm (3.32 and
1.90 ppm). The relative stereochemistry of the major diastere-
omer 4a was unambiguously confirmed to be trans, both by
two-dimensional 'H NOESY NMR correlations between the
methylene protons with either the adamantyl or phenyl moie-
ties and single crystal X-ray diffraction. While this analysis
was not carried out for every pyrazoline derivative, the 'H
NMR signals corresponding to both hydrogens for the -CH,-
group present in the major diastereomers of the remaining
derivatives also fell within a similarly narrow chemical shift
range (=3.00-2.40 ppm) compared to their respective minor
diastereomers, implying that the relative stereochemistry of
pyrazolines 4b—k was also trans.

Single Crystal X-Ray Diffraction of Pyrazoline Reac-
tants. Single X-ray-quality crystals of pyrazolines 4a, 4g, 4i,
and 4k were grown from concentrated solutions of either hex-
anes/diethyl ether (v/v: 1/1, 4a) or diethyl ether (4g, 4i, 4Kk) via
slow evaporation (4a) or storage at -20 °C (4g, 4i, 4k), and
structurally analyzed (Figure 1). Compounds 4a, 4g, and 4i
crystallized in achiral space groups P2,/n, Pna2,, and P2/c,
respectively, but 4k crystallized in the chiral space group
P2,2,2,. Interestingly, 4k, which was synthesized beginning
from (/R,2S,5R)-menthol, crystallized as a single enantiomer
with (R,R) stereochemistry at the C1 and C3 carbons; all other
pyrazoline crystal structures contained racemic mixtures with-
in their respective unit cells. Additionally, the pyrazoline ring
in 4k is nearly planar, whereas the -CH»- carbon puckers out

towards the same side as the adamantyl substituent by 13—20°
in the other derivatives.

It is known that the success of photochemical reactions in
the solid-state is highly dependent on the stabilization of the
incipient carbon-centered radicals.’®** This is primarily im-
pacted by the dihedral angles formed by the cleaving o—bond
with adjacent m—systems. The greatest amount of stabilization
would result from a 90° dihedral that would enable more effi-
cient bond homolysis. Conversely, a 0° dihedral would pro-
vide no overlap, disfavoring the photochemical formation of a
high-energy biradical intermediate. In pyrazolines 4a, 4g, 4i,
and 4k, the dihedral angles formed by the breaking C3-N
bond with the —Ar substituents on the same carbon range from
8-60°, while those with the —COOR; substituent range from
~30-45°. We found both of these ranges suitable to exert suf-
ficient n—stabilization to undergo efficient solid-state photode-
nitrogenation reactions.

o

4a
Space group: P2,/n
Monoclinic

9
Space group: Pna2,
Orthorhombic

o

4i 4k
Space group: P2,/c Space group: P2,2,2,
Monoclinic Orthorhombic

Single enantiomer (R,R)

Figure 1. Single crystal X—ray structures of pyrazolines 4a, 4g,
4i, and 4k with thermal ellipsoids drawn at 50% probability. Car-
bon-centered radical stabilizing interactions formed by the dihe-
dral angles between breaking o—bond and neighboring m—systems
are highlighted in blue.

Computational Analysis of Cycloaddition Regioselec-
tivity. We computed the transition structures for the cycload-
dition of 7a to 6 to evaluate reactivities (AG¥) and regioselec-
tivities (AAG*). The reactants, transition states, and products
were optimized in Gaussian 16.** A vibrational analysis was
performed on all structures to confirm the presence of a
ground state stationary point (zero imaginary frequencies) or a
transition structure (one imaginary frequency). The MO06-
2X/6-31+G(d,p) model chemistry and IEFPCM®**¢ solvation

model were used for all optimizations.*!
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Figure 2. Transition structures 4a-TS (left) and 4a-TS’ (right)
corresponding to the cycloaddition of 6 and 7a. The dotted lines
indicate the forming C-N and C—C bonds. Activation free ener-
gies and bond lengths are reported in kcal mol™' and Angstroms,
respectively.

Orbitals were calculated using the M06-2X/6-31+G(d,p) model
chemistry and IEFPCM“H2C2 An isovalue of 0.075 was used.
Energies are given in eV. The dominant FMO interaction is la-
beled as HOMOdipole - LUMOdipolamphue.

We performed DFT calculations to understand the origin
of the complete regioselectivity for the 1,3-dipolar cycloaddi-
tion reaction of 6 and 7a. Figure 2 depicts the transition struc-
tures 4a-TS and 4a-TS’ for pyrazoline 4a. They were shown
to have activation free energies of 25.2 and 44.4 kcal mol™,
respectively. A large AAG* of 19.2 kcal mol™! agrees with the
experimental result of a single regioisomer being formed in
the case of 4a. The forming bond distances are 2.38 A (C-N
bond) and 2.05 A (C—C bond) in 4a-TS. The difference in
forming bond lengths is 0.33 A, indicating an asynchronous
transition structure. In 4a-TS’, the forming C-N and C-C
bonds are 1.78 and 2.60 A, respectively. The structure of 4a-
TS’ reveals a considerably more asynchronous bonding than
that of 4a-TS (0.82 A difference in forming bond lengths).
The 4a-TS’ structure is nearly stepwise because there is no
appreciable C—C bond formation. Asynchronous cycloaddition
transition structures result from polarized frontier molecular
orbitals of the cycloaddends that cause unequal orbital interac-

tions.** 4
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Figure 3. HOMO and LUMO+1 orbitals of the diazoalkane di-
pole 6 (left) and FMOs of the acrylate dipolarophile 7a (right).

We computed the frontier molecular orbitals (FMOs) in-
volved in the cycloaddition of 6 to 7a to visualize this effect
and understand how the orbitals affect the AG* (Figure 3). The
HOMO (m-orbital) of 6 has an energy of —7.69 eV and is po-
larized towards the C-terminus; the LUMO+1 (n*-orbital) of 6
has an energy of —0.02 eV and is also polarized towards the C-
terminus. The HOMO of 7a has an energy of —8.10 eV and is
polarized towards the methylene-terminus; the LUMO (m*-
orbital) of 7a has an energy of —0.79 eV. The dominant fron-
tier molecular orbital (FMO) interaction for the cycloaddition
of 6 and 7a involves the HOMO of the dipole (6) overlapping
with the LUMO of the dipolarophile (7a); the energy differ-
ence between these orbitals is 6.90 eV. When the atoms with
larger orbital coefficients are matched in 4a-TS, there is a
stronger stabilizing FMO interaction in the transition state,
resulting in a lower AG* (25.2 kcal mol™). When the termini
with the larger orbital coefficients are mismatched, the FMO
interactions are substantially weaker. This effect increases the
energy of 4a-TS’ and is responsible for the observed complete
regioselectivity.

Solution Photochemistry. With the crystalline pyra-
zolines 4a—k in hand, we set out to explore the photodenitro-
genative cyclopropanation reaction. Photochemical reactions
in solution were carried out in degassed benzene-ds using a
medium-pressure Hg Hanovia lamp equipped with a Pyrex
filter (>290 nm). Each derivative was irradiated to complete
conversion within 25 min (determined by '"H NMR analysis of
the pyrazoline -CH,- signals). These reactions proceeded
moderately well for cyclopropanes Sa—k (Table 2). Cyclopro-
pane stereoselectivities were determined by 'H NMR integra-
tion of clean cyclopropane signals for either the -CH,- (ca.
2.40-2.00 ppm) or -COOMe (ca. 3.20 ppm) groups. The good
retention of stereochemistry observed was likely due to the
presumed singlet-state nature of the 1,3-biradical and the close
proximity of the incipient carbon radicals, which would lead to
a rapid recombination event and minimal formation of stere-
oinverted cyclopropanes 8a—k that would result from C-C
bond rotation prior to recombination.

Table 2. Stereoselectivities for cyclopropanes Sa—k upon
irradiation of pyrazolines 4a-k in solution and as dry,
crystalline powders.
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5e 10 81 91 187-1964
5f 15 77 >99 59-63
5g 25 83 96 100-102
5h 10 74 93 139-142
5i 10 82 99 84-87
5j 10 77 >99 125-127
5k 15 >99 >99 150-154

“Identical irradiation times for solution and solid-state samples.
b100% starting material conversion. “Trace vinyl resonances that
correspond to 1,2-H shift products, which result from a 1,3-
biradical intermediate, are visible in the crude 'H NMR spectra
(ca. 6.00-4.50 ppm). “Inseparable mixture of diastereomers Se
and 8e.

