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[Co(TPP)]-catalyzed formation of substituted piperidines

Marianne Lankelma,® Astrid M. Olivares’,! and Bas de Bruin*®

Abstract: Radical cyclization via cobalt(lll)—carbene radical
intermediates is a powerful method for the synthesis of (hetero)cyclic
structures. Building on the recently reported synthesis of five-
membered N-heterocyclic pyrrolidines catalyzed by Co(ll) porphyrins,
we herein report the [Co(TPP)]-catalyzed formation of desirable
six-membered N-heterocyclic piperidines, directly from linear
aldehydes. Piperidines were obtained in overall high yields, with linear
alkenes being formed as side products in small amounts. A DFT study
was performed to gain a deeper mechanistic understanding of the
cobalt(ll)-porphyrin-catalyzed formation of pyrrolidines, piperidines
and linear alkenes. The calculations show that the alkenes are
unlikely to be formed through an expected 1,2-hydrogen atom transfer
to the carbene carbon. Instead, the calculations are consistent with a
pathway involving benzyl radical formation followed by radical
rebound ring-closure to form the piperidines. Competitive 1,5-
hydrogen atom transfer from the B-position to the benzyl radical
explains the formation of linear alkenes as side products.

Considerable efforts have been directed towards the synthesis of
nitrogen-based heterocycles because of their importance in
medicinal chemistry.!¥! The most prevalent N-heterocycles in U.S.
FDA-approved drugs are piperidines (Figure 1).[2] Common
synthetic routes to the piperidine motif include hydroamination
and ring-closing metathesis.®l An attractive alternative strategy
for the formation of piperidines could be ring-closing C-C bond
formation catalyzed by complexes based on earth-abundant

transition metals.?!
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Figure 1. A few examples of piperidine-based drugs and natural products.

In recent years, our group and others have demonstrated that low-
spin d” cobalt(ll) porphyrin complexes are excellent catalysts for
C-C bond formation through radical-type carbene-transfer. In
these reactions, the cobalt(ll) porphyrin reacts with a carbene
precursor (usually a diazo compound or N-tosylhydrazone) to
form a Co(lll)-carbene radical, which can engage in controlled
radical addition or hydrogen atom transfer (HAT). Cobalt(lll)—
carbene radical chemistry has been successfully applied in the
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synthesis of carbo- and heterocyclic structures, including
cyclopropanes,®! chromenes,®! furans,[”! indenes,®! indolines,?!
ketenes,! ° 1 butadienes & dihydronaphthalenes,! ! 1
dibenzocyclooctenes!*?! and phenylindolizines.[*3] Recently, the
group of Zhang reported the synthesis of chiral pyrrolidines and
related five-membered ring compounds, starting from
N-tosylhydrazones and catalyzed by cobalt(ll) complexes of
D,-symmetric chiral amidoporphyrins (Scheme 1A).['41 Related
reactions leading to five-membered N-heterocycles via carbene
insertion into activated C—H bonds, mediated by Grubbs-type
catalysts, were recently disclosed by the group of Fernandez.!*"!
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Scheme 1. (A) Formation of chiral pyrrolidines and other five-membered hetero-
or carbocycles from N-tosylhydrazones, catalyzed by cobalt(ll) complexes of D2-
symmetric chiral amidoporphyrins. (B) [Co(TPP)]-catalyzed one-pot synthesis
of six-membered piperidine rings directly from linear aldehydes (this work).

As part of our ongoing exploration of the reactivity of cobalt(l11)-
carbene radicals, and in view of the importance of six-membered
N-heterocycles in medicinal chemistry, we sought to explore the
feasibility of this approach for the development of a novel method
to synthesize substituted piperidines (Scheme 1B, compounds 2).
Furthermore, instead of starting from N-tosylhydrazones, we
opted for in situ formation of N-tosylhydrazones from aldehydes,
followed by in situ deprotonation of the hydrazones to form the
necessary diazo compounds. This one-pot approach reduces the
number of synthetic steps and would thereby provide accelerated
access to the desired products. The potential of in situ
N-tosylhydrazone formation in other reactions was briefly
illustrated in 2014 by the group of Chel*®l and more recently by
Chattopadhyay and co-workers.[3

Initial screening proved this approach to be successful, yielding
the targeted piperidines 2 in overall high yields. Linear alkenes 3
were obtained as side products, in most instances in small
amounts (Scheme 1B). In this paper we describe the details of the
catalytic reactions, including optimization studies, substrate
screening and mechanistic investigations aimed at understanding
the formation of both ring products and linear alkenes.
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The reaction parameters involved in the conversion of 1a to 2a
and 3a were screened in an effort to optimize product ratio and
yield (Table 1; R = Ph). Without [Co(TPP)] (entry 0), only the diazo
compound was formed. The use of 5 mol% [Co(TPP)], 1.2
equivalents of p-TsNHNH, 2 equivalents of Cs,COs, benzene (1
or 2 mL) and 60 °C (entries 1 and 2) resulted in a quantitative
combined yield and a 2a/3a ratio of ca. 1 : 0.10. Increasing the
catalyst loading (entry 3) did not have a beneficial influence.
Addition of more than 1.2 equivalents of p-TsNHNH, (entry 4) or
>2 equivalents Cs,COs; (entry 5) was disadvantageous for both
yield and product ratio. Elevated temperatures (entries 6 and 7)
promoted alkene formation, possibly due to an increased entropy
contribution to AG*.

Table 1. Screening of conditions to optimize the yield and product ratio of the
conversion of 1la to 2a and 3a.

Exclusion of light (entry 8) did not affect the yield or product ratio.
The use of solvents with reduced ability to -stack (vs. benzene)
(entries 9-11) did not improve the yield or product ratio either, and
in the case of toluene the product ratio was even negatively
affected. Notably, use of the isolated N-tosylhydrazone provided
effectively the same results as in situ generation from 1a, with the
latter approach giving faster access to the same products in the
same yield and product ratio.

Next we investigated the scope of the reaction (Table 2), applying
the reaction conditions of entry 1 of Table 1. The reaction proved
to be compatible with a wide range of substituents (13 examples,
Table 2). We observed the relative amount of alkene to be
dependent on the substitution of the substrate.

Entry | [Co(TPP)] | p-TsNHNH; | Cs,CO; | Solvent Volume | Temperature | Time | Yield (%) | Piperidine:
(mmol) (mmol) (mmol) (mL) (°C) (h) alkene ratio
oab 0 0.12 0.20 Benzene 2 60 24 0 N/A
12 0.005 0.12 0.20 Benzene 2 60 24 Quant. 1:0.10
22 0.005 0.12 0.20 Benzene 1 60 24 Quant. 1:0.08
32 0.015 0.12 0.20 Benzene 2 60 24 Quant. 1:0.14
42 0.005 0.15 0.20 Benzene 2 60 24 78 1:0.40
52 0.005 0.12 0.22 Benzene 2 60 24 92 1:042
62 0.005 0.12 0.20 Benzene 2 80 24 Quant. 1:0.28
72 0.005 0.12 0.20 Toluene 2 105 24 96% 1:0.59
gac 0.005 0.12 0.20 Benzene 1 60 24 Quant. 1:0.07
92 0.005 0.12 0.20 o-dichlorobenzene | 2 60 24 85% 1:011
102 0.005 0.12 0.20 Toluene 2 60 24 Quant. 1:051
112 0.005 0.12 0.20 Cyclohexane 2 60 24 85% 1:0.16
20.1 mmol substrate, 24h. ° Only the corresponding diazo compound
formed. ¢ Excluded from light.
Table 2. Investigation of the substrate scope of [Co(TPP)]-catalyzed piperidine
formation. Boc 0.12 mmol p-TsNHNH,
1 0.20 mmol Cs,CO.
RoN e~ 5 mol% [Co(TPP)] H@ + RN
X 0 R N Boc
H H 1 2 mL benzene Boc
2 2 3
0.1 mmol 60°C, 24 h
Boc Combined isolated yield (%) Product2:3 Combined isolated yield (%) Product2:3
a @(NMO quant. 1:0.11 h a Boc 77% 1:0.07
HH S No~o
HH
CF;
Boc i N Boc
b FiC Ne~~g 96% 1:023 i N~ N\/\Ao 66% 1:0.10
HH HH
/@C;E}oc i ¢ ] EO\C/\/\ 98% 1:0.07
c N A~ quant. 1:1.55 N o ° e
MeO e (0] 1 HH
Boc o a F =0
d ©\/§<N\/\AO 84% ca1:1 k Q/SBOCIN—/_/_ quant. 1:0.09
HH i
N7 ['H
SN 1:0.16
e 0} N oA~ 92% -0
H H ° ! CN‘«'\ji(:N\/\/:O 99% 1:0.19
N—
f ©\/Bg<l'300 71% 1:0.22 i
F N\ NGOG ° 0.
HH ° m MeO Boc 94% 1:0.08
N\/\AO
Boc HH
G 1:0.28
g Q(NMO quant.
HH H

2 The overlap of the signals of 2d and 3d in "H-NMR complicates proper determination of their ratio.



In most instances, piperidine and alkene formed in a ratio varying
between 1 : 0.07 and 1 : 0.28, but there seems to be a delicate
balance between the product ratio and the stability of the
proposed benzylic radical intermediate (vide infra). Considerable
stability of this intermediate appears to induce substantial alkene
formation (entries c and d), whereas absence of radical-stabilizing
substituents seems to favour ring closure. Density functional
theory (DFT) calculations support these observations (Scheme
S4 and S16).

Notably, in reactions leading to formation of five-membered
N-heterocyclic pyrrolidines, no linear alkenes were formed as side
products.** We wondered if this is due to a beneficial effect of the
D,-symmetric Co(ll) amidoporphyrins used by Zhang and co-
workers, or rather due to five-membered ring formation being
substantially more favorable than linear alkene formation. We
therefore investigated formation of pyrrolidine 4 using [Co(TPP)]
and the above described in situ approach (Scheme 2A).
Interestingly, as in the report of Zhang and co-workers, this led to
clean pyrrolidine formation without detectable amounts of linear

alkene.
(A)
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5 mol% [Co(TPP
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Scheme 2. (A) [Co(TPP)]-catalyzed formation of pyrrolidine 4 via in situ
generation of the N-tosylhydrazone. (B) Formation of piperidine 2a and alkene
3a catalyzed by [Co(3,5-di('Bu)ChenPhyrin)].

