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Abstract. Two cyclopropyl substituted nitrenium ions were generated through photolysis
of their corresponding N-aminopyridinium ion photoprecursors. In the case of
N-biphenyl-N-cyclopropyl nitrenium ion (5). Stable products are derived from a combination of
cyclopropyl ring expansion, forming N-biphenylazetium ion, and ethylene elimination, forming
biphenylisonitrilium ion. When present in high concentrations, methanol can add to the
cyclopropyl ring forming N-3-methoxypropyl-N-biphenyl iminium ion. In contrast, the only
detectable product from N-benzyl-N-cyclopropyl nitrenium ion (6) is benzylisonitrile, resulting
from elimination of ethylene. DFT calculations predict the product distributions from the more
stable biphenyl system 5 with reasonable accuracy. However product distributions from the less
stable benzyl system 6 are forecast with less accuracy.

Nitrenium ions are reactive intermediates characterized by a di-coordinate nitrogen atom
bearing a formal positive charge.1–5 These species can be derived from a net two-electron
oxidation of amines or through a net 4-electron reduction of nitro compounds. Detailed
understanding of nitrenium ion behavior is needed in order to identify, or exclude, the
involvement of these species in chemical and biological processes that entail oxidation or
reduction of nitrogen-containing compounds.

In particular, the oxidation of cyclopropyl amines, 1 is involved in a surprising variety of
important reactions, including synthetic transformations,6–8 the treatment of depression through
the inactivation of monoamine oxidases,9–13 and has been used as a mechanistic probe.14–16 It is
generally accepted that radical or radical cation formation on the nitrogen triggers a
ring-opening reaction that produces a radical (2) or ion radical species (3). These intermediates
are then captured in secondary processes to form various stable products. Biosynthesis of the
plant hormone, ethylene, also involves oxidation of a cyclopropylamine derivative— in this case
aminocyclopropane carboxylate.17–21 This process leads to elimination of the two distal CH2
groups from the cyclopropane ring, forming ethylene and cyanoformate ion.22 Over the years a
number of ethylene-generating intermediates have been suggested for this process, including
the corresponding nitrenium ion (4) and various radical species. More recent studies favor
concerted elimination via a complex wherein the amine nitrogen is bound to a Fe(IV)-oxo
species, rather than via a free nitrenium ion.23

Previous experimental and computational studies have revealed some general trends in
nitrenium ion properties and behavior.For example, arylnitrenium ions (i.e. PhNH+ and its
simple derivatives) are generally ground-state singlets having triplet states that are ca. 10-25
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kcal/mol higher in energy.24–30 Conjugation with the aromatic ring results in significant positive
charge delocalization onto the ring carbons. Indeed, nucleophiles tend to add to the aryl ring
carbons in preference to the nitrogen. There is significantly less information about alkyl
nitrenium ions. The simplest examples seem to rearrange without barrier through 1,2 shifts of H
or alkyl groups to form iminium ions. However even modestly pi-donating substituents (vinyl,
alkoxy groups) on the nitrogen result in significant barriers to rearrangement and cause the
nitrenium ion to have a discrete existence and singlet ground state.31

Scheme 1. Oxidation of Cyclopropylamines.

Cyclopropyl-substituted nitrenium ions deviate from the general behavior of
alkylnitrenium ions.32 Cyclopropyl groups donate electron density to the electron-deficient
nitrogen center by forming a non-classical structure that is analogous to its well-studied
hydrocarbon analog, the cyclopropylcarbinyl cation.33–36 This sigma donation is remarkably
effective. In fact, on the basis of calculated N-hydration enthalpies, cyclopropyl groups provide
more stabilization to a nitrenium center than a phenyl group.

To provide a comprehensive picture of possible pathways that could accompany
cyclopropylamine oxidation, we examined the behavior of of two cyclopropyl nitrenium ions, one
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where the other substituent was an aromatic ring capable of delocalizing charge through
pi-conjugation, N-biphenyl-N-cyclopropylnitrenium ion 5, and another where the remaining
substituent was an alkyl group incapable of delocalizing significant positive charge, the
N-benzyl-N-cyclopropylnitrenium ion 6. In order to distinguish between products from concerted
reactions and those from nitrenium ion intermediates, the target intermediates were generated
from photolysis of N-aminopyridinium ions. Experiments and calculations described herein
demonstrate cyclopropyl nitrenium ions decay through a combination of ethylene elimination
and expansion of the cyclopropyl ring carbon to form an azetium ion. The former process
predominates in the alkyl-substituted system, whereas the aryl-substituted example shows a
mixture of the two pathways.