Photochemical Reactions in Crystalline Solids. Follow-
ing investigation of the solution-phase reactivity, we turned
our attention to the solid-state photodenitrogenation reactions.
Crystalline samples (ca. 2 mg) were ground into a thin, trans-
parent layer on microscope slides and irradiated for identical
times as the solution experiments, typically proceeding with
>95% conversion. When 4a—k were irradiated as bulk pow-
ders, the stereoselectivities for Sa—k greatly improved relative
to the corresponding solution-phase irradiations; these values
ranged from 88-99% (Figure 4). Electronic variation in the —

Ar substituents across pyrazolines 4a—f had minimal impact on
the resultant cyclopropane stereoselectivities (88-99%). Simi-
larly, reactions of pyrazolines 4g—k were minimally affected
by ester substituents featuring varied degrees of steric bulk,
displaying minor stereoselectivity differences between 93—
99% for Sg—k. These solid-state photodenitrogenation reac-
tions may be classified as “topochemical” considering that
photoproducts 5a—k are expected to follow the “least-motion”
descriptor put forth by Schmidt et al. in 1971.%

Single Crystal X-Ray Diffraction of Cyclopropane
Photoproducts. Single crystal X-ray structure elucidation
was again carried out on colorless prism crystals of cyclopro-
panes 5a and Sk grown from solutions of hexanes:diethyl
ether (Figure 4a).*® Analysis of both crystal structures con-
firmed the relative stereochemistry of the major photodenitro-
genation product to be frans, therefore confirming that the
stereochemistry set in the corresponding pyrazolines is highly
preserved throughout the solid-state reactions. Cyclopropane
Sa crystallized in the monoclinic space group P2i/c, which
differs from the corresponding pyrazoline 4a (P2,/n) only by
the axis of the glide plane symmetry operations. Here, the —
COOMe carbonyls are now both oriented in the direction of
the cyclopropane methylene, meaning the carbonyl at the C3
position underwent a significant 146° rotation towards the -
CHa- from the position observed in the crystal structure of 4a.
The crystal structure for 5k revealed a single enantiomer (S,S),
and crystallized in the achiral space group P1. The ester car-
bonyls are now oriented opposite from the methylene, result-
ing from >100° rotations from their starting orientations to-
wards the pyrazoline -CH»- in 4k.

Interestingly, the newly-forged C—C cyclopropane bonds
in both structures are of longer lengths that would be expected
for both unsubstituted cyclopropanes (1.51 A) and typical
C(sp®)—C(sp®) bonds (1.54 A).* These bonds are unusually
long, even greater than the 1.54 A experimentally observed in
crystalline donor-acceptor cyclopropanes.® This is presumably
due to the steric bulk of the vicinal quaternary centers; this
feature is more clearly illustrated when viewing the space-fill
model for 5a and highlights the density of this motif within the
cyclopropane rings (Figure 4b).
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Space group: P2,/c Space group: P1
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Single enantiomer (S,S)

Figure 4. a). Single crystal x—ray structures of cyclopropanes Sa
and 5k with thermal ellipsoids drawn at 50% probability. Longer
cyclopropane C—C bonds in 5a (1.557(2) A) and 5k (1.546(3) A)
highlighted in blue. b). Single crystal x—ray structure of Sa depict-
ed as space-fill model with vicinal quaternary stereocenters col-
ored in blue.

zolines. Detailed suspension preparation conditions can be found
in the experimental section below.

Scaling Up Reactions in Crystalline Solids. Both start-
ing material conversion and reaction scalability are a challenge
when samples 4a—k are irradiated as neat polycrystalline pow-
ders on >10 mg samples due to limited light penetration into
the bulk material. This was overcome by irradiating the pyra-
zolines as aqueous nanocrystalline suspensions (Figure 5). Our
group has previously demonstrated that irradiating organic
crystals prepared in this manner greatly minimizes optical
issues associated with irradiation of dry powders.’'** These
suspensions can also be run through flow reactors, allowing
for irradiation of crystalline material on scales as large as 25 g.
Solid-state photodenitrogenations of pyrazolines 4c, 4h, and 4i
were carried out under such conditions to high conversions
(>90%) on scales as large as 200 mg. The stereoselectivities
for the corresponding cyclopropanes Se, Sh, and 5i observed
in these reactions were comparable to the results from the
bulk-powder irradiations, and the yields greatly improved
when compared to their solution-phase counterparts, as seen
by the >100% increase for 5h.>>>® These results demonstrate
that the preparation and subsequent irradiation of suspended
crystalline samples is an effective method to carry out highly-
selective solid-state photochemical reactions on synthetically-
useful scales.
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scale: 45 mg 200 mg 45 mg
stereoselectivity: >99% 93% 98%
71% yield 54% yield 56% yield

21% yield (solution)

Figure 5. Results of the photochemical reactions for 5c, Sh and 5i
using nanocrystalline suspensions of the corresponding pyra-

Thermal Denitrogenation in the Crystalline Solid-
State. During melting point characterization of 4a—k, we no-
ticed that each event was accompanied by visible bubble for-
mation while the crystal specimens remained largely intact.
Further analysis of these samples on larger scales revealed that
thermal denitrogenation and cyclopropanation was occurring
around the melting point temperatures, and the bubbling was
presumably due to nitrogen gas escaping from the crystals.’” A
crystal of 4k, which has a melting point of 124-128 °C, was
heated at 110 °C and monitored via an optical microscope
equipped with a camera (see SI for video). Still images from
the movie highlight the formation and movement of several
bubbles, one of which is tracked by the red circle (Figure 6).
Based on this observation, it was of interest to determine
whether or not the thermal reaction stereoselectivities would
be comparable to those observed in the photochemical exper-
iments. To our delight, when 4h was heated as a dry powder,
5h was observed in 94% selectivity (Table 3). Differential
scanning calorimetric (DSC) analysis of 4h displayed a sharp
exothermic event occurring around 115 °C that matched the
temperature at which this derivative was seen to melt at (SI
page S8).

Figure 6. Crystal of pyrazoline 4k heated at 110 °C. Still movie
images 1-4 were captured using a polarizing microscope and
show the movement of a bubble, circled in red, every 10 ms; this
is presumably due to thermally-induced nitrogen expulsion.

Additional DSC data for 4h collected with an isothermal
run at 95 °C, however, revealed a much broader exothermic
peak, which was correlated with thermogravimetric analysis
(TGA) data to be the loss of N, (SI page S9). This suggested
that the thermal denitrogenation of these pyrazolines occurs
within the crystal environment, and the observed melting for
the pyrazoline samples may instead be the result of the change
in the chemical composition of the crystalline solid. This rep-
resents a rare example of a solid-state thermal reaction, and
suggests further development of mechanochemically-
responsive organic crystals. >



Table 3. Cyclopropane Sh stereoselectivities for photo-
chemical and thermal denitrogenation of 4h.

MeO,C,, «Ph
MeOZC,, ‘\F'h o) hv or A
Ad’m \C\NBOC - . M °
N=N Reaction o @
NBoc

medium
4h 5h
Reaction 5h (%) 5h (%)
medium* hv (> 290 nm) A (120 °C)
Solution 74 87
Solid state 93 94

aSolution photolyses were carried out in benzene-ds, solution
thermolyses were carried out in toluene, and solid-state samples
were reacted as dry powders.

Conclusions

In summary, we have shown the stereospecific synthesis
of a set of vicinal quaternary center-containing cyclopropanes
via the solid-state photodenitrogenation of the corresponding
crystalline 1-pyrazolines. The cyclopropane stereoselectivities
demonstrate marked improvements following irradiation in the
solid state as compared to the results obtained in solution. We
also showed that these photodenitrogenation reactions are
effectively scalable through the use of aqueous crystalline
suspensions, proceeding with good yields and high stereose-
lectivities. Interestingly, the thermal denitrogenation of these
pyrazolines appears to occur within a well-maintained crystal-
line lattice, resulting in excellent cyclopropane stereoselectivi-
ties that are comparable to the solid-state photodenitrogenation
reactions. We propose that the solid-state photochemical ap-
proach described in this manuscript holds promise as an effec-
tive green chemistry tool to facilitate access to highly-strained,
complex structural motifs sans heavy-metal catalysts and vola-
tile organic compounds.