Furthermore, when using Zhang's D,-symmetric chiral catalyst
[Co(3,5-di('Bu)ChenPhyrin)] to  synthesize  six-membered
N-heterocyclic piperidine 2a (Scheme 2B), we observed a higher
amount of linear alkene than with [Co(TPP)]. With this catalyst,
piperidine 2a and alkene 3a were formed in an almost equimolar
ratio (1 : 0.70), which might be attributed to the formation of
hydrogen bonds between the substrate and amide substituents of
the porphyrin.'”l The products were obtained in poor combined
yield (67%) compared to [Co(TPP)], and chirality transfer proved
inefficient (ee of 2a: 25%). Optimization of chirality transfer with
other chiral catalysts is beyond the scope of this paper, but would
be of interest for subsequent studies.

The above observations show that six-membered ring
formation and linear alkene production are competitive, while
linear alkenes are not formed in the synthesis of five-membered
pyrrolidine rings, irrespective of the type of cobalt(ll)-porphyrin
used. Such behaviour is not easy to understand in terms of a
mechanism involving linear alkene formation via a commonly
accepted 1,2-hydrogen shift (Scheme 3).1t81

Therefore, to gain a better understanding of the
mechanisms of cobalt(ll)-porphyrin-catalyzed formation of
pyrrolidines, piperidines and alkenes, the reactions were
investigated using DFT. To reduce computation time, a simplified

porphyrin without phenyl substituents on the meso-positions was
used, abbreviated as [Co(por)].

A first important observation is that alkene formation via the
expected 1,2-HAT from the B-position to the carbene-radical
carbon of the proposed intermediate C has a high computed free
energy barrier of +20 kcal mol* (Scheme 3). This barrier is too
high to compete with radical rebound ring-closure to form 2a
(barrier: +7 kcal molt; Scheme 4).
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Scheme 3. Linear alkene formation from cobalt(lll)-carbene radical
intermediate C via 1,2-HAT from the B- to the a-position has a rather high energy
barrier.

However, we found an alternative pathway for linear alkene
formation, involving 1,5-HAT from the B-position to the benzylic
radical carbon of D over TS5, which has a similar barrier as radical
rebound ring-closure over TS4. As such, the DFT calculations
point in the direction of the two competitive pathways depicted in
Scheme 4.
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Scheme 4. Proposed mechanisms for [Co(TPP)]-catalyzed competitive
formation of piperidines and alkenes. All Gibbs free energies (AG°s33«, in kcal
mol?) including those of TS1-TS5, are reported relative to the energy of
intermediate A.

The catalytic cycle is preceded by the (presumably) uncatalyzed
formation of diazo compound 1a” from N-tosylhydrazone 1a’
which is in turn in situ generated from aldehyde la. Coordination
of diazo compound 1a” to the cobalt(ll) porphyrin generates
intermediate B. Dinitrogen loss from diazo adduct B over TS1 to
form cobalt(lll)—carbene radical intermediate C is an exergonic,



low-barrier process (+13.4 kcal mol?). Similar to previously
reported cobalt(lll)—carbene radical species, intermediate C
carries most of its spin density localized at the carbene
carbon.[%2% An intramolecular 1,6-HAT process then relocates
the radical character from the a-position to the -position to yield
benzyl-radical intermediate D or its bent analogue D’.
Intramolecular  ring-closure  (effectively involving radical
combination of the a- and {-positions) over TS4 yields piperidine
2a, while a 1,5-B-HAT over TS5 leads to formation of alkene 3a.
The almost identical TS4 and TS5 barriers suggest that these two
pathways should be in close competition (see also Scheme S1,
S3 and S15). While these DFT results explain the formation of
both 2a and 3a, the computed barriers are too similar to explain
the experimentally observed 2a/3a ratio of 1 : 0.10. Therefore we
also explored alternative pathways involving six-coordinate
intermediates.

Insertion of the carbene carbon of intermediate C into the bond
between the metal and a pyrrolato nitrogen of the porphyrin can
cause the carbene to adopt a bridging position (Scheme 4,
C’).2%. 211 One could also envision a hexacoordinate species
bearing both a bridging carbene and a terminal carbene (Dbridged).
When the pathways toward products 2a and 3a are computed
starting from Dboridged @and passing through TS4bridged and TSbbridged,
the radical rebound and 1,5-B-HAT pathways remain too similar
(see Scheme S8 and S20). For that reason we also computed the
energy barriers (from D onwards) for six-coordinated cobalt
complexes formed upon coordination of a few different nitrogen-
donor ligands at the axial position trans to the substrate. Ammonia,
methylimidazole and pyridine were used as simplified
computational models to study the effects of different axial ligands
coordinated to cobalt under the applied reaction conditions.[??]
Indeed axial coordination to cobalt(lll)-alkyl radical intermediate
D changes the selectivity in favour of ring closure, and the
different donors were found to have different degrees of influence
on the product ratio (Scheme 5 and S9-S12).%31

™

;' Boc
B

CNLBOC
Ph
g
-37.8
A-NH3
Scheme 5. The computed effect of coordination of NHs (as a simplified model
for a variety of possible ligands)?? on the energy barriers for [Co(TPP)]-
catalyzed piperidine and alkene formation. All Gibbs free energies (AG°s3sk, in

kcal mol %), including those of TS4 and TS5, are reported relative to the energy
of intermediate D-NHa.

Coordination of ammonia resulted in a computed ki/k, value of
10.4 (k, for piperidine formation, k, for alkene formation) at 60 °C,
which is in accord with the experimentally observed 2a/3a ratio of
1 : 0.10.[?*] The other axial ligand donors give rise to slightly
different ki/k, values (pyridine: 14.4; methylimidazole: 5.9),
suggesting that changes in the composition of the reaction
mixture over time could indeed lead to a change in product ratio.
This was experimentally confirmed. Monitoring the reaction of 1a
by 'H-NMR over time indeed showed that the 2a/3a ratio
gradually shifts from 1 : 0.33 toward 1 : 0.10. We interpret this
behaviour as the result of a changing composition of the reaction
mixture over the course of the reaction, with (on average) different
axial ligands being coordinated to cobalt (vide supra).l??

The absolute amounts of piperidine and alkene formed over
time clearly indicate that alkenes 3 are not converted to
piperidines 2 (Figure 2). More details on the monitoring
experiments can be found in the Supporting Information.
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Figure 2. Monitoring piperidine and alkene formation over time.

To fully exclude the possibility that alkenes 3 could be converted
to piperidines 2, aldehyde la was subjected to the general
reaction conditions (Table 1, entry 1) in presence of an equimolar
amount of alkene 3h. From all alkenes formed from the substrates
enumerated in Table 2, 3h was selected based on its *H-NMR
signature, which was most distinct from the *H-NMR signatures of
2a and 3a. Based on 'H-NMR analysis, it was clear that no
piperidine 2h had formed from alkene 3h; only piperidine 2a and
alkenes 3a and 3h were detected in the crude reaction mixture.

Lastly, we also computed the reaction pathway leading to five-
membered pyrrolidines, in order to explain why alkene formation
is not in competition with this reaction. The results are detailed in
the Supporting Information (Scheme S5-7 and S17-19) and are
in excellent agreement with the experimental results. The DFT
calculations confirm that [Co(por)]-catalyzed ring-closure toward
pyrrolidines has a much lower transition state barrier than
pathways leading to alkene formation. Neither alkene formation
through 1,4-B-HAT nor through 1,2-3-HAT is competitive, with the
computed barriers being respectively 8 and 11 kcal mol* higher
in energy than the barrier for radical rebound ring-closure.

In conclusion, we developed a new base-metal-catalyzed
synthetic route toward six-membered piperidine rings, which are
important substructures of various medicinal compounds. In
contrast to the cobalt(ll)porphyrin-catalyzed synthesis of
five-membered pyrrolidines, the cobalt(ll)porphyrin-catalyzed



construction of piperidines is accompanied by formation of
(generally small amounts of) olefinic side products. Overall, the
reaction is high-yielding and compatible with a wide range of
functional groups. The relative amount of alkene was found to be
dependent on the substitution of the substrate. DFT calculations
indicate a mechanism involving 1,6-HAT from the carbene radical
carbon to the benzylic position of intermediate C, to form benzyl
radical intermediate D. The latter can undergo radical rebound
ring-closure to form piperidines. Competitive 1,5-HAT from the
B-position to the benzylic radical carbon explains the formation of
linear alkenes as side products. DFT and *H-NMR monitoring
experiments suggest that axial ligand coordination influences the
product ratio.
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1. List of abbreviations

aq aqueous

Boc tert-butyloxycarbonyl

BP86 a GGA functional composed of the Becke 1988 exchange functional and the
Perdew 86 correlation functional

br broad

[Co(TPP)]  5,10,15,20-tetraphenyl-21H,23H-porphine cobalt(I1)

d doublet

DCM dichloromethane

DMSO dimethyl sulfoxide

def2-tzvp default basis set, second generation, triple zeta valence plus polarization
DFT density functional theory

equiv equivalents

ESI electrospray ionization

FD field desorption

GC gas chromatography

HAT hydrogen atom transfer
HRMS high resolution mass spectrometry
J coupling constant

LC liquid chromatography

m multiplet

M mol liter

m/z mass-to-charge ratio

NMR nuclear magnetic resonance
por porphyrin

ppm parts per million

PQS parallel quantum solutions
PTFE polytetrafluoroethylene (Teflon)
q quartet

Ry retention factor

rpm rotations per minute

S singlet

sat saturated

t triplet

TLC thin layer chromatography
TOF time of flight

TS transition state

uv ultraviolet

viv volumetric ratio
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2. General information