Results and Discussion.

DFT Calculations. Shown in Figure 1 are DFT calculated geometries of the conjugated
biphenylcyclopropyl nitrenium ion 5 and the non-conjugated benzyl cyclopropyl nitrenium ion 6.
As seen in the previous study on the parent cyclopropyl nitrenium ion, the non-conjugated
example 6 adopts a non-classical structure that allows positive charge to localize into the
cyclopropyl ring. This delocalization has the effect of elongating the proximal C–C bonds (1.70 Å
and 1.72 Å) and shortening the distal C–C bond (1.40 Å). Additionally the cyclopropyl C-N bond
is shortened to almost a C=N double bond distance of 1.28 Å̄̄. This contrasts with 5 where the
conjugated biphenyl ring competes with the cyclopropyl ring for the positive charge, In this case
the C–N bond distances to the two substituents are nearly identical (1.32 Å̄̄ to the biphenyl
group and 1.34 Å̄̄ to the cyclopropyl). Additionally, the cyclopropyl group shows a more classical
structure having proximal C–C bond distances of 1.58 Å̄̄ and a distal C–C distance of 1.44 Å̄̄.
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Figure 1. Geometries and selected bond distances for nitrenium ions 5 (top) and 6 (bottom)
from DFT (B3LYP-d3/def2SVP) calculations.

Figure 2 illustrates relative energies (kcal/mol, from DFT calculations) for stationary
points on the potential energy surface for various unimolecular decay processes anticipated for
the biphenyl cyclopropyl nitrenium ion 5. These calculations identify two low barrier reactions.
The first is a cheleotropic elimination of ethylene to produce biphenylisonitrilium (E‡= +18.3
kcal/mol) . Of comparable or slightly lower energy (E‡= +14.2 kcal/mol) is a transition state (9‡)
connecting the nitrenium ion 5 to its ring expansion product, N-biphenylazetium ion 10. Hydride
migration from the cyclopropyl group to the nitrogen leading to iminium ion 11 is predicted to
have a substantially larger barrier (E‡ = 44.7 kcal/mol) , and is thus unlikely to be chemically
significant.

When a molecule of methanol is included in the calculations, a significantly lower energy
transition state (13‡ E‡ = +3.6 kcal/mol) is located wherein the methanol adds to the cyclopropyl
group, resulting in a ring-opened iminium ion 14 (via 15‡ and 16). The latter product could also
be derived from opening the azetium isomer. However, this pathway would entail surmounting
two barriers (9‡ and 17‡) that are substantially larger than the one for direct addition to the
cyclopropyl group. Thus, direct addition to the nitrenium ion is favored.

Lacking competing pi-conjugation, the benzyl cyclopropyl nitrenium ion 6 is predicted to
be significantly more reactive. The potential energy diagram describing potential decay,
provided in Figure 3, is consistent with this prediction. Three reactions are expected to have
very low barriers: (a) cyclopropyl ring expansion via transition state 19‡ to form a
N-benzylazetium ion 20 , (b) elimination of ethylene to form benzylisonitrilium ion 21, and (c)
1,2-phenyl migration forming N-cyclopropyl-N-methylenebenzaminium ion 23. In the gas phase,
phenyl migration is expected to predominate. However, barriers computed with implicit (SMD)
methanol solvation predict that ring expansion 19‡ and elimination 22‡ will predominate, with the
former having an activation energy of 4.5 kcal/mol vs. 8.0 kcal/mol for elimination. However,
given that both barriers are very small and the approximations associated with DFT-calculated
kinetic barriers, both of these reactions should be considered kinetically feasible. The actual
product distributions will likely be determined by explicit solvent interactions and other nuances
not captured by DFT calculations. Also modeled were two H shift pathways providing iminium
ions 28 and 30. These pathways are predicted to be even less kinetically favorable (E, and were
not examined in detail.
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Figure 2. Potential energy surface showing selected stationary points for reactions of nitrenium
ion 5 derived from DFT (B3LYP-d3/def2SVP) calculations. Energies are in kcal/mol relative to 5.

Figure 3. Potential energy diagram for N-benzyl-N-cyclopropylnitrenium 6 showing stationary
points for unimolecular decay reactions. Energies are from DFT (B3LYP-d3/def2SVP)
calculations. Values in brackets include implicit (SMD) MeOH solvation.
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Generation of Cyclopropylnitrenium ions and Characterization of Stable Products.
Nitrenium ions can be produced through several methods, including solvolysis of
N-chloramines37 and oxidation of amines using hypervalent iodonium salts.38–41 However, these
routes can also produce stable products from concerted reactions in addition to those from true
nitrenium intermediates. Therefore, a photochemical route was chosen for the present study.
Several previous studies have demonstrated that photolysis of N-aminopyridinium salts provides
nitrenium ions cleanly via heterolysis of the N–N bond.42–44 Thus, stable products detected from
this procedure can confidently be attributed to reactions of free nitrenium ions.