Experimental Section

Materials and Methods. All chemicals were purchased
from commercial suppliers and used as received. Tetrahydro-
furan (THF) was distilled over sodium/benzophenone. Di-
chloromethane (DCM) was distilled over calcium hydride. All
other solvents used as received. Reactions at —78 °C were car-
ried out in acetone-dry ice baths, reactions at 0 °C were carried
out in water-ice baths, room temperature reactions were car-
ried out between 20-25 °C, and reactions at elevated tempera-
tures were carried out in oil baths or aluminum heating blocks.
Sample irradiations for photochemical reactions were per-
formed in Pyrex glassware contained within a photochemical
reactor equipped with a Hanovia 450 W medium-pressure
mercury vapor UV lamp, which was seated in a water-cooled
quartz immersion well. Analytical thin-layer chromatography
(TLC) was performed using precoated TLC plates with Silica
Gel 60 F254 and visualized using combinations of UV and
appropriate staining as specified. Flash column chromatog-
raphy was performed using silica gel (230-400 mesh) as the
stationary phase. 'H and *C{'H} NMR spectra for characteri-
zation of synthetic targets were recorded on a Bruker Avance
spectrometer at 500 or 600 MHz (‘H) and 126 MHz (*C{'H}).
All chemical shifts are reported in ppm on the 3-scale relative

to residual solvent signals as reference (CDCl; § 7.26 for 'H
and § 77.16 for 3C; C¢Ds & 7.16 for 'H and § 128.06 for °C,
(CD5)2CO § 2.05 for 'H and § 29.84 for '*C). Multiplicities are
reported as singlet (s), doublet (d), triplet (t), quartet (q), quin-
tet (quint), septet (sep), and multiplet (m). IR spectral data
were obtained using an Attenuated Total Reflectance (ATR)
spectrometer as the neat compound and values are reported in
cm’'. High-resolution mass spectrometry data was collected
using a Direct Analysis in Real Time lonization technique
with a QExactive Plus Hybrid Quadrupole-Orbitrap mass
spectrometer in positive ion mode. Melting point values were
recorded on a Melt-Point II® apparatus. Differential Scanning
Calorimetry (DSC) data were recorded on a Mettler Toledo 3+
DSC under a nitrogen atmosphere. Thermogravimetric analy-
sis (TGA) data were recorded on a Perkin Elmer Diamond
Thermogravimetric Differential Thermal Analyzer with the
following sequence: ). Hold 50 °C for 1.0 min 2). Heat 50 —
85 °C at 5 °C/min 3). Hold 85 °C for 15.0 min 4). Heat 85 —
90 °C at 5 °C/min 5). Hold 90 °C for 30.0 min 6). Heat 90 —
95 °C at 5 °C/min 7). Hold 95 °C for 30.0 min §). Heat 95 —
100 °C at 5 °C/min 9). Hold 100 °C for 15.0 min. Single-
crystal X-ray diffraction data were collected on a Bruker
Smart ApexIl CCD single-crystal X-ray diffractometer. Single
X-ray-quality crystals of compounds 4a, Sa, 4¢g, 4i, 4k, and Sk
were grown from concentrated solutions of either hex-
anes/diethyl ether (v/v: 1/1, 4a, 5a) or diethyl ether via slow
evaporation (4a, Sa, 5k) or storage at -20 °C (4g, 4i, 4k).
Thermal denitrogenation videos were captured on a Nikon
ECLIPSE LV100N-CH POL microscope equipped with a
Linkam LNP96 liquid nitrogen cooling system and a front-
mounted camera + Link image capture module upgrade (L-
PG32C-LINKOP-PKG) from McCrone Microscopes and Ac-
cessories.

Synthesis of diazoalkane 6: Carried out according to a
previously reported procedure with minor modifications.*

) Methyl 2-((3r,5r,7r)-adamantan-1-yl)acetate.  1-
adamantaneacetic acid (3.00 g, 15.4 mmol) was dissolved in
30.0 mL methanol in a 100 mL roundbottom flask. Concen-
trated H,SO4 (0.8 mL, 15.4 mmol) was added neat, and the
reaction was heated at 65 °C for 22 h. The reaction was then
cooled to room temperature, slowly poured into 20.0 mL of
saturated aqueous NaHCOs3, and carefully neutralized until the
aqueous layer reached pH > 7. Organics were extracted with
CH,Cl, (3 x 20.0 mL), dried over Na,SO4, and concentrated
under rotary evaporation to afford 9 as a clear, colorless oil
(3.17 g, 98% yield). Rr= 0.52 (9:1 hexanes/ethyl acetate).
Spectral data match those previously reported.*

(10) Methyl 2-((3r, 57, 7r)-adamantan-1-yl)-3-
oxopropanoate. Reaction carried out under Argon. 9 (2.00 g,
9.6 mmol) was dissolved in 10.0 mL dry THF and added
dropwise to freshly-made LDA (1.6 equiv, 15.4 mmol) in 45.0
mL THF at —78 °C in a flame-dried 250 mL roundbottom
flask. Reaction was stirred for 90 min, then ethyl formate
(0.93 mL, 11.5 mmol) in 4.0 mL THF was added. The result-
ing pale-yellow solution was stirred for an additional 2 h at —
78 °C. After 2 h, several small ice cubes were added to the
reaction mixture, then the entire solution was poured into 20.0
mL of ice water. This solution was allowed to warm up to
room temperature, then extracted with EtOAc (3 x 20.0 mL),
washed with brine (1 x 20.0 mL), dried over Na,SOs, and con-
centrated directly onto silica gel (5 g) under rotary evapora-
tion. Purification via flash column chromatography (35 g silica



gel, 19:1 hexanes/ethyl acetate) afforded 10 as a colorless sol-
id (1.7 g, 75% yield). Ry= 0.17 (19:1 hexanes/ethyl acetate).
Spectral data match those previously reported.*

(6) Methyl 2-((3r,5r,7r)-adamantan-1-yl)-2-diazoacetate.
Reaction carried out under Argon. 10 (1.25 g, 5.29 mmol) was
dissolved in 35.0 mL THF in flame-dried 100 mL roundbot-
tom flask and cooled to 0 °C. 1,8-Diazabicyclo[5.4.0Jundec-7-
ene (DBU) (1.18 mL, 7.93 mmol) was added neat via syringe,
and reaction was stimed for 40 min. 4-
acetamidobenzenesulfonyl azide (p-ABSA) (191 g, 7.93
mmol) in 20.0 mL THF was added via syringe, and resulting
yellow solution was allowed to warm to room temperature
while stirring for 18 h. Upon completion, 2.0 mL of saturated
aqueous NH4Cl was added, then poured into 20.0 mL of H,O.
Organics were extracted with CH>Cl, (3 x 20.0 mL), dried
over Na,SOs, and concentrated directly onto silica gel (10 g)
under rotary evaporation. Purification via flash column chro-
matography (35 g silica gel, 50:1 hexanes/ethyl acetate) af-
forded 6 as a yellow solid (1.3 g, 92% yield). R,= 0.43 (19:1
hexanes/ethyl acetate). Spectral data match those previously
reported.*® (Notes: Conversion of 1-adamantaneacetic acid can
be monitored via TLC via bromocresol green stain. Formylat-
ed 10 can be visualized on TLC via KMnOj stain. 6 is an unu-
sually stable a-diazoalkane and unlikely to pose notable ex-
plosive hazards; nonetheless, caution is still recommended.)

General Procedure for Acrylate Synthesis (Note: All
others were synthesized according to previously reported pro-
cedures®® via the corresponding aryl acetates 11a-g.

Reactions carried out under Argon. Atropic acid (1.0
equiv), the corresponding alcohol (1.0 equiv), and 3-
(((ethylimino)methylene)amino)-N,N-dimethylpropan-1-
amine*HCl (EDCI*HCI) (1.1 equiv) were dissolved in dry
DCM (0.1 M with respect to (wrt) atropic acid) in a flame-
dried roundbottom flask. 4-dimethylaminopyridine (DMAP)
(0.5 equiv) was added in CH,Cl, (0.17 M) in one portion, and
the reaction was stirred at room temperature for 22 h. Crude
solution was diluted with Et,O, then washed with saturated
aqueous NH4Cl (2x), saturated aqueous NaHCOs (3x), brine
(1x), dried over Na,SOs, and concentrated directly onto silica
gel. Purification via flash column chromatography (19:1 hex-
anes/ethyl acetate) afforded the corresponding acrylates as
white solids. (Note: All acrylates should be stored at 0 °C neat
or in benzene, if they are not to be used within 10 h of isola-
tion, to minimize decomposition.)

(7Th)  Tert-butyl 4-((2-phenylacryloyl)oxy)piperidine-1-
carboxylate. (3.13 g, 70% yield). Colorless solid. Ry = 0.34
(9:1 hexanes/ethyl acetate). '"H NMR (600 MHz, CDCl;) §:
7.89 (m, 2H), 7.81 (m, 2H), 7.61 (m, 1H), 7.53-7.47 (m, 4H),
7.43-7.38 (m, 3H), 7.32 (m, 2H), 6.66 (d, ] = 0.8 Hz, 1H), 6.14
(d, J = 0.8 Hz, 1H); BC{'H} NMR (126 MHz, CDCl;) &:
195.7, 164.8, 154.2, 140.6, 137.6, 136.2, 135.3, 132.6, 131.8,
130.1, 129.3, 128.7, 128.52, 128.49, 128.4, 121.7; IR (powder)
viem 3285 (w), 3038 (w), 2922 (w), 2068 (w), 1979 (w),
1908 (w), 1823 (w), 1734 (m), 1648 (m), 1595 (m), 1497 (m),
1446 (m), 1280 (m), 1168 (m), 1068 (m), 923 (m), 858 (m),
780 (m), 692 (s); HRMS (APCI) m/z: [M + H]+ calc. for
CyH 705+, 329.1172, found 329.1160; mp: 85-87 °C.