Substrate syntheses were carried out open to air. Catalytic reactions were set up in a nitrogen-filled
glove box. Starting materials were purchased from commercial suppliers (Sigma Aldrich or TCI)
and used without further purification. Solvents used for substrate synthesis were used as received.
Anhydrous benzene (Sigma Aldrich) used for catalysis was degassed by three freeze-pump-thaw
cycles and stored over activated molecular sieves (3 A, 3-4 mm) inside a nitrogen-filled glove box.
p-TsNHNH2 and Cs>COgz were dried overnight under vacuum at 85°C and 120°C respectively.
Flash column chromatography was performed with silica gel (Screening Devices, 60A, particle
size 0.040-0.063 um). Eluent mixtures are reported as v/v%. Products were visualized by UV light
or by staining with ninhydrin in the case of all aldehydes and all catalysis products. *H-, 2*C- and
F-.NMR spectra were acquired at room temperature on Bruker DRX 400 and 300 MHz
instruments. NMR chemical shifts are reported in ppm and are referenced internally to the residual
solvent peak of CDCls (*H NMR: § = 7.26 ppm, 3C NMR: & = 77.16 ppm). Coupling constants
(J) are reported in Hz. High resolution mass spectra were recorded on a JEOL AccuTOF GC v 4G,
JMS-T100GCV mass spectrometer equipped with a field desorption (FD) probe fitted with an FD
emitter (Carbotec or Linden (Germany)), 13 um tungsten wire, current rate 51.2 mA/min over 1.2
min. Only the HRMS spectra of [2c+3c] and 3n could not be recorded with FD and were recorded
on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer with electrospray ionization (ESI).
Chiral GC analysis was performed on a Shimadzu GC-2010 Plus equipped with a CP-ChiraSil-
Dex CB column (25 m x 0.32 mm x 0.25 pm, film thickness 0.25 um) and helium as a carrier gas.
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3. Substrate synthesis

3.1  General Procedure A: Synthesis of tert-butyl benzyl(4-oxobutyl)carbamate derivatives 1

0] OH NaBH,4
J + H2N/\/\/OH . RN " o R/\N/\/\/OH
R MeOH MeOH H
r.t. rt.
NaOH
RSN OH Boc,0O RN OH
H DCM / H,0 Boc
0°C tort.
Et;N
DMSO
R/\N/\/\/OH S0O3-pyridine R/\N/WO
' DCM Boc
Boc 0°Ctort. 1
Reductive amination
o 1.5 equiv.
J N HZN/\/\/OH RAN/\/\/OH NaBH,4 R/\N/\/\/OH
R MeOH MeOH H
. . rt. r.t.
1 equiv. 1.05 equiv. a5 h overnight

According to Widenhoefer’s procedure,*! a solution of a benzaldehyde derivative (1.0 equiv) and
4-amino-1-butanol (1.05 equiv) in methanol (0.5 M) was stirred at room temperature for 3,5 h.
NaBH; (1.5 equiv) was added and the reaction mixture was stirred overnight. The reaction mixture
was treated with water (0.13 M) and 1 M NaOH (0.42 M with respect to benzaldehyde) and then
three times extracted into DCM. The combined organic extracts were dried over MgSQOs, filtered,
and the solvent was removed under vacuum. Formation of the product was confirmed by *H-NMR
spectroscopy and the crude was used without further purification.

Amine protection

1.05 equiv. Boc,0

R/\N/\/\/OH - R/\N/\/\/OH
H DCM / NaOH (aq, 1M) Boc
vivi 511
0°Ctor.t.
overnight

According to Thomson’s procedure,? Boc anhydride (1.05 equiv) was added to a stirred solution
of 4-(benzylamino)butan-1-ol derivative (1 equiv) in DCM/NaOH (aq, 1 M) (v/v 5:1, 0.34 M) at
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0°C. After stirring at room temperature overnight, the reaction mixture was washed with water,
dried over MgSOsu, filtered, and DCM was evaporated under vacuum. Formation of the product
was confirmed by *H-NMR spectroscopy and the crude was used without further purification.

Alcohol oxidation

2.5 equiv. Et3N

7 equiv. DMSO
. _ T O
R/\N/\/\/OH 2.5 equiv. SO5-pyridine . R/\l}l/\/v
| DCM Boc
Boc 0°C tor.t. 1

Following the procedure described by Parikh & Doering,! EtsN (2.5 equiv), DMSO (7.0 equiv)
and sulfur trioxide pyridine complex (2.5 equiv) were added to a 0°C solution of tert-butyl
benzyl(4-hydroxybutyl)carbamate derivate (1 equiv) in DCM (0.5 M). After ca. 5 minutes, the
reaction was allowed to warm up to room temperature. Reaction progress was monitored by TLC.
Upon completion, the reaction mixture was diluted with DCM and washed with HCI (aq, 1M),
followed by NaHCOs (aq, sat.) and brine. The organic layer was dried over Na,SQg, filtered, and
DCM was removed under vacuum. The resulting aldehyde was purified by flash column
chromatography (eluent compositions indicated below) and visualized by staining the TLC-plates
with a solution of 1.5 g ninhydrin in 100 mL n-butanol and 3 mL acetic acid.
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3.2 Substrate characterization

©\/ $OC
N MO

tert-butyl benzyl(4-oxobutyl)carbamatel® (1a)

General procedure A was followed, starting from benzaldehyde. Flash column chromatography
(gradient towards 7/3 hexanes/ethyl acetate, Rf = 0.76) afforded 1a as a colorless liquid (72% yield
over three steps).

'H NMR (500 MHz, CDCls) & 9.61 (br, 1H), 7.37-6.98 (m, 5H), 4.37 (br s, 2H), 3.15 (br, 2H),
2.30 (brs, 2H), 1.74 (br s, 2H), 1.43 (br s, 9H). (Mixture of rotamers)

13C NMR (126 MHz, CDCls) § 200.84, 155.32, 138.04, 128.07, 127.27, 126.77, 79.40, 50.10,
45.17, 40.46, 27.97, 20.06.

HRMS (FD, m/z): Calculated for C16H23NOs: 277.1678, found: 277.1679.

CF3

/©\/ ITD’OC
N
F4C N

tert-butyl (3,5-bis(trifluoromethyl)benzyl)(4-oxobutyl)carbamate (1b)

General procedure A was followed, starting from 3,5-bis(trifluoromethyl)benzaldehyde. Flash
column chromatography (gradient towards 7/3 hexanes/ethyl acetate, Rs = 0.50) afforded 1b as a
very pale yellow liquid (68% yield over three steps).

'H NMR (500 MHz, CDCl3) 4 9.70 (s, 1H), 7.79-7.56 (m, 3H), 4.48 (br s, 2H), 3.25 (br s, 2H),
2.43 (brs, 2H), 1.82 (br s, 2H), 1.40 (br s, 9H). (Mixture of rotamers)

13C NMR (126 MHz, CDCl3)  201.28, 155.87, 141.57, 131.90 (q, J = 33.3 Hz), 127.42, 124.42,
122.26, 121.24, 80.78, 50.19, 46.64, 40.93, 28.24, 20.61.

F NMR (282 MHz, CDCls3) § —63.08.

HRMS (FD, m/z): Calculated for C1gH21FsNO3: 413.1426, found: 413.1444.

Br
N
MeO ~ X0

tert-butyl (2-bromo-5-methoxybenzyl)(4-oxobutyl)carbamate (1c)

General procedure A was followed, starting from 2-bromo-5-methoxybenzaldehyde. Flash column
chromatography (gradient towards 7/3 hexanes/ethyl acetate, Rs = 0.50) afforded 1c as a very pale
yellow liquid (59% yield over three steps).

H NMR (500 MHz, CDCl3) § 9.67 (br, 1H), 7.46-7.13 (m, 1H), 6.81-6.44 (m, 2H), 4.40 (s, 2H),
3.68 (br, 3H), 3.18 (br s, 2H), 2.38 (br s, 2H), 1.79 (br s, 2H), 1.51-1.02 (m, 9H). (Mixture of
rotamers)

13C NMR (126 MHz, CDCls) § 201.20, 159.21, 155.60, 138.27, 133.24, 114.15, 80.04, 55.30,
50.64, 49.79, 46.08, 40.87, 28.29, 20.57.

HRMS (FD, m/z): Calculated for C17H24BrNO4: 385.0889, found: 385.0902.
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tert-butyl cinnamyl(4-oxobutyl)carbamate (1d)

General procedure A was followed, starting from cinnamaldehyde. Flash column chromatography
(gradient towards 7/3 hexanes/ethyl acetate, R = 0.56) afforded 1d as a colorless liquid (39% yield
over three steps).

'H NMR (500 MHz, CDCls) § 9.73 (s, 1H), 7.41-7.14 (m, 5H), 6.44 (br s, 1H), 6.13 (br s, 1H),
3.93 (brs, 2H), 3.24 (brs, 2H), 2.42 (br s, 2H), 1.84 (br s, 2H), 1.47 (s, 9H). (Mixture of rotamers)
13C NMR (126 MHz, CDCl3) § 201.45, 155.36, 136.56, 128.46, 127.49, 126.23, 125.41, 79.59,
49.12, 48.64, 45.57, 40.88, 28.32, 20.70.

HRMS (FD, m/z): Calculated for C1sH2sNOs: 303.1834, found: 303.1829.

8%
NN

tert-butyl (furan-2-ylmethyl)(4-oxobutyl)carbamate (1e)

General procedure A was followed, starting from furan-2-carbaldehyde. Flash column
chromatography (gradient towards 7/3 hexanes/ethyl acetate, R = 0.60) afforded 1e as a colorless
liquid (73% vyield over three steps).

'H NMR (500 MHz, CDCls) § 9.63 (s, 1H), 6.22 (s, 1H), 6.13 (br s, 1H), 4.30 (br m, 2H), 3.19 (br
s, 2H), 2.30 (s, 2H), 1.72 (br s, 2H), 1.39 (s, 9H). (Mixture of rotamers)

13C NMR (126 MHz, CDCls): & 200.98, 154.99, 151.57, 141.56, 110.02, 107.71, 107.15, 79.54,
45,57, 43.46, 42.67, 40.45, 27.99, 20.26.

HRMS (FD, m/z): Calculated for C14H21NO4: 267.1471, found: 267.1470.

Br EISOC
7 N\MO

tert-butyl (2)-(2-bromo-3-phenylallyl)(4-oxobutyl)carbamate (1f)

General procedure A was followed, starting from (Z)-2-bromo-3-phenylacrylaldehyde.’! Flash
column chromatography (gradient towards 6/4 hexanes/ethyl acetate, Rf = 0.61) afforded 1f as a
yellow liquid (42% yield over three steps).