Scheme 2 describes preparation of the corresponding N-aminopyridinium ion precursors (37
and 41) to cyclopropyl nitrenium ions (6 and 5, respectively). In both cases the corresponding
amines, 34 and 38) are N-nitrosated and then reduced to provide 1,1-disubstituted hydrazines
40 and 36. The latter an be condensed with 2,4,6-trimethylpyrillium ion to give the desired
photoprecurors. For benzyl derivative 41, the amine 38 can be obtained from a simple
alkylation of cyclopropylamine 31, For the biphenyl derivative 37, the corresponding amine 34
was prepared via a Smiles rearrangement starting with 4-phenylphenol and
2-chloro-N-cyclopropylacetamide 32.

Scheme 2

\
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Scheme 3

Arylnitrenium ions typically react with alcohols and water (ROH) to form ortho and para adducts.
Surprisingly, this is not the case with biphenylcyclopropylnitrenium ion . Product analysis
experiments were carried out by irradiating the photoprecursor in the indicated solvent using a
390 nm LED light source. Solvent was removed under low pressure and the photolysate was
dissolved in a deuterated solvent and analyzed using 1H NMR spectroscopy. Photolysis of 37 in
methanol, ethanol or i-PrOH generates a complex mixture of products. However when a
reducing agent, NaCNBH3, is included, the major product is the corresponding
N-biphenyl-N-3-alkoxypropane 44. This product is attributed to direct addition of ROH to the
cyclopropyl ring, rather than the aryl ring. Initially this process provides an iminium ion 45,
which upon reduction with hydride is converted to the more stable product 44. Absent the
reducing agent, the iminium ion 45 appears to be unstable, eventually forming a complex
mixture of products. Product 44, therefore, is consistent with the DFT calculations in Fig 2,
which predict a low barrier (<4 kcal/mol) for addition of methanol to the cyclopropyl ring.

Scheme 4
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If the nucleophilic traps (ROH) are diluted with CH3CN, then unimolecular decay processes
compete with ring addition. Photolysis of 37 in CH3CN with 15% methanol was examined by 1H
NMR spectroscopy. In addition to the collidine leaving group, two products were detected. The
predominant route produces 2-alkoxy biphenylazetidine 46. The major product under these
conditions originates from 1,2–shift of a cyclopropyl CH2 group to the nitrenium ion center
forming an azetium ion 47. The latter in turn combines with either water or alcohols to form the
alkoxy- or hydroxysubstituted azetidine. The isopropoxy derivative of 46 was isolated by column
chromatography and characterized by 1H NMR and MS.

A minor, but significant, product was ethylene which could be easily detected when photolyses
were carried out in CD3CN and the product mixture was analyzed directly by 1H NMR. The
co-product from the latter process, biphenylisonitrile 48, could not be confidently identified in
the 1H NMR spectrum of the photolysis mixture due to overlap of peaks in the aromatic region
However, its formation was confirmed after it was isolated from the photolysis mixture by column
chromatography and verified through its 1H NMR spectrum.
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In contrast, N-benzyl-N-cyclopropylnitrenium ion decays primarily through ethylene elimination.
When the pyridinium ion precursor 41 is photolyzed (350 nm) in CD3CN the 1H NMR spectrum
shows decay of the precursor and formation of benzylisonitrile 21 and ethylene, along with the
collidine leaving group. No products from the expected ring expansion reaction (20) or phenyl
migration (23) were identified in these experiments.

Scheme 5

To see if addition of methanol to the cyclopropyl ring would be competitive, similar photolyses
were carried out in CD3OD. Again only ethylene and benzylisonitrile were detected. Some weak
signals were observed in the region ( Xxx-yyy ppm) that could be consistent with the
corresponding alkoxy azetidine. However, these could not be definitively attributed to this
adduct. Even if these were associated with this product, the latter would constitute less than 6%
of the product mixture.

Finally benzylcyclopropylnitrenium ion was also generated in a CH3OH/NaCHBH3 mixture in an
attempt to trap the iminium ion product from methanol addition to the cyclopropyl group
(analogous to product 44 from the biphenyl system). The anticipated addition/reduction product
had been previously characterized, but it was not evident in the 1H NMR from photolysis of 41
under these conditions.