(7j) 4-benzoylphenyl 2-phenylacrylate. (542 mg, 61%
yield). Colorless solid. Ry = 0.34 (9:1 hexanes/ethyl acetate).
'H NMR (600 MHz, CDCl;) &: 7.89 (m, 2H), 7.81 (m, 2H),
7.61 (m, 1H), 7.53-7.47 (m, 4H), 7.43-7.38 (m, 3H), 7.32 (m,
2H), 6.66 (d, J = 0.8 Hz, 1H), 6.14 (d, J = 0.8 Hz, 1H);

BC{'H} NMR (126 MHz, CDClL) &: 195.7, 164.8, 154.2,
140.6, 137.6, 136.2, 135.3, 132.6, 131.8, 130.1, 129.3, 128.7,
128.52, 128.49, 128.4, 121.7; IR (powder) v/em™ 3285 (w),
3038 (w), 2922 (w), 2068 (w), 1979 (w), 1908 (w), 1823 (w),
1734 (m), 1648 (m), 1595 (m), 1497 (m), 1446 (m), 1280 (m),
1168 (m), 1068 (m), 923 (m), 858 (m), 780 (m), 692 (s);
HRMS (APCI) m/z: [M + H]+ calc. for Cy,H 705+, 329.1172,
found 329.1160; mp: 85-87 °C.

(7k) (1R 2S,5R)-2-isopropyl-5-methylcyclohexyl ~— 2-
phenylacrylate (380 mg, 39% yield). Colorless solid. Ry= 0.75
(9:1 hexanes/ethyl acetate). '"H NMR (500 MHz, CDCl;) §:
7.43-7.40 (m, 2H), 7.37-7.30 (m, 3H), 6.29 (d, J = 1.3 Hz,
1H), 5.87 (d, J = 1.3 Hz, 1H), 4.87 (dt, J = 4.4, 10.9 Hz, 1H),
2.14-2.07 (m, 1H), 1.94 (dquint, J = 2.7, 7.0, 1H), 1.73-1.66
(m, 2H), 1.58-1.49 (m, 1H), 1.48-1.40 (m, 1H), 1.15-1.01 (m,
2H), 0.93 (d, J = 6.6 Hz, 3H), 0.90 (d, J = 7.0 Hz, 3H), 0.80
(d, J = 7.0 Hz, 3H); *C{'H} NMR (126 MHz, CDCl;) §:
166.6, 142.1, 137.0, 128.4, 128.19, 128.18, 125.9, 75.2, 47.2,
40.9, 34.4, 31.6, 26.5, 23.6, 22.2, 20.9, 16.5; IR (film) v/cm'
3084 (w), 2954 (m), 2859 (m), 1713 (s), 1614 (w), 1446 (m),
1192 (s), 1179 (s), 1090 (m), 774 (m), 698 (s); HRMS (APCI)
m/z: [M + H]+ calc. for CioH»Or+, 287.2006, found
287.2010; mp: 44-46 °C.

General Procedure for 1,3-Dipolar Cycloadditions Di-
azoalkane 6 (1.0 equiv) and the corresponding acrylate 7a—k
(2.0 equiv) were dissolved in CH>Cl, (0.8 M wrt 6) in 1 dram
vials and stirred at ambient temperatures for at least 72 h. The
crude reactions were then concentrated directly onto silica gel.
Purification via flash column chromatography, followed by
recrystallization (minimal 1:1 hexanes/diethyl ether stored at 0
°C for 3 days (two cycles), 100% diethyl ether (one cycle))
afforded diastereomerically pure pyrazolines 4a—k. (Notes:
Yields improve if reaction stirred for longer than 72 h, though
acrylate decomposition complicates chromatography. Pyra-
zolines should be exposed to minimal light and stored at 0 °C,
as non-specific and incomplete denitrogenation is likely to
occur. Minimal amounts of CH,Cl, can be added if samples
will not dissolve in appropriate crystallization solvent. The
first crystallization cycle mother liquors are enriched in the
major, trans pyrazoline diastereomer; these samples were con-
centrated via rotary evaporation and resubjected to conditions
listed above. Precipitated solids, typically enriched in the cis
pyrazolines, can be treated in the same manner for further
resolution.)

Characterization Data for Pyrazolines 4a—k

(4a) Dimethyl (3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-
phenyl-4,5-dihydro-3H-pyrazole-3,5-dicarboxylate. (35 mg,
52% yield). Colorless solid. Ry = 0.11 (19:1 hexanes/ethyl
acetate). '"H NMR (500 MHz, C¢Dg) &: 7.44-7.42 (m, 2H),
7.02-7.00 (m, 2H), 6.95-6.92 (m, 1H), 3.28 (s, 3H), 2.96 (s,
3H), 2.87 (d, J = 13.6 Hz, 1H), 2.68 (d, J = 13.6 Hz, 1H),
2.21-2.16 (m, 3H), 1.88 (m, 3H), 1.69-1.63 (m, 3H), 1.56-1.53
(m, 6H); "C{'H} NMR (126 MHz, C¢D¢) &: 170.7,
170.7,137.8, 128.7, 128.3, 125.9, 105.7, 100.4, 53.5, 51.9,
38.9, 37.3, 36.7, 32.7, 28.4; IR (powder) vicm™ 3057 (w),
2909 (m), 2849 (m), 1741 (s), 1722 (s), 1558 (w), 1446 (m),
1438 (m), 1237 (s), 1089 (m), 765 (w), 694 (w); HRMS
(APCI) m/z: [M + H]+ calc. for Cy3HzoN,O4+, 397.2122,
found 397.2116; mp: 97-101 °C.

(4b) Dimethyl (3R, 5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-
(4-(trifluoromethyl)phenyl)-4,5-dihydro-3H-pyrazole-3, 5-



dicarboxylate. (23 mg, 55% yield). Colorless solid. Ry = 0.30
(9:1 hexanes/ethyl acetate). '"H NMR (500 MHz, C¢Ds) 6: 7.32
(d, J=8.2 Hz, 2H), 7.23 (d, J= 8.2 Hz, 2H), 3.27 (s, 3H), 2.89
(s, 3H), 2.82 (dd, J = 13.8, 0.8 Hz, 1H), 2.53 (d, J = 13.8 Hz,
1H), 2.18-2.11 (m, 3H), 1.88 (m, 3H), 1.66-1.60 (m, 3H),
1.59-1.50 (m, 6H); “C{'H} NMR (126 MHz, CDCl;) 8:
170.5, 170.0, 141.6, 131.0 (q, J = 32.9 Hz), 127.2 (q, J=272.2
Hz), 126.6, 125.7 (q, J = 3.7 Hz), 106.3, 100.0, 53.8, 52.1,
39.0, 37.3, 36.7, 32.6, 28.4; IR (powder) vicm™ 3078 (w),
2913 (m), 2857 (m), 1735 (s), 1722 (s), 1619 (w), 1550 (w),
1448 (m), 1437 (m), 1329 (s), 1124 (s), 1110 (s), 847 (m), 792
(m), 719 (w); HRMS (APCI) m/z: [M + H]+ calc. for
C24H1sF3N,04+, 465.1996, found 465.2005; mp: 117-120 °C.

(4¢) Dimethyl (3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-
(4-bromophenyl)-4,5-dihydro-3H-pyrazole-3,5-dicarboxylate.
(21 mg, 55% yield). Colorless solid. Ry = 0.13 (9:1 hex-
anes/ethyl acetate). '"H NMR (500 MHz, CDCl;) §: 7.45-7.42
(m, 2H), 7.15-7.12 (m, 2H), 3.81 (s, 3H), 3.40 (s, 3H), 2.59 (d,
J =13.8 Hz, 1H), 2.42 (d, J = 13.8 Hz, 1H), 2.05 (m, 3H),
1.97-1.91 (m, 3H), 1.75-1.64 (m, 6H), 1.55-1.49 (m, 3H);
BC{'H} NMR (126 MHz, CDCl;) &: 170.6, 170.2, 136.7,
131.9, 127.8, 122.7, 106.1, 99.8, 53.7, 52.1, 38.9, 37.3, 36.7,
32.5, 28.4; IR (powder) v/em™ 3069 (w), 2914 (m), 2851 (m),
1731 (s), 1590 (w), 1557 (w), 1484 (m), 1449 (m), 1252 (s),
1114 (m), 1008 (m), 828 (m), 788 (m), 727 (m); HRMS
(APCI) m/z: [M + H]+ calc. for Cy3HasBrN,Ost, 475.1222,
found 475.1240; mp: 116-117 °C.