'H NMR (300 MHz, CDCl3) § 9.78 (d, J = 17.0 Hz, 1H), 7.62 (d, J = 7.3 Hz, 1H), 7.45-7.16 (m,
5H), 4.53-4.17 (m, 2H), 3.44-3.12 (m, 2H), 2.57-2.36 (m, 2H), 1.99-1.75 (m, 2H), 1.50 (s, 9H).
(Mixture of rotamers)

13C NMR (75 MHz, CDCl3) § 201.78, 155.51, 135.18, 129.09, 128.63, 128.31, 128.25, 127.35,
122.89, 80.50, 80.05, 56.50, 50.61, 46.05, 45.73, 41.19, 28.54, 28.50, 20.65.

HRMS (FD, m/z): Calculated for C18H24BrNOs: 381.0940, found: 381.0943.
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tert-butyl (S)-benzyl(3-methyl-4-oxobutyl)carbamate (1g)

General procedure A was followed, starting from benzaldehyde and (R)-4-amino-2-methyl-1-
butanol (TCI Chemicals). Flash column chromatography (gradient towards 7/3 hexanes/ethyl
acetate, Rf = 0.87) afforded 1g as a colorless liquid (58% yield over three steps).

H NMR (500 MHz, CDCl3) § 9.42 (s, 1H), 7.32-6.90 (m, 5H), 4.32 (br s, 2H), 3.12 (br, 2H), 2.17
(brs, 1H), 1.82 (br s, 1H), 1.36 (br s, 10H), 0.95 (s, 3H). (Mixture of rotamers)

13C NMR (126 MHz, CDCls): & 203.15, 155.33, 138.06, 128.11, 127.36, 126.83, 79.33, 50.24,
49.50, 44.03, 43.39, 28.00, 12.97.

HRMS (FD, m/z): Calculated for C17H2sNO3 + [H*]: 292.1913, found: 292.1920.

SEN
= NMO

tert-butyl (4-oxobutyl)(thiophen-2-ylmethyl)carbamate (1h)

General procedure A was followed, starting from thiophene-2-carbaldehyde. Flash column
chromatography (gradient towards 7/3 hexanes/ethyl acetate, Rt = 0.66) afforded 1h as a colorless
liquid (56% yield over three steps).

'H NMR (500 MHz, CDCl3) § 9.70 (s, 1H), 7.18 (s, 1H), 6.90 (s, 2H), 4.50 (s, 2H), 3.23 (s, 2H),
2.39 (s, 2H), 1.80 (s, 2H), 1.47 (s, 9H). (Mixture of rotamers)

13C NMR (126 MHz, CDCl3) § 201.59, 155.38, 155.11, 141.17, 126.39, 125.99, 125.20, 80.17,
45.54, 40.98, 28.38, 20.51.

HRMS (FD, m/z): Calculated for C14H21NO3S: 283.1242, found: 283.1259.

N
O\/?oc

NN
tert-butyl 2-(pyridine-3-yl)piperidine-1-carboxylate (1i)
General procedure A was followed, starting from 3-pyridinecarboxaldehyde. Flash column
chromatography (gradient towards 8/2 ethyl acetate/dichloromethane, Rf = 0.23) afforded 1i as a
yellow liquid (14% yield over three steps).
!H NMR (300 MHz, CDCls3) § 9.46 (s, 1H), 8.29-8.16 (m, 2H), 7.40-7.25 (m, 1H), 7.04-6.93 (m,
1H), 4.16 (br s, 2H), 2.96 (br s, 2H), 2.17 (br s, 2H), 1.56 (s, 2H), 1.18 (br s, 9H). (Mixture of
rotamers)
13C NMR (126 MHz, CDCls) § 200.93, 175.14, 155.44, 155.00, 148.20, 147.91, 147.73, 135.56,
134.92, 133.90, 123.32,79.91, 79.71,47.92,47.19, 45.72, 40.48, 31.11, 28.14, 27.99, 27.83, 23.14,
20.19.
HRMS (FD, m/z): Calculated for C1sH22N203: 278.1630, found: 278.16109.
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tert-butyl ((1-ethyl-5-methyl-1H-pyrrol-2-yl)methyl)(4-oxobutyl)carbamate (1j)

General procedure A was followed, starting from 1-ethyl-5-methyl-1H-pyrrole-2-carbaldehyde.
Flash column chromatography (gradient towards 6/4 hexanes/ethyl acetate, Rf = 0.78) afforded 1j
as an orange liquid (51% yield over three steps).

'H NMR (300 MHz, CDCls3) § 9.71 (s, 1H), 5.97-5.90 (m, 1H), 5.82-5.75 (m, 1H), 4.43 (br s, 2H),
3.87(q,J = 7.3 Hz, 2H), 3.12 (t, J = 6.7 Hz, 2H), 2.33 (t, J = 7.1 Hz, 2H), 2.22 (br s, 3H), 1.73 (q,
J=7.3 Hz, 2H), 1.48 (s, 9H), 1.26-1.03 (m, 3H). (Mixture of rotamers)

13C NMR (75 MHz, CDCls3) § 201.78, 155.29, 129.62, 126.50, 109.14, 105.72, 80.04, 43.68, 41.14,
38.56, 28.63, 20.20, 16.42, 12.35, 1.17.

HRMS (FD, m/z): Calculated for C17H28N203: 308.2100, found: 308.2106.

F

7S I?oc
= NMO

tert-butyl ((2-(4-fluorophenyl)thiazol-5-yl)methyl)(4-oxobutyl)carbamate (1k)

General procedure A was followed, starting from 2-(4-fluorophenyl)thiazole-5-carbaldehyde.
Flash column chromatography (gradient towards 6/4 hexanes/ethyl acetate, R¢ = 0.48) afforded 1k
as a colorless liquid (73% yield over three steps).

'H NMR (300 MHz, CDCls) § 9.77 (s, 1H), 7.90 (td, J = 5.5, 2.3 Hz, 2H), 7.64 (s, 1H), 7.12 (t, J
= 8.6 Hz, 2H), 4.55 (s, 2H), 3.27 (br s, 2H), 2.46 (br s, 2H), 1.95-1.78 (br m, 2H), 1.51 (s, 9H).
(Mixture of rotamers)

13C NMR (75 MHz, CDCl3) § 201.34, 165.56, 162.24, 142.24, 135.58, 130.09, 128.40, 128.29,
116.21, 115.92, 80.74, 45.86, 43.23, 40.97, 28.50, 20.75.

F NMR (282 MHz, CDCl3) § —110.36.

HRMS (FD, m/z): Calculated for C19H23FN203S: 378.1413, found: 378.1413.

o
\ﬁ X Boc
|
N SN

tert-butyl (4-oxobutyl)((2-(pyrrolidin-1-yl)pyrimidin-5-yl)methyl)carbamate (11)

General procedure A was followed, starting from 2-(pyrrolidin-1-yl)pyrimidine-5-carbaldehyde.
Flash column chromatography (gradient towards 8/2 ethyl acetate/dichloromethane, Rs = 0.46)
afforded 11 as a colorless liquid (51% yield over three steps).

'H NMR (300 MHz, CDCl3) § 9.76 (s, 1H), 8.25 (s, 2H), 4.21 (br s, 2H), 3.65-3.49 (br m, 4H),
3.17 (br s, 2H), 2.44 (br t, J = 6.5 Hz, 2H), 2.09-1.91 (br m, 4H), 1.83 (br m, 2H), 1.47 (s, 9H).
(Mixture of rotamers)

13C NMR (75 MHz, CDCl3) § 201.05, 159.70, 157.45, 118.07, 79.87, 46.43, 45.11, 40.72, 28.22,
25.31, 20.34.

HRMS (FD, m/z): Calculated for C1sH2sN4O3: 348.2161, found: 348.2155.

N
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tert-butyl (4-methoxybenzyl)(4-oxobutyl)carbamate (1m)

General procedure A was followed, starting from 4-methoxybenzaldehyde. Flash column
chromatography (gradient towards 8/2 cyclohexane/ethyl acetate, Rt = 0.17) afforded 1m as a
colorless liquid (29% vyield over three steps).

'H NMR (400 MHz, CDCl3) § 9.56 (s, 1H), 7.05 (s, 2H), 6.72 (d, J = 8.1 Hz, 2H), 4.24 (br s, 2H),
3.63 (s, 3H), 3.17-2.95 (br m, 2H), 2.26 (br s, 2H), 1.67 (br s, 2H), 1.36 (br s, 9H). (Mixture of
rotamers)

13C NMR (126 MHz, CDCls) & 201.08, 158.56, 155.36, 130.03, 128.73, 128.27, 113.55, 79.35,
54.75, 49.50, 48.83, 45.03, 40.54, 28.07, 20.10.

HRMS (FD, m/z): Calculated for C17H2sNO4: 307.1784, found: 307.1798.

Ph/\N/\AO
éOC
tert-butyl benzyl(3-oxopropyl)carbamate (1n)
General procedure A was followed, starting from benzaldehyde and 3-aminopropan-1-ol. NMR
data were in correspondence with those reported by for instance Zhang and co-workers.[!
'H NMR (400 MHz, CDCl3) § 9.74 (br s, 1H), 7.38-7.04 (m, 5H), 4.45 (br s, 2H), 3.60-3.32 (br
m, 2H), 2.74-2.45 (br m, 2H), 1.46 (s, 9H). (Mixture of rotamers)
HRMS (FD, m/z): Calculated for C1sH21NOs: 263.1521, found: 263.1510.
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3.3 Copies of 'H-,3C- and °*F-NMR spectra

Note: most of the following compounds exhibit restricted bond rotation and therefore show broadened and/or overlapping signals due
to presence of different rotamers.
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4. Catalytic reactions

4.1  General procedure B

0.12 mmol p-TsNHNH ,
Boc 0.20 mmol Cs,COg3
R N 5 mol% [Co(TPP
SN [Co(TPP)] HQ FOROSNT XY
H H 2 mL benzene R N Boc
1 glovebox N,-atmosphere Boc
0.1 mmol 60°C, 24 h 2 3

Inside a nitrogen-filled glove box, an oven-dried 4 mL vial fitted with an oven-dried Teflon-coated
stir bar was charged with [Co(TPP)] (0.005 mmol, 3.4 mg), p-TsNHNH, (0.12 mmol, 22.3 mg),
Cs2C03 (0.20 mmol, 65.2 mg). The liquid substrate (0.10 mmol) was pre-weighed into a 1 mL
syringe and then weighed into the tared vial by careful deposition onto the inner rim of the vial,
thereby avoiding direct solid-liquid contact between the powders and the substrate. Then benzene
(2 mL) was quickly added. The vial was tightly capped with a screw cap fitted with a PTFE-faced
silicone septum, immediately brought to a pre-heated 60°C metal plate and stirred at 1100 rpm for
24h.