Given the low (<10 kcal/mol) barriers predicted for elimination and isomerization of
benzylcyclopropylnitrenium ion 6, the lack of methanol addition is not surprising. However, less
clear is why elimination is favored over ring expansion and phenyl migration. In the gas phase,
the phenyl migration is predicted to have the lowest barrier for all of the unimolecular decay
reactions. However, no evidence for this product is seen. When an implicit solvation model is
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used, the order of the barriers change. In methanol, phenyl migration is projected to have a
slightly higher barrier (9.9 kcal/mol) than elimination (8.0 kcal/mol), and ring expansion (4.5
kcal/mol) is expected to provide the major product. Experimentally, however, elimination is the
major pathway and ring expansion, is at best, a minor pathway.

It’s possible that the DFT and solvation models employed here are too approximate to
distinguish between such small barriers. Alternatively, the DFT barriers may be accurate, but the
short-lived nitrenium ion intermediate might not reach thermal equilibrium after its photochemical
generation. In that case the approximations of transition state theory would not be valid. It is
becoming increasingly clear that high energy intermediates such as carbenium ions, diradicals
and carbenes often fail to produce stable product distributions that would follow from a
straightforward comparison of barrier heights.45–50 Nitrenium ion 6 may be another example of
this situation. However additional calculations and experiments would be necessary to
definitively establish that this is the case for nitrenium ion 6.

Conclusions. Earlier calculations on cyclopropylnitrenium ions indicated that these species
would differ from simple alkylnitrenium ions due to the non-classical delocalization of the
positive charge into the sigma bonds of the cyclopropyl ring.32 Products from 5 and 6 support
this idea. The more stable biphenyl-substituted cyclopropylnitrenium ion 5 decays through a
combination of cyclopropyl ring expansion and ethylene elimination. However the barriers to
these unimolecular processes are high enough that bimolecular trapping by alcohols is
competitive when these traps are available in high concentrations. Interestingly these
nucleophiles add to the cyclopropyl ring, rather than to the aromatic ring. In contrast, the benzyl
cyclopropyl nitrenium 6 eliminates ethylene under all conditions examined.

Experimental Section

General Information. All reagents and solvents were obtained from commercial sources and
used without purification. Thin layer chromatography was performed on precoated silica plates.
Yields of product refer to purification by silica-gel column chromatography and/or vacuum
filtration. Photolysis of compounds was done using a 390 nm Kessil Lamp or 350 nm Rayonet.
1H NMR were recorded at ambient temperatures on a 400MHz Bruker AV NEO, 400MHz
Bruker-AVIII HD NanoBay, or a 600MHz Bruker-AVIII. 13C nuclear magnetic spectra were
recorded at ambient temperature on a 100MHz Bruker-AVIII HD NanoBay. High-Resolution
Mass Spectrometry (HRMS) were recorded on a JEOL AccuTOF-CS mass spectrometer using
electro-spray ionization (ESI).

General NMR Photolysis Experiment. Pyridinium salt is dissolved in deuterated solvent and
added into an NMR tube. An NMR experiment was then performed to obtain an NMR spectrum
at time T=0 hour. The NMR tube is then placed in front of the irradiation source (390 nm Kessil
Lamp or 350 nm Rayonet) and the contents are photolyzed for 1-3 hours. Afterwards, an NMR
spectrum is obtained of the photolysis products after 1-3 hours and compared to synthesized
products.
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General Preparative Photolysis Procedure. Into a 20 mL scintillation vial equipped with a stir
bar was added the pyridinium salt along with acetonitrile or alcohol. The solution is then placed
in front of a 390 nm Kessil Lamp or into a 350 nm Rayonet and was photolyzed for 3-4 hours.
Afterwards, the solution is added to a separatory funnel and washed with a 10% NaOH solution
followed by an extraction using methylene chloride (3x20 mL). The organic layers are collected,
dried using magnesium sulfate, and then concentrated on the rotovap. The resulting products
are then isolated via flash column chromatography.

2,4,6-Trimethylpyrilium tetrafluoroborate51 This compound was synthesized following a
literature procedure. To a 250 mL round bottom flask equipped with a magnetic stir was added
acetic anhydride (530 mmol, 54 g, 50 mL) and tert-butyl alcohol (43.2 mmol, 3.1 g, 4.0 mL).
Then 48% tetrafluoroboric acid (44.8 mmol, 3.94 g, 6 mL) is slowly added to the stirred mixture
in 0.2 mL portions such that the temperature of the reaction does not exceed 100℃. The
mixture is left to stir for 30 minutes, before being cooled to 5°C in an ice bath. The product is
precipitated out from upon addition of 100 mL of diethyl ether and isolated via vacuum filtration
(4.20g, 46.4%). The product matched known literature values and was used without further
purification. 1H NMR (400 MHz, CD3CN) δ 7.69 (s, 2H), 2.80 (s, 6H), 2.65 (s, 3H).