(4d) Dimethyl (3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-
(4-methoxyphenyl)-4, 5-dihydro-3H-pyrazole-3,5-
dicarboxylate. (58 mg, 58% yield). Colorless solid. Ry = 0.20
(17:3 hexanes/ethyl acetate). 'H NMR (600 MHz, CDCl;) §:
7.18 (m, 2H), 6.82 (m, 2H), 3.80 (s, 3H), 3.77 (s, 3H), 3.38 (s,
3H), 2.54 (d, J = 13.7 Hz, 1H), 2.46 (d, J= 13.7 Hz, 1H), 2.04
(m, 3H), 1.97-1.90 (m, 3H), 1.75-1.64 (m, 6H), 1.56-1.50 (m,
3H); BC{'H} NMR (126 MHz, CDCl;) 6: 170.8, 170.7, 159.3,
129.5, 127.1, 113.9, 105.4, 99.7, 55.2, 53.3, 38.7, 37.2, 36.6,
32.5, 28.3; IR (film) v/em 3004 (w), 2907 (m), 2852 (m),
1732 (s), 1609 (w), 1582 (w), 1512 (m), 1455 (m), 1250 (s)
1184 (m), 832 (w), 790 (w), 718 (w); HRMS (APCI) m/z: [M
+ H]+ calc. for CosH31N,Os+, 427.2228, found 427.2216; mp:
113-114 °C.

(4e) Dimethyl (3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-
(naphthalen-1-yl)-4,5-dihydro-3H-pyrazole-3,5-dicarboxylate.
(94 mg, 39% yield). Colorless solid. Ry = 0.37 (17:3 hex-
anes/ethyl acetate). 'H NMR (600 MHz, CDCI;) §: 7.88-7.84
(m, 1H), 7.78 (d, J= 8.3 Hz, 1H), 7.75-7.72 (m, 1H), 7.50 (m,
2H), 7.33 (dd, J = 8.2, 7.3 Hz, 1H), 7.06 (dd, J= 7.3, 1.1 Hz,
1H) 3.73 (s, 3H), 3.39 (s, 3H), 3.17 (d, J = 13.3 Hz, 1H), 2.38
(d, J = 13.3 Hz, 1H), 2.07-2.01 (m, 6H), 1.77-1.68 (m, 6H),
1.58 (m, 3H); *C{'H} NMR (126 MHz, CDCL) &: 171.1,
170.7, 134.9, 134.8, 130.6, 129.8, 129.3, 127.0, 126.0, 125.1,
123.9, 123.85, 107.5, 101.5, 53.1, 51.3, 39.3, 37.8, 36.9, 33.4,
28.8; IR (powder) v/em™ 3055 (w), 2914 (m), 2852 (m), 1732
(s), 1721 (s), 1596 (w), 1542 (w), 1509 (w), 1436 (m), 1250
(s) 1098 (m), 800 (m), 793 (m), 779 (s), 665 (w); HRMS
(APCI) m/z: [M + HJ+ calc. for Cy;H31N2O4+, 447.2278,
found 447.2262; mp: 109-113 °C.

(4f) Dimethyl (3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-
(1-(tert-butoxycarbonyl)- 1 H-indol-3-yl)-4, 5-dihydro-3H-
pyrazole-3,5-dicarboxylate. (20 mg, 29% yield). Colorless
solid. Re = 0.18 (9:1 hexanes/ethyl acetate). 'H NMR (500

MHz, CDCls) 6: 8.15 (d, J = 8.0 Hz, 1H) 7.56 (d, J = 8.0 Hz,
1H), 7.35 (t, J = 7.7 Hz, 1H), 7.24 (m, 2H), 3.81 (s, 3H), 3.49
(s, 3H), 2.70 (d, J = 13.4 Hz, 1H), 2.48 (d, J = 13.4 Hz, 1H),
2.06 (m, 3H), 2.00-1.94 (m, 3H), 1.77-1.66 (m, 9H), 1.62 (s,
9H); *C{'H} NMR (126 MHz, CDCl;) &: 170.8, 169.9, 149.3,
135.9, 127.6, 125.1, 123.3, 122.3, 119.9, 117.0, 115.5, 106.7,
96.7, 84.2, 53.7, 52.0, 39.1, 37.4, 36.7, 31.4, 28.5, 28.3; IR
(film) v/em™! 3447 (w), 2922 (s), 2852 (m), 1735 (s), 1559 (w),
1453 (m), 1373 (m), 1240 (m), 1156 (m), 1097 (m), 892 (w),
748 (w); HRMS (APCI) m/z: [M + H]+ calc. for C3oH3sN3O¢t,
536.2755, found 536.2744; mp: 104-105 °C.

4g) S-(tert-butyl)  3-methyl (3R,5R)-3-((3R,5R,7R)-
adamantan-1-yl)-5-phenyl-4,5-dihydro-3H-pyrazole-3, 5-
dicarboxylate. (343 mg, 95% yield). Colorless solid. Ry=0.27
(49:1 hexanes/ethyl acetate). 'H NMR (600 MHz, CCs) :
7.49-7.46 (m, 2H), 7.06-7.02 (m, 2H), 6.97-6.94 (m, 1H), 2.99
(s, 3H), 2.91 (d, J = 13.4 Hz, 1H), 2.63 (d, J = 13.4 Hz, 1H),
2.24-2.19 (m, 3H), 1.89 (m, 3H), 1.71-1.66 (m, 3H), 1.55 (m,
6H), 1.30 (s, 9H); BC{'H} NMR (126 MHz, CDCl;) &: 171.0,
169.1, 138.3, 128.5, 128.0, 126.1, 105.7, 101.2, 83.1, 51.9,
38.9, 37.4, 36.8, 32.4, 28.5, 28.0; IR (powder) v/cm" 3059
(w), 2906 (s), 2852 (m), 1730 (s), 1599 (w), 1561 (w), 1449
(m), 1368 (m), 1240 (m), 1157 (m), 1116 (m), 1029 (w), 748
(w), 697 (w); HRMS (APCI) m/z: [M + H]+ calc. for
Ca6H3sN,O4+, 439.2591, found 439.2575; mp: 105-106 °C.

(4h) 5-(1-(tert-butoxycarbonyl)piperidin-4-yl) 3-methyl
(3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-phenyl-4, 5-
dihydro-3H-pyrazole-3,5-dicarboxylate. (1.31 g, 58% yield).
Colorless solid. R¢=0.29 (4:1 hexanes/ethyl acetate). 'H NMR
(500 MHz, CDCl;) 6: 7.32-7.24 (m, 5H), 5.05 (sep, J = 3.5 Hz,
1H), 3.51-3.43 (m, 1H), 3.37 (s, 3H), 3.36-3.32 (m, 1H), 3.30
(m, 2H), 2.60 (d, J = 13.8 Hz, 1H), 2.46 (d, J = 13.8 Hz, 1H),
2.05 (s, 3H), 1.98-1.91 (m, 3H), 1.84-1.78 (m, 1H), 1.76-1.61
(m, 9H), 1.54-1.50 (m, 3H), 1.43 (s, 9H); BC{'H} NMR (126
MHz, CDCl3) 6: 170.8, 169.4, 154.8, 137.9, 128.7, 128.3,
126.0, 105.9, 100.6, 79.8, 71.6, 52.0, 38.9, 37.3, 36.7, 32.3,
30.3, 30.2, 28.5, 28.4; IR (powder) v/em™ 3013 (w), 2925 (w),
2908 (w), 2851 (m), 1752 (m), 1727 (s), 1694 (s), 1557 (w),
1497 (w), 1399 (m), 1249 (s), 1165 (s), 1083 (m), 1033 (m),
759 (m), 705 (m); HRMS (APCI) m/z: [M + HJ+ calc. for
C3HuN3O6+, 566.3225, found 566.3226; mp: 114-116 °C.

(4i) 3-methyl  5-phenyl (3R,5R)-3-((3R,5R,7R)-
adamantan-1-yl)-5-phenyl-4,5-dihydro-3H-pyrazole-3, 5-
dicarboxylate. (322 mg, 83% yield). Colorless solid. Ry=0.17
(9:1 hexanes/ethyl acetate). '"H NMR (600 MHz, CDCl;) §:
7.38-7.33 (m, 6H), 7.32-7.29 (m, 1H), 7.25-7.21 (m, 1H),
7.06-7.03 (m, 2H), 3.43 (s, 3H), 2.74 (d, J = 13.8 Hz, 1H),
2.54 (d, J = 13.8 Hz, 1H), 2.06 (s, 3H), 2.02-1.97 (m, 3H),
1.76-1.66 (m, 6H), 1.60-1.56 (m, 3H); C{'H} NMR (126
MHz, CDCl3) &: 170.6, 168.7, 150.7, 137.4, 129.5, 128.8,
126.3, 125.9, 121.2, 106.2, 100.6, 51.9, 38.9, 37.2, 36.9, 32.4,
28.3; IR (powder) v/em™ 3069 (w), 3016 (w), 2914 (w), 2853
(w), 1775 (m), 1723 (m), 1592 (w), 1558 (w), 1494 (w), 1239
(m), 1184 (s), 1071 (m), 755 (m), 739 (m), 698 (m), 689 (m);
HRMS (APCI) m/z: [M + H]+ cale. for CysH3iN>O4t,
459.2278, found 459.2273; mp: 109-110 °C.