The reaction mixture was transferred to a 10 mL vial and the vial used for catalysis was rinsed
with DCM (6 x ca. 0.25 mL). Benzene was removed under vacuum. The resulting residue was
deposited on a column (ca. 30 cm of silica gel, @ ca. 6,5 cm) and purified with an eluent gradient
from 100% (cyclo)hexane (or pentane) to (cyclo)hexane/ethyl acetate in a ratio X/Y (specified for
each product) in steps of 2 mL and portions of 100 mL. The mixture of piperidine and alkene
(which co-eluted despite the large column and slow gradient - except for 2h and 3h) was visualized
by staining the TLC-plates with a solution of 1.5 g ninhydrin in 100 mL n-butanol and 3 mL acetic
acid. Usually a small amount of [Co(TPP)] co-eluted. This amount was generally sufficient to
color the product mixture slightly red, but not sufficient to appear in NMR.
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4.2 Product characterization

Notes:

- All yields are the combined isolated yield of piperidine and alkene, as these always co-
eluted from the column, except for 2g and 3g (although diastereomer 2g’ did co-elute
with 3g).

- 13C-signatures could not be properly assigned to all alkene side products, due to low
concentration in which most alkenes were present.

) )
Ph” >N + Ph” N

Boc Boc
2a 3a
1 : 0.1

tert-butyl 2-phenylpiperidine-1-carboxylatel’l and tert-butyl benzyl(but-3-en-1-
yl)carbamate (2a + 3a)

General procedure B was followed with tert-butyl benzyl(4-oxobutyl)carbamate 1a (0.10 mmol).
The products were isolated by flash column chromatography (above described gradient towards
8/2 hexanes/ethyl acetate, Rs = 0.65) to afford 2a and 3a (quantitative combined isolated yield).
2a:

'H NMR (300 MHz, CDClg) § 7.47-7.13 (m, 5H), 5.45 (s, 1H), 4.07 (d, J = 13.6 Hz, 1H), 2.85—
2.72 (m, 1H), 2.34 (d, J = 13.9 Hz, 1H), 1.99-1.83 (m, 1H), 1.67-1.39 (m and s overlapping, 4H
+ 9H respectively).

13C NMR (75 MHz, CDCls) § 155.79, 140.51, 128.64, 126.62, 126.44, 79.66, 53.35, 40.21, 28.58,
28.20, 25.60, 19.50.

These data are in correspondence with the literature.[®!

3a:

'H NMR (300 MHz, CDCl3) 6 5.77 (br s, 1H), 5.12-4.97 (m, 2H), 4.45 (br s, 2H), 3.38-3.09 (br
m, 2H), 2.40-2.27 (m, 2H, overlaps with 1H of 2a). Aromatic protons overlap with 2a.

HRMS (FD, m/z): Calculated for C16H23sNO2 + [H*]: 262.1807, found: 262.1798.

FiC
3 N FaC N
Boc + Boc

CFs CFs
2b 3b

1 : 0.23
tert-butyl 2-(3,5-bis(trifluoromethyl)phenyl)piperidine-1-carboxylate®! and tert-butyl (3,5-
bis(trifluoromethyl)benzyl)(but-3-en-1-yl)carbamate (2b + 3b)
General procedure B was followed with tert-butyl (3,5-bis(trifluoromethyl)benzyl)(4-
oxobutyl)carbamate 1b (0.10 mmol). The products were isolated by flash column chromatography
(above described gradient towards 9/1 hexanes/ethyl acetate, Rf = 0.41) to afford 2b and 3b (96%
combined isolated yield).
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2b:

'H NMR (500 MHz, CDCl3) & 7.76 (s, 1H), 7.70-7.63 (m, 2H), 5.46 (s, 1H), 4.10 (br d, 1H), 2.77—
2.67 (m, 1H), 2.29 (br d, 1H), 2.05-1.93 (m, 1H), 1.69 (br d, 1H), 1.65-1.55 (m, 2H), 1.47 (s, 9H),
1.37-1.32 (d, J = 8.6 Hz, 2H).

13C NMR (126 MHz, CDCls) § 155.60, 144.03, 132.09 (q, J = 33.1 Hz), 126.93, 124.56 (d, J =
12.8 Hz), 120.78, 80.54, 53.22, 40.51, 29.85, 28.45, 25.13, 19.38.

F NMR (282 MHz, CDCl3) & —62.85.

3b:

'H NMR (500 MHz, CDClg) & 5.74 (br s, 1H), 5.09-4.99 (m, 2H), 4.58-4.41 (m, 2H), 3.43-3.12
(m, 2H). The aromatic protons, the Boc-group and the methylene adjacent to the olefin overlap
with 2b.

HRMS (FD, m/z): Calculated for C1gH21FsNO-: 397.1476, found: 397.1498.

/j
MeO
e N MeO N
Boc + Boc
Br B

r

2c 3c

1 : 1.55

tert-butyl 2-(2-bromo-5-methoxyphenyl)piperidine-1-carboxylate and tert-butyl (2-bromo-5-
methoxybenzyl)(but-3-en-1-yl)carbamate (2c + 3c)

General procedure B was followed with tert-butyl (2-bromo-5-methoxybenzyl)(4-
oxobutyl)carbamate 1c (0.10 mmol). The products were isolated by flash column chromatography
(above described gradient towards 8/2 hexanes/ethyl acetate, Rf = 0.51) to afford 2c and 3c
(quantitative combined isolated yield).

2c:

'H NMR (300 MHz, CDCls) § 7.46-7.36 (m, 1H), 6.85-6.59 (br m, 2H), 6.23-6.10 (br m, 1H),
5.20-4.98 (br m, 2H), 4.57-4.37 (br m, 2H, overlapping with 3c), 3.76 (s, 3H), 3.39-3.10 (br m,
2H), 2.30 (br s, 1H), 1.75-1.62 (br m, 1H), 1.46 (br d, J = 29.3 Hz, 9H).

2¢ + 3c:

13C NMR (75 MHz, CDCl3) § 159.38, 135.42, 133.38, 131.04, 116.88, 114.35, 80.16, 55.54, 53.56,
29.85, 28.54.

3c:

'H NMR (300 MHz, CDCl3) § 5.88-5.66 (br m, 1H), 5.20-4.98 (br m, 2H, overlapping with 2¢),
all other signals overlapping with 2c.

HRMS (ESI, m/z): Calculated for [C17H24BrNOz + Na]*: 392.0832, found: 392.0833.
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ca. 1 : 1
tert-butyl (E)-2-styrylpiperidine-1-carboxylatel*l and tert-butyl but-3-en-1-
yl(cinnamyl)carbamate (2d + 3d)
General procedure B was followed with tert-butyl cinnamyl(4-oxobutyl)carbamate 1d (0.10
mmol). The products were isolated by flash column chromatography (above described gradient
towards 8/2 hexanes/ethyl acetate, Rf = 0.65) to afford 2d and 3d (84% combined isolated yield).
Note: the overlap of the signals of 2d and 3d in *H-NMR complicates proper determination of their
ratio.
2d:
'H NMR (400 MHz, CDCl3) § 7.45-7.16 (m, 5H, overlapping with 3d), 6.52-6.35 (m, 1H,
overlapping with 3d), 6.26-6.09 (m, 1H, overlapping with 3d), 5.13-4.90 (m, 1H, overlapping
with 3d), 2.91 (t, J = 12.8 Hz, 1H), 1.90-1.67 (m, 3H), 1.68-1.57 (m, 4H), 1.48 (s, 9H, overlapping
with 3d).
2d + 3d:
13C NMR (75 MHz, CDCls) § 155.55, 137.22, 135.71, 130.88, 128.69, 127.50, 126.38, 79.59,
52.37, 40.02, 29.66, 28.62, 25.71, 19.85.
3d:
'H NMR (400 MHz, CDCls) & 7.45-7.16 (m, 5H, overlapping with 2d), 6.52-6.35 (m, 1H,
overlapping with 2d), 6.26-6.09 (m, 1H, overlapping with 2d), 5.87-5.67 (m, 1H), 5.13-4.90 (m,
2H, overlapping with 2d), 4.13-3.82 (m, 2H), 3.27 (br s, 2H), 2.37-2.23 (m, 2H), 1.48 (s, 9H,
overlapping with 2d).
HRMS (FD, m/z): Calculated for C1gH2sNO>: 287.1885, found: 287.1887.

1 : 0.16
tert-butyl 2-(furan-2-yl)piperidine-1-carboxylate and tert-butyl but-3-en-1-yl(furan-2-
ylmethyl)carbamate (2e + 3e)
General procedure B was followed with tert-butyl (furan-2-ylmethyl)(4-oxobutyl)carbamate le
(0.10 mmol). The products were isolated by flash column chromatography (above described
gradient towards 7/3 hexanes/ethyl acetate, Rf = 0.74) to afford 2e and 3e (92% combined isolated
yield).
2e:
'H NMR (300 MHz, CDClg) & 7.34 (s, 1H), 6.34-6.28 (m, 1H), 6.08 (br d, 1H), 5.43-5.31 (m,
1H), 3.98 (d, J = 13.4 Hz, 1H), 2.84 — 2.70 (m, 1H), 2.16 (d, J = 13.6 Hz, 1H), 1.85-1.71 (m, 1H),
1.68 — 1.51 (m, 3H), 1.46 (m, 1H + 9H overlapping).
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13C NMR (75 MHz, CDCls) & 155.48, 154.34, 141.57, 110.25, 106.60, 79.86, 49.37, 40.42, 28.55,
27.47, 25.46, 20.10.

3e:

'H NMR (300 MHz, CDCls) § 6.24-6.12 (m, 2H), 5.75 (br s, 1H), 5.08-4.95 (m, 2H), 4.45-4.29
(m, 2H), 3.26 (br s, 2H), 2.07-1.96 (m, 1H). The aromatic protons, a methylene proton and the
Boc-group overlap with 2e.

HRMS (FD, m/z): Calculated for C14H2:NOs: 251.1521, found: 251.1532.