(isocyanomethyl)benzene (21). The compound was isolated following

2-Chloro-N-cyclopropylacetamide (32)52 The compound was synthesized using a modified
literature procedure. To a stirred solution of cyclopropylamine (31, 2eq, 87.6 mmol, 5.00g) in
dichloromethane (25 mL) in a 100 mL round bottom flask at 0°C is added 2-chloroacetyl chloride
(1eq, 43.6 mmol, 4.92g) dropwise by addition funnel. The resulting mixture is then stirred for 2
hours at 0℃ before being vacuumed filtered through a pad of celite. The filtrate is further
concentrated to a yellow-orange solid, slurried in hexane, and then refiltered. The yellow-orange
solid is further dried under house vacuum for 30 min to give the desired product 32 (5.40 g,
92.7%). The product matched known literature values and was used without further purification
in the next step. 1H NMR (400 MHz, CDCl3) δ 6.65 (s, 1H), 4.03 (s, 2H), 2.77-2.73 (m, 1H),
0.860-0.812 (m, 2H), 0.599-0.559 (m, 2H).

2-([1,1'-Biphenyl]-4-yloxy)-N-cyclopropylacetamide (33)52 (cite Arava Synthesis 2013, 45,
1039-1044). The compound was synthesized using a modified literature procedure. To a 250
round bottom flask equipped with a stir bar was added 32 (1 eq, 17.7 mmol, 2.36g),
4-phenylphenol (2.5 eq, 44.3 mmol, 7.53g), K2CO3 (2.5eq, 44.3 mmol, 6.12g), and Toluene (60
mL). The resulting mixture is heated to 110℃ and stirred overnight. Solvent is evaporated under
vacuum and the solid precipitate is stirred with 500 mL of 10% aqueous NaOH solution at RT for
2 hours. The precipitate is isolated by filtration and further stirred with H2O for an additional 2
hours before being filtered again to give an off-white solid 33 (3.77g, 79.9%). The solid matched
known literature values and was used without further purification. 1H NMR (400 MHz, CDCl3) δ
7.56-7.54 (d, 4H), 7.45-7.42 (t, 2H), 7.35-7.32 (t, 1H), 6.99-9.97 (t, 2H), 6.66 (s, 1H), 4.52 (s,
2H), 2.83-2.79 (m, 1H), 0.867-0.835 (m, 2H), 0.614-0.587 (m, 2H).
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N-Cyclopropyl-[1,1'-biphenyl]-4-amine (34)52 The compound was synthesized using a
modified literature procedure. Acetamide 33 (1 eq, 11.22 mmol, 3.00g) is added to a 100 mL
round bottom flask equipped with a magnetic stir bar. Then, potassium hydroxide (2 eq, 22.4
mmol, 1.26g), anhydrous n-methyl-2-pyrrolidone (15 mL) and toluene (55 mL) is added into the
flask at room temperature. The mixture is then heated to 130℃ and stirred overnight.
Afterwards, the mixture is cooled to room temperature and 200 mL of H2O was added with
stirring. The layers were then separated and the aqueous layer was extracted with toluene
(3x100mL). The organic layers were then combined and washed with H2O (2x100ml), dried with
magnesium sulfate, and then concentrated to give a yellow oil. The oil was then purified via
column chromatography (30:1 Hexanes: Ethyl Acetate) to yield a yellow solid 34 (1.9189g,
81.7%). 1H NMR (400 MHz, CDCl3) δ 7.57-7.54 (d, 2H), 7.48-7.45 (d, 2H), 7.42-7.38 (t, 2H),
7.29-7.25 (t, 1H), 6.89-6.86 (d, 2H), 2.51-2.46 (m, 1H), 0.794-0.760 (m, 2H), 0.576-0.540 (m,
2H).