(4j) 5-(4-benzoylphenyl) 3-methyl (3R, 5R)-3-((3R,5R,7R)-
adamantan-1-yl)-5-phenyl-4,5-dihydro-3H-pyrazole-3, 5-
dicarboxylate. (350 mg, 95% yield). Colorless solid. R;=0.11
(9:1 hexanes/ethyl acetate). '"H NMR (500 MHz, CDCl;) §:
7.84 (m, 2H), 7.78 (m, 2H), 7.59 (m, 1H), 7.48 (m, 1H), 7.38



(d, J = 4.4 Hz, 4H), 7.35 (m, 1H), 7.19 (m, 2H), 3.42 (s, 3H),
2.75 (d, J = 13.8 Hz, 1H), 2.57 (d, J = 13.8 Hz, 1H), 2.07 (m,
3H), 2.03-1.97 (m, 3H), 1.7-1.67 (m, 6H), 1.60 (m, 3H);
BC{'H} NMR (126 MHz, CDClL) &: 195.6, 170.6, 168.4,
153.9, 137.5, 137.3, 135.7, 132.7, 131.8, 130.1, 129.0, 128.8,
128.5, 126.0, 121.3, 106.4, 100.7, 52.1, 39.1, 37.4, 36.7, 32.5,
28.5; IR (film) v/cm™ 3060 (w), 2907 (m), 2852 (m), 1753
(m), 1733 (m), 1661 (m), 1599 (m), 1582 (w), 1499 (w), 1447
(m), 1277 (m), 1230 (m), 1196 (s), 1164 (m), 1088 (m), 734
(w), 701 (m); HRMS (APCI) m/z: [M + H]+ calc. for
C3sH3sN,Os+, 563.2541, found 563.2528; mp: 102-109 °C.

(4K) 5-((1R 2S,5R)-2-isopropyl-5-methylcyclohexyl)  3-
methyl (3R,5R)-3-((3R,5R, 7R)-adamantan-1-yl)-5-phenyl-4,5-
dihydro-3H-pyrazole-3,5-dicarboxylate. (380 mg, 39% yield).
Colorless solid. R¢=0.38 (9:1 hexanes/ethyl acetate). 'H NMR
(500 MHz, CDCl3) &: 7.32-7.26 (m, 3H), 7.26-7.23 (m, 2H),
477 (dt, J = 4.4, 10.9 Hz, 1H), 3.44 (s, 3H), 2.61 (d, J = 13.9
Hz, 1H), 2.41 (d, J = 13.9 Hz, 1H), 2.04 (m, 3H), 1.97-1.90
(m, 4H), 1.80-1.61 (m, 10H), 1.54-1.50 (m, 3H), 1.49-1.38 (m,
2H), 1.06-0.91 (m, 2H), 0.88 (d, J = 6.5 Hz, 3H), 0.82 (d, J =
7.0 Hz, 3H), 0.65 (d, J = 7.0 Hz, 3H); “C{'H} NMR (126
MHz, CDCl3) &: 171.1, 169.8, 137.9, 128.6, 128.2, 125.9,
106.1, 101.2, 76.7, 52.0, 46.9, 40.3, 39.0, 37.3, 36.7, 34.2,
32.2, 31.5, 28.5, 26.1, 23.3, 22.1, 20.8, 16.1; IR (powder)
viem™! 3066 (w), 2954 (w), 2921 (m), 2921 (m), 2851 (m),
1726 (m), 1599 (w), 1572 (w), 1448 (w), 1424 (w), 1250 (s),
1117 (m), 1100 (m), 1031 (w), 726 (m), 694 (m); HRMS
(APCI) m/z: [M + HJ+ calc. for CsHasN2Ost+, 521.3374,
found 521.3366; mp: 124-128 °C.

General Procedures for the Photodenitrogenation Re-
actions (Notes: The 450W Hg lamp produces significant heat;
fans are installed to help circulate warm air out of the box
containing the irradiation setup. The sample should be crushed
into a very thin layer to ensure adequate light penetration.
Identical suspension preparations can be done for pyrazoline
derivatives 4¢ and 4i to afford the corresponding cyclopro-
panes with similar stereoselectivities as their bulk powder
irradiations. It is imperative that the aqueous solution is stir-
ring consistently during preparation to achieve high-quality
suspensions; irregularities were observed to result in signifi-
cant aggregation of reprecipitated sample. The chosen stirbar
should be approximately equal in length to the diameter of the
reaction vessel and stirred at a rate such that there is a visible
vortex. The substrate should be added dropwise to aqueous
solution on the sides of the vortexing solution (rather than
directly in the center) to ensure the sample is equally dis-
persed.)

Solution-phase irradiations: Pyrazolines 4a—k (2.0 mg)
were each dissolved in 0.5 mL C¢Ds in NMR tubes and
sparged with Argon for 20 min through an appropriately-sized
septum. The NMR tubes were capped and sealed with Para-
film, then irradiated in the Hanovia photochemical reactor and
monitored by '"H NMR at 2.5 min intervals. Reactions were
irradiated to 100% conversion of starting material, typically
10-25 min; purification was not attempted with these samples.

Bulk-solid irradiations: Solid pyrazolines 4a—k (2.0 mg)
were each crushed between microscope slides for about 5 sec-
onds until a translucent sample was obtained. Samples were
then irradiated in the Hanovia photochemical reactor for times
identical to their solution-phase counterparts. The slides were
then washed with CH>Cl, or CDCl; and concentrated under

rotary evaporation; purification was not attempted with these
samples.

Aqueous suspension irradiations of pyrazoline 4h: 4h
(200.0 mg, 0.35 mmol) was dissolved in 5.0 mL of acetonitrile
and added dropwise to a rapidly stirring aqueous solution of
cetrimonium bromide (CTAB) (100 mL, 5% CMC of CTAB)
in a Pyrex container that was pre-treated with Sigmacote (note
4). The resulting cloudy suspension was sonicated for 5 min,
then irradiated in Hanovia photochemical reactor for 2 h. The
reaction was briefly sonicated every 30 min to minimize any
material buildup on the walls of the reaction vessel. Upon
completion, the organics were extracted with EtOAc (3 x 25.0
mL), washed with brine (1 x 15 mL), dried over Na,SOs, then
concentrated directly onto silica gel (2.5 g). Purification via
column chromatography (30 g silica gel, 400 mL 12.5:1 hex-
anes/ethyl acetate — 200 mL 9:1 hexanes/ethyl acetate — 200
mL 6.7:1 hexanes/ethyl acetate) afforded Sh as a colorless
solid (103 mg, 54% yield).

Characterization Data for Cyclopropanes Sa—k

(5a) Dimethyl (1S,2S5)-1-((3S,5S,7S)-adamantan-1-yl)-2-
phenylcyclopropane-1,2-dicarboxylate. Colorless solid. R, =
0.38 (9:1 hexanes/ethyl acetate). 'H NMR (600 MHz, CDCl;)
5: 7.49-7.46 (m, 2H), 7.26-7.19 (m, 3H), 3.66 (s, 3H), 3.13 (s,
3H), 2.01-1.97 (m, 3H), 1.99 (d, /= 6.2 Hz, 1H), 1.95 (d, J =
6.2 Hz, 1H), 1.73-1.61 (m, 9H); “C{'H} NMR (126 MHz,
CDCL) 6: 171.4, 170.5, 136.5, 131.0, 127.75, 127.74, 52.5,
51.3, 48.2, 39.4, 38.5, 36.9, 34.5, 28.9, 15.2; IR (powder)
viem 3055 (w), 2913 (m), 2850 (m), 1723 (s), 1597 (w),
1446 (m), 1431 (m), 1224 (s), 1206 (s), 1151 (m), 1068 (m),
741 (m), 705 (s); HRMS (APCI) m/z: [M + H]+ calc. for
C23H2004+, 369.2060, found 369.2058; mp: 111-113 °C.