/j
X N X N
Br Boc + Br Boc
2f 3f

1 : 0.22
tert-butyl (2)-2-(1-bromo-2-phenylvinyl)piperidine-1-carboxylate and tert-butyl (2Z)-(2-
bromo-3-phenylallyl)(but-3-en-1-yl)carbamate (2f + 3f)
General procedure B was followed with tert-butyl (Z)-(2-bromo-3-phenylallyl)(4-
oxobutyl)carbamate 1f (0.10 mmol). The products were isolated by flash column chromatography
(above described gradient towards 8/2 hexanes/ethyl acetate, Rf = 0.38) to afford 2f and 3f (71%
combined isolated yield).
2f:
'H NMR (500 MHz, CDCl3) § 7.39-7.13 (m, 5H), 6.76 (br s, 1H), 5.41 (br s, 1H), 4.06 (br s, 2H),
3.01-2.87 (m, 1H), 2.81-2.70 (m, 1H), 2.42-2.18 (m, 2H), 1.94-1.80 (m, 1H), 1.80—unknown (m,
1H) 1.46 (br s, 9H). (Accompanied by a second set of signals due to presence of two rotamers
because of hindered rotation of the C-C bond between the piperidine ring and the vinyl group)
2f + 3f:
13C NMR (126 MHz, CDCls): § 155.80, 155.38, 140.56, 136.06, 129.16, 128.64, 128.21, 126.63,
126.44, 80.18, 79.67, 58.35, 53.38, 40.56, 40.23, 28.59, 28.56, 28.23, 27.53, 25.61, 24.91, 19.52,
19.15.
3f:
'H NMR (500 MHz, CDCls3) § 5.75 (br s, 1H), 5.13-5.00 (m, 2H), 4.50-4.14 (m, 2H + 1H), 3.44—
3.03 (m, 2H + 1H). All other peaks overlapping with 2f.
HRMS (FD, m/z): Calculated for C18H224BrNO2: 365.0990, found: 365.1006.
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N \\"Q )l\lj
(j(B}: + © Boc T gBoc

2g + 2¢g' 39
1 : 0.28

tert-butyl  (4R)-4-methyl-2-phenylpiperidine-1-carboxylate and tert-butyl benzyl(3-
methylbut-3-en-1-yl)carbamate (2g + 2g’+ 39)
General procedure B was followed with tert-butyl (S)-benzyl(3-methyl-4-oxobutyl)carbamate 1g
(0.10 mmol). The products, which consisted of the two diastereoisomers 2g and 2g” and alkene 3g,
were isolated by flash column chromatography (above described gradient towards 8/2
hexanes/ethyl acetate, Rf = 0.42 for 2g and 0.51 for [2g” + 3g]) to afford 29 in 64% isolated yield
and [2g’ + 3g] in 36% isolated yield. Since the 'H-NMR of the [2g’ + 3g] mixture shows a 2g°/3g
ratio of 0.4/0.6, 2g> makes up for 0.4*36=14.4% of the total [2g+2g’+3g] mixture, and 3g makes
up for 0.6*36=21.6% of the total [2g+2g’+3g] mixture. Therefore, the combined [2g + 2g’] yield
IS 64 + 14.4 = 78%, and hence the [2g+2g’]/3g ratio is 1/0.28.
29:
'H NMR (500 MHz, CDCls) & 7.43-7.08 (m, 5H), 4.85 (br s, 1H), 3.99 (br s, 1H), 3.34 (br s, 1H),
2.01 (brs, 2H), 1.84 (br s, 1H), 1.68-1.41 (m, 2H), 1.30 (br s, 9H), 0.93 (br s, 3H).
13C NMR (126 MHz, CDCl3) § 156.09, 144.96, 128.41, 126.41, 125.34, 79.54, 57.04, 38.65, 31.26,
28.39, 26.67, 21.72.
2g’ (diastereoisomer of 29):
'H NMR (300 MHz, CDCls) § 7.37-7.14 (m, 5H, overlapping with 3g), 5.45 (br s, 1H), 4.15-3.88
(m, 1H), 2.76 (id, J = 13.4, 2.8 Hz, 1H), 2.37-2.09 (m, 1H, overlapping with 3g), 2.06-1.88 (m,
1H), 1.71 (s, 3H), 1.46 (s, 9H, overlapping with 3g), 1.01-0.78 (m, 3H, overlapping with 3Q).
30:
!H NMR (300 MHz, CDCl3) § 7.37-7.14 (m, 5H, overlapping with 2g°), 4.76-4.60 (m, 2H), 4.49—
435 (m, 2H), 3.42-3.09 (m, 2H), 2.37-2.09 (m, 2H, overlapping with 2g’), 1.46 (s, 9H,
overlapping with 2g°), 1.01-0.78 (m, 3H, overlapping with 2g°).
13C NMR (126 MHz, CDCl3) § 128.63, 128.60, 127.26, 126.55, 126.43, 112.03, 111.72, 79.82,
79.76, 45.50, 31.08, 29.85, 28.59, 22.36.
HRMS (FD, m/z): Calculated for C17H2sNO2: 275.1885, found: 275.1884.

1 : 0.07
tert-butyl 2-(thiophen-2-yl)piperidine-1-carboxylate’ and tert-butyl but-3-en-1-yl(thiophen-
2-ylmethyl)carbamate (2h + 3h)
General procedure B was followed with tert-butyl (thiophen-2-ylmethyl)(4-oxobutyl)carbamate
1h (0.10 mmol). The products were isolated by flash column chromatography (above described
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gradient towards 8/2 hexanes/ethyl acetate, R = 0.68) to afford 2h and 3h (77% combined isolated
yield).

2h:

H NMR (300 MHz, CDCl3) § 7.20 (d, J = 4.9 Hz, 1H), 6.99-6.92 (m, 1H), 6.85-6.79 (m, 1H),
5.59 (br, 1H), 4.01 (d, J = 13.3 Hz, 1H), 2.91-2.73 (m, 1H), 2.18 (br d, 1H), 2.00-1.82 (m, 1H),
1.71-1.51 (m, 4H, overlapping with the singlet at 1.49 ppm), 1.49 (s, 9H).

13C NMR (75 MHz, CDCls) & 155.09, 145.54, 126.94, 124.36, 124.29, 79.96, 50.84, 39.85, 29.71
(d, J=18.5Hz), 28.57, 25.47, 19.69.

3h:

NMR data match with those of isolated 3h described in section 5.1.

HRMS (FD, m/z): Calculated for C14H21NO2S: 267.1293, found: 267.1289.

)

N N N N

| _ Boc + | _ Boc
N N
2i 3i
1 : 0.1

tert-butyl 2-(pyridine-3-yl)piperidine-1-carboxylate*!l and tert-butyl but-3-en-1-yl(pyridin-
3-ylmethyl)carbamate (2i + 3i)

General procedure B was followed with tert-butyl (pyridine-3-ylmethyl)(4-oxobutyl)carbamate 1i
(0.20 mmol). The products were isolated by flash column chromatography (above described
gradient towards 6/4 hexanes/ethyl acetate, Rf = 0.23) to afford 2i and 3i (66% combined isolated
yield).

2i:

'H NMR (300 MHz, CDCls) & 8.55 (br s, 2H), 7.52 (d, J = 7.8 Hz, 1H), 7.30 (br s, 1H), 5.46 (br s,
1H), 4.06 (d, J = 13.5 Hz, 1H), 2.83-2.64 (m, 1H), 2.37-2.15 (m, 1H), 2.02-1.83 (m, 1H), 1.70—
1.48 (m, 4H), 1.46 (s, 9H).

13C NMR (75 MHz, CDCls) & 155.54, 148.48, 147.83, 135.28, 134.61, 123.84, 80.12, 51.74, 40.29,
29.83, 28.54, 25.40, 19.38.

3i:

'H NMR (300 MHz, CDCls) & 8.55 (br s, 2H, overlapping with 2i), 7.52 (d, J = 7.8 Hz, 1H,
overlapping with 2i), 7.30 (br s, 1H, overlapping with 2i), 5.89-5.62 (m, 1H), 5.10-4.87 (m, 2H),
4.43 (br s, 2H), 3.37-3.06 (m, 2H). The peaks belonging to the Boc-group and the methylene
adjacent to the olefin overlap with 2i.

HRMS (FD, m/z): Calculated for C1sH22N20>: 262.1681, found: 262.1684.

B! e
N\ | Eoc + \wgoc
2j 3j
1 : 0.07

tert-butyl 2-(1-ethyl-5-methyl-1H-pyrrol-2-yl)piperidine-1-carboxylate and tert-butyl but-3-
en-1-yl((1-ethyl-5-methyl-1H-pyrrol-2-yl)methyl)carbamate (2j + 3j)
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General procedure B was followed starting from tert-butyl ((1-ethyl-5-methyl-1H-pyrrol-2-
yl)methyl)(4-oxobutyl)carbamate 1j (0.10 mmol). The products were isolated by flash column
chromatography (above described gradient towards 9/1 pentane/ethyl acetate, R¢ = 0.83) to afford
2] and 3j (98% combined isolated yield).

2j:

'H NMR (300 MHz, CDCls) & 6.13-6.06 (m, 1H), 5.87-5.80 (m, 1H), 5.49-5.36 (m, 1H), 3.97—
3.75 (m, 2H + 1H), 2.84-2.69 (m, 1H), 2.23 (s, 3H), 2.18-2.05 (m, 2H), 1.93-1.78 (m, 1H), 1.78—
1.64 (m, 1H), 1.63-1.53 (m, 2H), 1.50 (s, 9H), 1.16 (t, J = 7.1 Hz, 3H).

13C NMR (75 MHz, CDCls) & 154.68, 129.86, 128.78, 107.57, 105.25, 79.59, 40.19, 38.56, 28.67,
28.04, 25.94, 20.83, 16.21, 12.29.

3j:

'H NMR (300 MHz, CDCl3) & 5.69-5.62 (m, 1H), 5.08-4.94 (m, 2H), 4.44 (s, 2H + 1H), 3.74—
3.58 (m, 2H), 3.25-3.01 (m, 2H + 1H). All remaining protons overlap with 2j.

HRMS (FD, m/z): Calculated for C17H2sN202: 292.2151, found: 292.2138.