N-([1,1'-Biphenyl]-4-yl)-N-cyclopropylnitrous amide (35)30 The nitrosamine was synthesized
following a known literature procedure. Amine 34 (1eq, 5.30 mmol, 1.11g), was added to a 100
mL round bottom flask equipped with a stir bar and dissolved in 25 mL of dimethylformamide.
Then NaNO2 (1.1eq, 5.83 mmol, 0.402 g) is added and the mixture is cooled to 0℃. Upon
cooling, 12 mL of a 2 M HCl solution is added dropwise to the mixture which is then stirred for
an additional hour to allow for the precipitate to form. The precipitate is collected by vacuum
filtration and washed with 100 mL of water to yield nitrosamine 35 (1.06g, 84.2%). The crude
precipitated was used without further purification. 1H NMR (400 MHz, CDCl3) δ 7.70-7.61 (m,
6H), 7.50-7.46 (t, 2H), 7.41-7.37 (t, 1H), 3.02-2.96 (m, 1H), 1.21-1.16 (m, 2H), 0.658-0.614 (m,
2H). 13C NMR (100 MHz, CDCl3) δ 140.46, 140.15, 140.09, 129.04, 127.85, 127.75, 127.12,
121.16, 27.09, 8.27. HRMS (ESI) m/z calcd for C15H15N2O+ [M+H]+ 239.1179, found 239.1193.

1-([1,1'-Biphenyl]-4-yl)-1-cyclopropylhydrazine (36)53 The hydrazine was synthesized using a
modified literature procedure. To a 250 mL round bottom flask equipped with a magnetic stir bar
was added 30 mL of methanol and nitrosamine 35 (1eq, 2.29 mmol, 0.784 g) and stirred at 50℃
for five minutes. Next, 30 mL of a 2M NaOH solution was added to the stirred mixture and the
resulting solution was stirred for an additional five minutes at 50℃. Afterwards, thiourea dioxide
(10eq, 32.9 mmol, 3.56g) is added to the heated mixture and the solution is stirred overnight to
generate a light yellow precipitate. The precipitate is then isolated via vacuum filtration to yield
hydrazine 36 (0.658 g, 89.0%). The product was used in the next synthetic step without further
purification. 1H NMR (400 MHz, CDCl3) δ 7.61-7.54 (m, 4H), 7.45-7.38 (m, 4H), 7.33-7.27 (t,
1H), 2.55-2.50 (m, 1H), 0.943-0.898 (m, 2H), 0.819-0.781 (m, 2H). 13C NMR (100 MHz, CDCl3) δ
151.45, 141.27, 132.19, 128.78, 127.49, 126.66, 126.42, 115.11, 36.79, 8.70. HRMS (ESI) m/z
calcd for C15H17N2

+ [M+H]+ 225.1387, found 225.1389.

1-([1,1'-Biphenyl]-4-yl(cyclopropyl)amino)-2,4,6-trimethylpyridin-1-ium tetrafluoroborate
(37) The pyridinium salt was synthesized following a literature procedure.54 To a 100 mL round
bottom flask equipped with a magnetic stir bar was added hydrazine 38 (1.5eq, 2.72 mmol,
0.610 g), 2,4,6-trimethylpyrilium tetrafluoroborate (1eq, 1.81 mmol, 0.380 g), and 25 mL of
ethanol. The mixture was then stirred at 70°C for 1 hour and cooled to room temperature. Ethyl
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ether is then added to the mixture to crash out the pyridinium salt which is then isolated by
vacuum filtration to yield salt 37 (0.493g, 65.3%). 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 2H),
7.57-7.50 (m, 4H), 7.43-7.39 (t, 2H), 7.34-7.31 (t, 1H), 6.66 (b.s., 2H), 3.29-3.26 (m, 1H), 2.68
(s, 3H), 2.60 (s, 6H), 1.19-1.14 (m, 2H), 0.888-0.848 (m, 2H). 13C NMR (100 MHz, CDCl3) δ
161.70, 157.61, 142.86, 139.79, 135.97, 130.31, 129.12, 129.01, 127.42, 126.80, 112.59, 34.07,
22.17, 19.88, 9.13. HRMS (ESI) m/z calcd for C23H25N2

+ [M+H]+ 329.2012, found 329.2009.

N-Benzylcyclopropanamine (38)55 The compound was synthesized following a literature
procedure. To a stirred solution of cyclopropylamine (1eq, 144 mmol, 8.2 g) in tetrahydrofuran
(0.8 M) was added triethylamine (1.5 eq, 215 mmol, 21.8 g). Benzyl bromide (1.2 eq, 172 mmol,
29.5 g) was then carefully added in dropwise to the solution and the resulting mixture is stirred
overnight at room temperature. Afterwards, the reaction mixture is partitioned between ethyl
acetate and water. The aqueous layer was extracted twice with ethyl acetate (50 mL) and the
combined organic layers were washed with brine, dried over NaSO4, filtered, and then
concentrated to dryness. The recovered oil matched known literature values and was purified
via column chromatography (10:1 hexanes: ethyl acetate) to give amine 38 (9.36 g, 44.3%). 1H
NMR (400 MHz, CDCl3) δ 7.34-7.25 (m, 5H), 3.85 (s, 2H), 2.19-2.14 (m, 1H), 0.464-0.394 (m,
4H).