(5b) Dimethyl (1S,2S5)-1-((3S,5S,7S)-adamantan-1-yl)-2-
(4-(trifluoromethyl)phenyl)cyclopropane-1,2-dicarboxylate.
Colorless solid. Ry= 0.69 (9:1 hexanes/ethyl acetate). 'H NMR
(500 MHz, CDCl;) &: 7.61 (d, , J = 8.3 Hz, 2H), 7.51 (d, J =
8.3 Hz, 2H), 3.67 (s, 3H), 3.15 (s, 3H), 2.03 (d, J = 6.3 Hz,
1H), 2.02-1.97 (m, 3H), 2.01 (d, J = 6.3 Hz, 1H), 1.90-1.85
(m, 3H), 1.73-1.67 (m, 6H), 1.66-1.61 (m, 3H); *C{'H} NMR
(126 MHz, CDCls) &: 170.7, 170.2, 140.6, 131.4, 130.3 (q, J =
32.5 Hz), 127.4 (q, J=272.3 Hz), 124.7 (q, J = 3.7 Hz), 52.7,
51.4, 48.6, 39.4, 38.2, 36.9, 34.6, 29.9, 15.4; IR (powder)
viem™ 3013 (w), 2905 (m), 2849 (m), 1725 (s), 1614 (w),
1445 (w), 1430 (w), 1323 (m), 1238 (m), 1160 (m), 1108 (s),
1060 (s), 840 (m), 791 (w), 725 (m); HRMS (APCI) m/z: [M +
H]+ calc. for CysHagF304+, 437.1934, found 437.1940; mp:
183-184 °C.

(5¢) Dimethyl (18S,2S)-1-((3S,5S,7S)-adamantan-1-yl)-2-
(4-bromophenyl)cyclopropane-1,2-dicarboxylate. (30 mg,
71% yield). Colorless solid. Ry = 0.69 (9:1 hexanes/ethyl ace-
tate). '"H NMR (500 MHz, CDCl;) &: 7.38 (m, 4H), 3.66 (s,
3H), 3.20 (s, 3H), 2.01-1.97 (m, 3H), 1.98 (d, /= 6.2 Hz, 1H),
1.94 (d, J = 6.2 Hz, 1H), 1.88-1.83 (m, 3H), 1.72-1.66 (m,
6H), 1.65-1.60 (m, 3H); *C{'H} NMR (126 MHz, CDCl;) &:
171.0, 170.4, 135.6, 132.7, 130.9, 122.1, 52.6, 51.5, 48.5,
39.5, 37.8, 36.9, 34.6, 28.8, 15.4; IR (powder) v/cm' 3014
(W), 2913 (m), 2849 (m), 1726 (s), 1716 (s), 1487 (m), 1450
(m), 1483 (m), 1235 (s), 1193 (m), 1175 (m), 1065 (s), 851
(W), 779 (w), 711 (m); HRMS (APCI) m/z: [M + H]+ calc. for
Cp3HogBrOg4t, 447.1166, found 447.1154; mp: 188-189 °C.

(5d) Dimethyl (1S,2S5)-1-((3S,5S,7S)-adamantan-1-yl)-2-
(4-methoxyphenyl)cyclopropane-1,2-dicarboxylate. Colorless



solid. Ry = 0.28 (9:1 hexanes/ethyl acetate). 'H NMR (500
MHz, CDCls) 6: 7.40 (m, 2H), 6.78 (m, 2H), 3.76 (s, 3H), 3.65
(s, 3H), 3.19 (s, 3H), 1.98 (m, 3H), 1.92 (s, 2H), 1.72-1.60 (m,
9H); *C{'H} NMR (126 MHz, CDCl3) 6: 171.6, 170.7, 159.1,
132.1, 128.4, 113.1, 55.3, 52.4, 51.3, 48.3, 39.5, 37.7, 36.9,
34.5,28.9, 15.3; IR (powder) v/em™! 3027 (w), 2909 (m), 2846
(m), 1718 (s), 1683 (w), 1611 (m), 1580 (w), 1513 (s), 1430
(m), 1228 (s), 1193 (m), 1176 (s), 1066 (s), 1032 (m), 831 (m),
799 (m), 734 (w); HRMS (APCI) m/z: [M + HJ+ calc. for
C24H3,05+, 399.2166, found 399.2170; mp: 134-135 °C.

(5e) Dimethyl (18S,2S)-1-((3S,5S,7S)-adamantan-1-yl)-2-
(naphthalen-1-yl)cyclopropane-1,2-dicarboxylate. ~ Colorless
solid. Ry = 0.36 (9:1 hexanes/ethyl acetate). 'H NMR (500
MHz, CDCl;) 6: 8.83 (d, /= 8.4 Hz, 1H), 8.40 (d, J = 8.4 Hz,
1.6H), 7.82 (m, 3.4H), 7.76 (m, 3.8H), 7.53 (m, 3.8H), 7.46
(m, 3H), 7.39 (m, 3H), 3.61 (s, 4.8H), 3.58 (s, 3H), 3.17 (s,
4.8H), 2.70 (s, 3H), 2.38 (d, /= 5.8 Hz, 1.6H), 2.17 (d, J=5.4
Hz, 1H), 2.11 (m, 3H), 2.08-1.97 (m, 17H), 1.95-1.90 (m,
3.6H), 1.87-1.79 (m, 6H), 1.77-1.65 (m, 17H); “C{'H} NMR
(126 MHz, CDCl3) &: 171.5, 171.1, 170.9, 170.7, 134.1, 134.0,
133.9, 133.2, 132.4, 130.9, 129.2, 129.1, 128.9, 128.6, 128.5,
127.8, 126.2, 125.8, 125.5, 125.3, 124.9, 124.87, 124.6, 52.6,
52.55,51.4,50.8, 47.6, 47.4, 39.6, 39.3, 38.5, 37.3, 37.0, 36.9,
35.0, 34.97, 29.0, 28.9, 18.2, 17.5 (one -1-naphthyl peak unac-
counted for); IR (powder) v/em™ 3046 (w), 3002 (w), 2908
(m), 2886 (m), 2848 (m), 1718 (s), 1595 (w), 1508 (w), 1430
(m), 1397 (w), 1323 (w), 1221 (s), 1194 (m), 1075 (m), 950
(m), 876 (m), 797 (m), 790 (m), 773 (s), 731 (m); HRMS
(APCI) m/z: [M + H]J+ calc. for Cy7H3,04+, 419.2217, found
419.2214; mp: 187-196 °C. (Note: Se and 8e were obtained as
an inseparable mixture; the empirical spectra are reported.)

(5f) Dimethyl (18S,2S)-1-((3S,5S,7S)-adamantan-1-yl)-2-
(1-(tert-butoxycarbonyl)- 1 H-indol-3-yl)cyclopropane-1,2-
dicarboxylate. Colorless solid. Ry = 0.39 (9:1 hexanes/ethyl
acetate). 'H NMR (600 MHz, CDCl3) §: 8.06 (br. s, 1H), 7.96
(m, 1H), 7.46 (br s, 1H), 7.28-7.22 (m, 3H), 3.64 (s, 3H), 3.06
(s, 3H), 2.09 (d, J = 5.8 Hz, 1H), 2.02 (m, 3H), 1.97-1.92 (m,
3H), 1.89 (d, J = 5.8 Hz, 1H), 1.74-1.69 (m, 6H), 1.67 (m,
3H), 1.64 (s, 9H); BC{'H} NMR (126 MHz, CDCl;) &: 171.1,
171.0, 149.5, 135.6, 129.8, 126.7, 124.4, 122.4, 122.3, 117.7,
114.9, 83.9, 52.5, 51.2, 48.5, 39.8, 36.9, 34.3, 30.6, 28.9, 28.3,
16.5; IR (powder) v/em™ 3059 (w), 2910 (m), 2850 (m), 1727
(s), 1608 (w), 1566 (w), 1451 (m), 1432 (m), 1373 (s), 1222
(s), 1152 (s), 1104 (m), 1059 (s), 852 (w), 802 (w), 764 (m),
746 (m); HRMS (APCI) m/z: [M + H]+ calc. for C30H3sNOet,
508.2694, found 508.2698; mp: 59-63 °C.

(5g)  2-(tert-butyl)  I-methyl (1S,25)-1-((3S,5S,7S)-
adamantan-1-yl)-2-phenylcyclopropane-1,2-dicarboxylate.
Colorless solid. Ry= 0.50 (9:1 hexanes/ethyl acetate). 'H NMR
(600 MHz, CDCl3) &: 7.47-7.43 (m, 2H), 7.23-7.16 (m, 3H),
3.12 (s, 3H), 2.02-1.94 (m, 6H), 1.90 (d, J = 6.0 Hz, 1H), 1.87
(d, J = 6.0 Hz, 1H), 1.79-1.75 (m, 3H), 1.72-1.64 (m, 6H),
1.38 (s, 9H); BC{'H} NMR (126 MHz, CDCl;) &: 170.8,
169.9, 137.2, 131.0, 127.5, 127.4, 81.8, 51.2, 48.2, 40.5, 39.4,
37.0, 34.8, 28.9, 27.9, 14.9; IR (powder) v/cm™ 3050 (w),
2915 (m), 2850 (m), 1727 (m), 1714 (s), 1599 (w), 1447 (m),
1364 (m), 1237 (s), 1159 (s), 1062 (m), 730 (m), 699 (m);
HRMS (APCI) m/z: [M + HJ+ cale. for CosH3504+, 411.2530,
found 411.2518; mp: 100-102 °C.