= N = N
N/\H\/BE . N/Y\

\ g \ g Boc

2k 3k

1 : 0.09

tert-butyl ((2-(4-fluorophenyl)thiazol-5-yl)methyl)(4-oxobutyl)carbamate and tert-butyl but-
3-en-1-yl((2-(4-fluorophenyl)thiazol-5-yl)methyl)carbamate (2k + 3k)

General procedure B was followed with tert-butyl ((2-(4-fluorophenyl)thiazol-5-yl)methyl)(4-
oxobutyl)carbamate 1k (0.10 mmol). The products were isolated by flash column chromatography
(above described gradient towards 9/1 pentane/ethyl acetate, R = 0.55) to afford 2k and 3k in
quantitative combined isolated yield).

2k:

'H NMR (300 MHz, CDCls) § 7.95-7.82 (m, 2H), 7.54 (s, 1H), 7.11 (t, J = 8.5 Hz, 2H), 5.64 (br
s, 1H), 4.03 (d, J=13.4 Hz, 1H), 2.82 (t, J = 12.8 Hz, 1H), 2.20-2.08 (m, 1H), 2.06-1.89 (m, 1H),
1.77-1.59 (m, 4H), 1.50 (s, 9H).

13C NMR (75 MHz, CDCls) § 166.60, 165.55, 162.23, 154.78, 140.49 (d, J = 69.1 Hz), 130.22 (d,
J =3.3 Hz), 128.29 (d, J = 8.4 Hz), 116.11 (d, J = 22.1 Hz), 80.40, 49.01, 40.00, 29.50, 28.56,
25.32,19.72.

F NMR (282 MHz, CDCl3) § —110.71.

3k:

H NMR (300 MHz, CDCls) § 5.29 (s, 1H), 5.11-4.97 (m, 1H), 4.55 (br s, 1H), 4.18-4.08 (m, 2H),
3.28 (br s, 1H), 2.28 (br s, 1H). All aromatic protons, one methylene group and the Boc-group
overlap with 2k.

HRMS (FD, m/z): Calculated for C19H23FN202S: 362.1464, found: 362.1456.
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2] 3l

1 : 0.19

tert-butyl 2-(2-(pyrrolidine-1-yl)pyrimidin-5-yl)piperidine-1-carboxylate and tert-butyl but-
3-en-1-yl((2-(pyrrolidin-1-yl)pyrimidin-5-yl)methyl)carbamate (21 + 3I)

General procedure B was followed with tert-butyl (4-oxobutyl)((2-(pyrrolidine-1-yl)pyrimidin-5-
yl)methyl)carbamate 11 (0.10 mmol). The products were isolated by flash column chromatography
(above described gradient towards 6/4 hexanes/ethyl acetate, Rs = 0.42) to afford 21 and 3l (99%
combined isolated yield).

2l:

H NMR (500 MHz, CDCls) & 8.19 (s, 2H), 5.34 (br s, 1H), 3.99 (d, J = 13.2 Hz, 1H), 3.59-3.50
(m, 5H), 2.67 (t, J = 12.6 Hz, 1H), 2.13 (d, J = 14.3 Hz, 1H), 2.01-1.94 (m, 5H), 1.90-1.79 (m,
1H), 1.66-1.60 (m, 1H), 1.60-1.54 (m, 1H), 1.45 (s, 9H).

13C NMR (126 MHz, CDCls) & 159.55, 156.89, 155.29, 119.71, 79.92, 49.42, 46.75 (d, J = 5.4
Hz), 39.79, 28.58, 27.50, 25.68 (d, J = 3.6 Hz), 25.56, 19.33.

3l:

'H NMR (500 MHz, CDCls) 6 8.23 (s, 2H), 5.72 (br s, 1H), 5.28 (s, 2H), 5.07-4.96 (m, 2H), 4.21
(br's, 3H), 4.13-4.03 (m, 2H), 3.28-3.02 (m, 2H), 2.23 (br s, 2H), 2.02 (s, 3H). Boc signal (9H)
overlapping with 21.

HRMS (FD, m/z): Calculated for C1sH2sN4O2: 332.2212, found: 332.2226.

/j
N N
Boc + gBoc
MeO MeO

2m 3m

1 : 0.08
tert-butyl 2-(4-methoxyphenyl)piperidine-1-carboxylate and tert-butyl but-3-en-1-yl(4-
methoxybenzyl)carbamate (2m + 3m)
General procedure B was followed with tert-butyl (4-methoxybenzyl)(4-oxobutyl)carbamate 1m
(0.10 mmol). The products were isolated by flash column chromatography (above described
gradient towards 85/15 cyclohexane/ethyl acetate, R = 0.53) to afford 2m and 3m (94% combined
isolated yield).
2m:
'H NMR (400 MHz, CDCl3) § 7.13 (d, J = 8.3 Hz, 2H), 6.87 (d, J = 8.3 Hz, 2H), 5.37 (br s, 1H),
4.02 (d, J =13.6 Hz, 1H), 3.80 (s, 3H), 2.73 (t, J = 12.5 Hz, 1H), 2.26 (d, J = 14.1 Hz, 1H), 1.91—
1.80 (m, 1H), 1.71-1.49 (m, 4H, overlapping with the adjacent singlet), 1.47 (s, 9H).
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13C NMR (101 MHz, CDCl3) § 158.21, 155.76, 132.42, 127.77, 114.01, 79.59, 55.37, 52.79, 40.04,
28.61, 28.20, 25.69, 19.48.

3m:

'H NMR (400 MHz, CDCls) & 5.74 (br s, 1H), 5.07—4.94 (m, 2H), 4.37 (br s, 3H), 3.30-3.04 (m,
1H). All other signals overlap with 2m.

HRMS (FD, m/z): Calculated for C17H2sNO3: 291.1834, found: 291.1842.

N
\BOC

tert-butyl 2-phenylpyrrolidine-1-carboxylate (4)

General procedure B was followed with tert-butyl benzyl(3-oxopropyl)carbamate 1n (0.10 mmol).

The product was isolated by flash column chromatography (above described gradient towards 8/2

pentane/ethyl acetate, Rs = 0.62) to afford 4 (98% isolated yield).

'H NMR (400 MHz, CDCl3) § 7.38-7.11 (m, 5H), 5.10-4.62 (m, 1H), 3.73-3.37 (br m, 2H), 2.40—

2.19 (br m, 1H), 2.00-1.72 (br m, 3H), 1.48 (br s, 3H), 1.19 (br s, 6H).

13C NMR (75 MHz, CDClIs) & 154.68, 129.86, 128.78, 107.57, 105.25, 79.59, 47.77, 40.19, 38.56,

28.67, 28.04, 25.94, 20.83, 16.21, 12.29.

These data are in correspondence with those reported by Zhang and co-workers.®
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4.3

Notes:

Copies of *H-,1*C- and °F-NMR spectra

Several of the following compounds exhibit restricted bond rotation, and therefore show
broadened and/or overlapping signals and/or two sets of signals corresponding to different
rotamers.

Every first of two *H-NMR spectra displays the assignment of peaks belonging to product
2, as well as ratio between products 2 and 3 (shown by setting the signal belonging to the
proton of the central tertiary carbon of product 2 at 1H and integrating the peak belonging
to RCH=CH of product 3). Only in the case of 2c + 3c, the ratio is shown in the second of
the two *H-NMR spectra. In the case of 2d + 3d, the complete overlap of product peaks
complicated proper determination of their ratio.
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4.4  Copies of 'H-NMR spectra of the conditions screening and experiments mentioned in the
malin text
Copy of Table 1:
Entry | [Co(TPP)] | p-TsNHNH; | Cs,CO; | Solvent Volume | Temperature | Time | Yield (%) Piperidine :
(mmol) (mmol) (mmol) (mL) (°C) (h) alkene ratio
&P 0 0.12 0.20 Benzene 2 60 24 0 N/A
12 0.005 0.12 0.20 Benzene 2 60 24 Quant. 1:0.10
22 0.005 0.12 0.20 Benzene 1 60 24 Quant. 1:0.08
3 0.015 0.12 0.20 Benzene 2 60 24 Quant. 1:0.14
42 0.005 0.15 0.20 Benzene 2 60 24 78 1:0.40
52 0.005 0.12 0.22 Benzene 2 60 24 92 1:0.42
62 0.005 0.12 0.20 Benzene 2 80 24 Quant. 1:0.28
72 0.005 0.12 0.20 Toluene 2 105 24 96% 1:0.59
gac 0.005 0.12 0.20 Benzene 1 60 24 Quant. 1:.0.07
9* 0.005 0.12 0.20 o-dichlorobenzene | 2 60 24 85% 1:011
102 0.005 0.12 0.20 Toluene 2 60 24 Quant. 1:0.51
112 0.005 0.12 0.20 Cyclohexane 2 60 24 85% 1:0.16
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Entry 0 (blank experiment in which only a diazo compound formed from 1a):
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Entry 4 (contains 1,3,5-trimethoxybenzene):
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Entry 5 (contains 1,3,5-trimethoxybenzene):
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—5.75

—5.44

Boc

Boc
3a
1
a 8
(=] —
10,0 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 0.5



Entry 8:

—5.76
—5.45

T T T T T T

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00

S105



Entry 9:
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Entry 10
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Entry 11:
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When using a pre-formed, isolated N-tosylhydrazone of 1a:
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When using Co(3,5-di(*Bu)ChenPhyrin) instead of [Co(T

—5.7

PP)]:

w

100 95 90 85 80 75 70 6.5



Chromatogram of the reaction mixture obtained upon carrying out General Procedure B with 1a with [Co(3,5-di(*‘Bu)ChenPhyrin)]
instead of [Co(TPP)]. The products were obtained in 67% yield, in a 2a/3a ratio of 1 : 0.7 and with an enantiomeric excess of 25%.

3 © FID2
> ©
| = ot
15000+ - -
10000+
5[1[![}—_
D__JJ _JL__J._,_.'A_,_L.___ — ;—/—k-.____
T T T T LI:' T T T T 1 |':I T T T T 1 |5 T T T T 2'[] T T T T 2|5 T T T T 3'[} T T T T 3'5
min
<Peak Table>
FID2
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 10,794 62324 17000 0,000
2, 14,698 104253 16816 0,000
Total 166578 33816
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5. Control experiments
5.1  Addition of alkene 3h to the reaction of aldehyde 1a

To fully exclude the possibility that alkenes 3 could be converted to piperidines 2, aldehyde 1a
was subjected to general procedure B in presence of an equimolar amount of alkene 3h. From all
alkenes formed from the substrates enumerated in Table 2, 3h was selected based on its *H-NMR
signature, which was most distinct from the *H-NMR signatures of 2a and 3a.