N-Benzyl-N-cyclopropylnitrous amide (39)56 The compound was synthesized following a
literature procedure. To a stirred solution of amine 38 (1eq, 58.4 mmol, 8.60 g) in glacial acetic
acid (3 mL of HOAc/mmol of substrate) at 0℃ was added dropwise NaNO2 (2 mmol of
NaNO2/mmol of substrate) dissolved in H2O (2 mL/mmol of NaNO2). The reaction is stirred at
0℃ for 1 hour before being neutralized with an aqueous solution of saturated K2CO3. After
neutralization, the solution was extracted using Et2O (10mL/mmol). The ether layer was then
washed three times with H2O and once with a saturated solution of sodium chloride. The
aqueous washes were combined and back extracted with diethyl ether. The organic layers were
then combined, dried over MgSO4, and then concentrated to yield a yellow-orange oil. The oil is
purified via column chromatography (12% ethyl acetate in hexanes) which yielded nitrosamine
39 (8.37 g,81.3%) as an inseparable mixture of two geometric isomers that matched known
literature values. 1H NMR (400 MHz, CDCl3) δ 7.38-7.28 (m, 4H), 7.18-7.16 (d, 2H), 4.82 (s, 2H),
3.26-3.21 (m, 1H), 1.16-1.12 (m, 2H), 1.01-0.978 (m, 2H).

1-Benzyl-1-cyclopropylhydrazine (40) The compound was synthesized using a modified
literature procedure.53 In a 50 mL round bottom flask equipped with a magnetic stir bar was
added nitrosamine 39 (1eq, 3.66 mmol, 0.645 g) and 10 mL of methanol. The mixture was
stirred at 50℃ to allow for the nitrosamine to dissolve. Then, 11 mL of a 2M NaOH solution was
added to the stirred solution which resulted in a cloudy solution. The cloudy solution was stirred
for an additional five minutes before thiourea dioxide (3 eq, 10.9 mmol, 1.19 g) is added in and
the mixture is stirred for an additional 3-6 hours while being monitored by TLC. Upon completion
of the reaction, the mixture is diluted with chloroform and the organic layer is separated. The
aqueous layer is further extracted with chloroform (3x50 mL) and the combined organic layers
are washed with H2O, dried with MgSO4, and concentrated to give hydrazine 40 as a light yellow
oil (0.4028 g, 67.8%). A mass of the compound could not be obtained due to how unstable the
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compound is; the oil was used immediately without purification. 1H NMR (400 MHz, CDCl3) δ
7.35-7.24 (m, 5H), 3.87 (s, 2H), 1.99-1.94 (m, 1H), 0.582-0.567 (m, 4H). 13C NMR (100 MHz,
CDCl3) δ 137.27, 129.69, 128.39, 127.38, 64.62, 41.42, 7.12.

1-(Benzyl(cyclopropyl)amino)-2,4,6-trimethylpyridin-1-ium tetrafluoroborate (41)
The compound was synthesized following a literature procedure.54 Hydrazine 40 (1.5 eq, 2.48
mmol, 0.403 g) and 2,4,6-trimethylpyrilium tetrafluoroborate (1 eq, 1.66 mmol, 0.348 g) are
combined in a 50 mL round bottom flask along with 20 mL of ethanol. The resulting mixture is
stirred at 70°C for 30 min before being allowed to cool to room temperature. Once cooled, 20
mL of ethyl ether is added and the round bottom flask is placed in an ice bath to promote
precipitation of the product. Pyridinium ion 41 is obtained as a light yellow precipitate/crystal
(0.136 g, 23.1%). 1H NMR (400 MHz, CDCl3) δ 7.52 (s, 2H), 7.32-7.29 (m, 3H), 7.21-7.19 (m,
2H), 4.57 (s, 2H), 3.16-3.11 (m, 1H), 2.68 (s, 6H), 2.54 (s, 3H), 0.801-0.751 (m. 2H),
0.527-0.489 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 159.21, 157.43, 133.94, 130.19, 129.79,
129.10, 128.97, 60.59, 36.82, 21.64, 21.21, 9.29. HRMS (ESI) m/z calcd for C18H23N2

+ [M+H]+

267.1856, found 267.1869.