(5h) 2-(I-(tert-butoxycarbonyl)piperidin-4-yl) 1-methyl
(18,25)-1-((3S,58,7S)-adamantan-1-yl)-2-

phenylcyclopropane-1,2-dicarboxylate. (103 mg, 54% yield).
Colorless solid. R¢=0.24 (9:1 hexanes/ethyl acetate). 'H NMR
(500 MHz, CDCl3) &: 7.49-7.42 (m, 2H), 7.25-7.17 (m, 3H),
491 (sep, , ] = 3.7 Hz, 1H), 3.67-3.59 (m, 1H), 3.41-3.35 (m,
1H), 3.34-3.28 (m, 1H), 3.23-3.16 (m, 1H), 3.16 (s, 3H), 1.99
(m, 3H), 1.97 (d, J = 6.2 Hz, 1H), 1.95 (d, ] = 6.2 Hz, 1H),
1.95-1.90 (m, 3H), 1.88-1.81 (m, 1H), 1.76-1.60 (m, 12H),
1.45 (s, 9H); “C{'H} NMR (126 MHz, CDCl;) &: 170.5,
170.3, 154.8, 136.7, 131.0, 127.8, 127.7, 79.8, 70.9, 51.3,
48.4, 39.5, 39.2, 36.9, 34.7, 30.6, 30.1, 28.8, 28.6, 15.3; IR
(film) v/em™ 3025 (w), 2911 (m), 2852 (m), 1734 (s), 1718
(s), 1683 (s), 1602 (w), 1478 (w), 1425 (s), 1222 (s), 1197 (s),
1157 (s), 864 (m), 757(w), 698 (s); HRMS (APCI) m/z: [M +
H]+ calc. for Cs;,HaNOgt+, 538.3163, found 538.3167; mp:
139-142 °C.

(5i) I-methyl 2-phenyl (18S,2S)-1-((3S,5S,7S)-adamantan-
1-yl)-2-phenylcyclopropane-1,2-dicarboxylate. (24 mg, 56%
yield). Colorless solid. Ry = 0.44 (9:1 hexanes/ethyl acetate).
'H NMR (600 MHz, CDCl3) §: 7.60-7.56 (m, 2H), 7.35-7.31
(m, 2H), 7.30-7.27 (m, 2H), 7.26-7.22 (m, 1H), 7.21-7.17 (m,
1H), 6.99-6.95 (m, 2H), 3.18 (s, 3H), 2.09 (s, 2H), 2.06-2.02
(m, 6H), 1.86-1.82 (m, 3H), 1.74-1.67 (m, 6H); “C{'H} NMR
(126 MHz, CDCl3) &: 170.4, 170.0, 151.0, 136.1, 131.2, 130.0,
128.0, 127.9, 126.0, 121.3, 51.4, 48.8, 40.0, 39.0, 36.9, 34.9,
28.9, 15.5; IR (film) v/em™ 3059 (w), 2025 (w), 2908 (m),
2851 (m), 1745 (s), 1729 (s), 1592 (w), 1492 (m), 1448 (m),
1232 (m), 1188 (s), 1174 (s), 1060 (m), 743 (w), 729 (w), 698
(m), 688 (m); HRMS (APCI) m/z: [M + HJ+ calc. for
CasH3104+, 431.2217, found 431.2224; mp: 84-87 °C.

(5j) 2-(4-benzoylphenyl) I-methyl (18S,2S)-1-((3S,5S,7S)-
adamantan-1-yl)-2-phenylcyclopropane-1,2-dicarboxylate.
Colorless solid. Ry= 0.20 (9:1 hexanes/ethyl acetate). 'H NMR
(500 MHz, CDCl;) &: 7.82 (m, 2H), 7.77 (m, 2H), 7.57 (m,
3H), 7.47 (m, 2H), 7.33-7.24 (m, 3H), 7.12 (m, 2H), 3.19 (s,
3H), 2.12 (s, 2H), 2.07-2.01 (m, 6H), 1.87-1.81 (m, 3H), 1.76-
1.65 (m, 6H); *C{'H} NMR (126 MHz, CDCl;) &: 195.6,
170.2, 169.1, 154.1, 137.6, 135.8, 135.3, 132.6, 131.8, 131.2,
130.1, 128.5, 128.2, 128. 0, 121.2, 51.4, 49.0, 39.7, 38.9, 36.9,
34.9, 28.9, 15.6; IR (film) v/em™ 3090 (w), 3058 (w), 2927
(w), 2857 (w), 1735 (w), 11692 (m), 1632 (w), 1596 (w), 1493
(m), 1447 (m), 1373 (w), 1186 (w), 1090 (m), 852 (w), 742
(m), 702 (s), 634 (m); HRMS (APCI) m/z: [M + H]+ calc. for
C35H3505+, 535.2479, found 535.2469; mp: 125-127 °C.

(5K) 2-((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl) I-
methyl (18,25)-1-((3S,5S,7S)-adamantan-1-yl)-2-
phenylcyclopropane-1,2-dicarboxylate. Colorless solid. Ry =
0.58 (9:1 hexanes/ethyl acetate). 'H NMR (500 MHz, CDCl;)
d: 7.44-7.42 (m, 2H), 7.23-7.16 (m, 3H), 4.58 (dt, J = 4.3, 10.8
Hz, 1H), 3.15 (s, 3H), 2.01-1.93 (m, 6H), 1.95 (d, J = 6.1 Hz,
1H), 1.92 (d, J = 6.1 Hz, 1H), 1.85-1.79 (m, 1H), 1.78-1.72
(m, 4H), 1.71-1.64 (m, 6H), 1.65-1.58 (m, 3H), 1.44-1.31 (m,
2H), 1.02-0.92 (m, 1H), 0.82 (d, J = 6.6 Hz, 3H), 0.79 (d, J =
7.0 Hz, 3H), 0.75 (m, 1H), 0.54 (d, J = 7.0 Hz, 3H); *C{'H}
NMR (126 MHz, CDCls) 6: 170.8, 170.6, 137.1, 130.9, 127.5,
75.9, 51.2, 48.5, 47.1, 40.1, 39.5, 39.1, 36.9, 34.4, 34.3, 31.4,
28.9, 26.0, 23.3, 22.1, 20.9, 16.0, 15.3; IR (powder) v/cm'
3055 (w), 2953 (m), 2910 (s), 2851 (m), 1724 (s), 1600 (w),
1492 (w), 1447 (m), 1249 (s), 1199 (m), 1177 (s), 1100 (m),
733 (m), 701 (s), 516 (m); HRMS (APCI) m/z: [M + H]+ calc.
for C3,H4s04+, 493.3312, found 493.3323; mp: 150-154 °C.



General Procedures for the Thermal Denitrogenation
Reactions

Solution-phase thermal denitrogenation: Pyrazoline 4h
(15.0 mg, 0.027 mmol) was dissolved in a minimal amount of
toluene and added to 5 mL of refluxing toluene. After 90 sec,
the reaction was cooled to room temperature and concentrated
under rotary evaporation. Spectral data for Sh match those
from the solution photochemical denitrogenation reactions.

Bulk-solid thermal denitrogenation: Solid pyrazoline 4h
(15.0 mg, 0.027 mmol) was ground into a translucent powder
and heated at 110 °C in a 1 DRAM vial for 90 sec. Spectral
data for Sh match those from the solid-state photochemical
denitrogenation reactions.
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Spectroscopic 'H and '*C{'H} characterization data for 6, 7a-k,
4a-k, 5a-k, 9, 10, 11b, 11¢, 11e-k; single-crystal X-ray thermal
ellipsoid plots and select crystallography data for compounds 4a,
5a, 4g, 4i, 4k, 5k; DSC curves for compounds 4h, 5h, 4k, 5k;
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Single-crystal X-ray structure for compound 4a (CIF)
Single-crystal X-ray structure for compound Sa (CIF)
Single-crystal X-ray structure for compound 4g (CIF)
Single-crystal X-ray structure for compound 4i (CIF)
Single-crystal X-ray structure for compound 4k (CIF)
Single-crystal X-ray structure for compound Sk (CIF)

Pyrazoline 4k heated at 110 °C and monitored using an optical
microscope equipped with a camera; N, can be seen escaping a
well-maintained crystal (AVI).
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