N-(3-methoxypropyl)-[1,1'-biphenyl]-4-amine (44) The compound was obtained following a
modified general preparatory photolysis procedure. Into a 20 mL scintillation vial equipped with
a stir bar was added pyridinium salt 37 (1eq, 1.20 mmol, 0.500g), sodium cyanoborohyride
(10eq, 12 mmol, 0.755g), and 10 mL of methanol. The mixture is placed in front of a 390 nm
Kessil lamp, that is turned on to full intensity, and stirred/photolyzed for 2-3 hours. Afterwards,
the mixture is added to a separatory funnel, neutralized with 10% NaOH, and extracted with
dichloromethane (3x20 mL). The organic extracts are then combined, washed with water, and
then dried with MgSO4 before being concentrated using a rotovap. Compound 44 is then
isolated as a clear oil (0.121 g, 41.9%) via flash column chromatography with the mobile phase
being 4:1 hexanes: ethyl acetate. 1H NMR (400 MHz, CDCl3) δ 7.56-7.54 (d, 2H), 7.47-7.45 (d,
2H), 7.42-7.38 (t, 2H), 7.29-7.24 (m, 1H), 6.71-6.69 (d, 2H), 3.56-3.53 (t, 2H), 3.38 (s, 3H),
3.31-3.28 (t, 2H), 1.96-1.90 (p, 2H). 13C NMR (100 MHz, CDCl3) δ 147.97, 141.44, 130.20,
128.76, 128.06, 126.40, 126.11, 113.12, 71.38, 58.93, 42.05, 29.47. HRMS (ESI) m/z calcd for
C16H20NO+ [M+H]+ 242.1540, found 242.1542

1-([1,1'-biphenyl]-4-yl)-2-isopropoxyazetidine (46) The compound was obtained following a
modified general preparation photolysis procedure. Into a 20 mL scintillation vial equipped with
a stir bar was added pyridinium salt 37 (1.20 mmol, 0.500g) and 20 mL of an 85:15 v:v mixture
of acetonitrile:isopropyl alcohol. The mixture is stirred/photolyzed for 3 hours in front of a 390
nm Kessil lamp set at maximum intensity. Afterwards, the mixture is added to a separatory
funnel and washed with saturated bicarbonate solution before being extracted with methylene
chloride (3x20 mL). The organic extracts are combined, dried over magnesium sulfate, and then
concentrated on the rotovap. The resulting oil is then purified via flash column chromatography
(9:1 hexanes:ethyl acetate) to isolate 46 as a red precipitate (0.167g, 52.0%). 1H NMR (400
MHz, CDCl3) δ 7.61-7.22 (m, 9H), 4.93 (s, 1H), 3.81-3.53 (m, 3H), 2.41-2.31 (m, 2H), 1.12-1.11
(d, 3H), 0.958-0.943 (d, 3H). 13C NMR (100 MHz, CDCl3) δ 144.19, 138.73, 129.17, 127.90,
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127.27, 126.42, 114.04, 84.86, 72.46, 68.46, 31.07, 22.89, 22.19. HRMS (ESI) m/z calcd for
C20H25N2O+ [M+CH3CN+H] 309.1962, found 309.1942.

4-isocyano-1,1'-biphenyl (48) The compound was isolated from the photolysis mixture via
column chromatography following the general preparatory photolysis procedure. The 1H NMR
spectrum of the isolated product matched that previously reported for isonitrile 48 [Adv.
Synth.Catal.2020,362, 376–3]. 1H NMR (400 MHz, CDCl3) δ 7.63-7.60 (d, 2H), 7.58-7.56 (d,
2H), 7.49-7.39 (m, 5H).

Computational Methods. Structures and relative energies for the nitrenium ions, decay
products, and the transition states that connect them were calculated with the Gaussian 16
software suite,57 using density functional theory (DFT). The notation B3LYP-d3 designates
calculations that use Becke’s58 three parameter exchange functional, the LYP correlation
functional of Lee, Yang, and Parr,59 and an empirical dispersion correction developed by
Grimme, et al.60 The basis set def2SVP refers to the split-valence with polarization basis set
developed by Ahlrichs et al.61 All geometries were optimized to stationary points and a
subsequent vibrational frequency analysis showed that they had either zero (for products and
intermediates) or one (for transition states, denoted with the superscript ‡) imaginary frequency.
Transition states were connected to the corresponding reactants and products either through
intrinsic reaction coordinate (IRC) calculations or visualizations of the single imaginary
frequency. Solvent effects were evaluated using the SMD implicit continuum solvation model
with density developed by Truhlar et al.62
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