8
= No~F

N-(thiophen-2-ylmethyl)-N-Boc-3-butenylamine (3h)

2-(bromomethyl)thiophene was synthesized following the method of Gopalan and co-workers.[*?]
To a suspension of NaH (90%, 171 mg, 6.4 mmol) in DMF (20 mL, Sigma Aldrich, dried over
molecular sieves) was added 1-(Boc-amino)-3-butene (Sigma Aldrich, 1 g, 5.8 mmol) at room
temperature. The resulting beige suspension was stirred for 40 min, during which only a minor
amount of Hx(g) release was observed. Upon dropwise addition of freshly prepared
2-(bromomethyl)thiophene (1.14 g, 6.4 mmol), significant Hz(g) release was observed and the
mixture was stirred overnight. The mixture was quenched with water (20 mL) and extracted into
Et,O (3 x 30 mL). The ether layers were dried over MgSO.4 and concentrated to yield pure 3h as a
dark red, brownish liquid (1.54 g, 90%).

'H NMR (400 MHz, CDCls) § 7.29-7.15 (m, 1H), 6.99-6.88 (m, 2H), 5.85-5.68 (m, 1H), 5.14—
4.94 (m, 2H), 4.68-4.48 (m, 2H), 3.41-3.13 (m, 2H), 2.37-2.16 (m, 2H), 1.64-1.32 (m, 9H).

13C NMR (101 MHz, CDCl3) § 152.30, 151.54, 150.96, 138.25, 137.49, 132.16, 123.16, 123.07,
122.99, 122.42, 121.76, 112.96, 75.94, 75.76, 74.35, 62.27, 42.66, 42.36, 41.76, 36.50, 31.13,
29.77,29.21, 25.01, 24.91.

HRMS (FD, m/z): Calculated for C14H21NO>S: 267.1293, found: 267.1304.
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Control experiment to investigate the possibility of conversion of alkenes 3 to piperidines 2

Inside a nitrogen-filled glove box, an oven-dried 4 mL vial fitted with an oven-dried Teflon-coated
stir bar was charged with [Co(TPP)] (0.005 mmol, 3.4 mg), p-TsNHNH: (0.12 mmol, 22.3 mg),
Cs2C03 (0.20 mmol, 65.2 mg) and 1,3,5-trimethoxybenzene (4.3 mg, 0.026 mmol). The liquid
aldehyde 1a (27.7 mg, 0.1 mmol) and alkene 3h (26.7 mg, 0.1 mmol) were pre-weighed into 1 mL
syringes and then weighed into the tared vial by careful deposition onto the inner rim of the vial,
thereby avoiding direct solid-liquid contact between the powders and the substrate. Then benzene
(2 mL) was quickly added. The vial was tightly capped with a screw cap fitted with a PTFE-faced
silicone septum, immediately brought to a pre-heated 60°C metal plate and stirred at 1100 rpm for
24h. The reaction mixture was filtered over a frit to remove the fine powders, which would reduce
NMR resolution.

'H NMR spectroscopy (CDCls, below) showed that no piperidine 2h had formed from alkene 3h
under the reaction conditions; if that had been the case, piperidine 2h should have been visible at
5.59 ppm. Instead, only signals belonging to 2a, 3a and 3h are visible. For the NMR signatures of
2a and 3a, see sections 4.2 and 4.3. For the NMR signature of 3h, see above. Alkenes 3a and 3h
overlap under the 1H multiplet at 5.85-5.68 ppm.
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5.2 Monitoring the conversion of 1a to 2a and 3a over time by *H-NMR

First, any influence of 1,3,5-trimethoxybenzene on the yield or product ratio was excluded by
carrying out General procedure B with substrate 1a in presence of 1,3,5-trimethoxybenzene (6.7
mg, 0.04 mmol).

Inside a nitrogen-filled glove box, a flame-dried 50 mL Schlenk tube fitted with an oven-dried
Teflon-coated oval stir bar was charged with [Co(TPP)] (34 mg, 0.05 mmol), p-TsNHNH> (223
mg, 1.2 mmol), Cs,COz (652 mg, 2 mmol) and 1,3,5-trimethoxybenzene (23.6 mg, 0.14 mmol).
The liquid aldehyde 1a (277 mg, 1 mmol) was pre-weighed into a 1 mL syringe and then weighed
into the tared Schlenk tube by careful deposition onto the inner rim of the neck, thereby avoiding
direct solid-liquid contact between the powders and the substrate. Then C¢Ds (10 mL) was quickly
added, the Schlenk tube was closed with a septum and immediately brought to a pre-heated 60 °C
oil bath and stirred at 830 rpm. Samples (0.6 mL) were taken by syringe after 0.5, 1, 2, 3, 4, 5, 6,
8, 9, 10, 11, 12 and 13 hours. Each sample was filtered over a syringe filter containing a
hydrophobic PTFE membrane (813 mm, pore size 0.45 um) to remove the fine powders, which
would reduce NMR resolution.

In CeDs, the chemical shifts of certain peaks of 2a and 3a shifted (vs. their chemical shift in
CDCls), probably due to anisotropic ring current and n-stacking of benzene with the phenyl ring
of the products. In CeDs, the 1H peak of the proton of the central tertiary carbon of 2a and the 1H
peak of RCH=CH. of 3a overlap under the broad signal at 5.75 ppm. To account for this, the
concentration (mM) of the products was calculated as follows:

[piperidine] = 3*(Y-(X/2))*[standard]*1000

[alkene] = 3*(X/2)*[standard]*1000

in which:

X = the integral of the multiplet at 5.12-4.97 ppm (which still corresponds to RCH=CHpa, as in
CDCls)

Y = the integral of the broad singlet at 5.75 ppm

[standard] = 0.14 mmol / 10 mL C¢Ds = 0.014 M

The integral of the three aromatic protons of 1,3,5-trimethoxybenzene, which shows at 6.38 ppm
in CeDs, was set at 1H.

S117



5.3  Copies of the *H-NMR spectra of the monitoring experiments

Note: the spectra recorded between 0,5 and 6 hours show shifting of a broad signal, which could correspond to the weighted average of
free and coordinated NH>NHTSs (or water, or something else). In the spectra recorded after 4 and 5 hours this broad band complicated
proper integration of the alkene and piperidine peaks.
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After 2 hours:
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After 10 hours:
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6. Computational methods

[Co(por)]-catalyzed formation of piperidines and pyrrolidines was investigated computationally
using density functional theory (DFT). All geometry optimizations were carried out with the
Turbomole program!®! coupled to the PQS Baker optimizer™ via the BOpt package.[*®! All
geometries were fully optimized as minima or transition states using the BP86 functional,[*®! the
Turbomole def2-TZVP basis set!*’ and a small grid size (m4). To reduce computation time, the
resolution-of-identity (ri) approximation!*®! was applied and a simplified porphyrin without phenyl
substituents on the meso-positions was used (i.e. [Co(por)] instead of [Co(TPP)]). Gas-phase
Hessian matrix calculations (BP86/def2-TZVP) were performed to characterize all minima (no
imaginary frequencies) and transition states (one imaginary frequency). Thermochemical
parameters such as the zero-point energy (ZPE), Gibbs free energy and gas-phase thermal
corrections (entropy and enthalpy, 298 K, 1 bar,) were obtained from these analyses. The nature
of the transition states was confirmed by following the intrinsic reaction coordinate (IRC). The
calculated relative free energies (AG%ask and AG%aggk, in kcal mol™) are reported in the main text
and below. For every transition state, the imaginary eigenvalue was followed in both directions to
confirm its connection to the relative reactant and product states. A separate archive file is provided
containing Excel sheets with all free energies and enthalpies (AG%s3sk, AG%gsk, AH298k, SCF+ZPE,
SCF) and negative eigenvalues of the transition states and all optimized geometries. Optimized
geometries of all stationary states and transition states are supplied in .pdb and .xyz format.

A series of test calculations showed that metal-substrate interactions are strongly
underestimated when no dispersion corrections are used, therefore Grimme’s dispersion
corrections (version D3, disp3, zero damping)i*®! were applied to include Van der Waals
interactions. A disadvantage of these dispersion corrections is that the dispersion-corrected metal-
substrate association/dissociation energies to and from the non-solvated [Co(por)] catalyst A are
overestimated due to neglected dispersion interactions between cobalt and the solvent. We
therefore used the VVan der Waals n-complex of [Co(por)] catalyst A and an explicit toluene solvent
molecule (directly interacting with cobalt) as the energetic reference point in our calculations to
prevent overestimation of metal-substrate interactions as a result of such uncompensated
dispersion forces. However, this approach also leads to an erroneous cancelation of all translational
entropy contributions to the computed free energies. This is because the translational entropy
contributions to substrate/product association/dissociation are fully counterbalanced by
translational entropy contributions resulting from dissociation/association of the solvent molecule
in the DFT calculated thermodynamics ([A-solvent complex] + L 2 [A-L] + solvent). This is not
realistic in comparison to actual solution phase chemistry, for which the translational entropy
contributions associated with substrate/product association/dissociation steps can of course not be
neglected.l?” Therefore we applied a translational entropy contribution of 20 cal mol* K to the
computed free energies of all substrate/product association/dissociation steps in the catalytic cycle
(see also the Excel sheets in the separate archive file).
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7. Computational studies
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Scheme S1. Proposed mechanisms for [Co(por)]-catalyzed competitive formation of piperidines

and alkenes. All Gibbs free energies (AG%ssk, in kcal mol™?), including those of TS1-TS5, are
reported relative to A.
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Scheme S4. Dependence of the degree of competition between piperidine and alkene formation
on the substitution of the substrate. All Gibbs free energies (AGssk, in kcal mol™?), including those
of TS4 and TS5, are reported relative to D. For ki and kz, see Scheme S3. Values between brackets
correspond to the energies of transition states that have a higher energy barrier due to a different
conformation caused by a different orientation of substituents.
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Scheme S9. (A) The effect of axial coordination of NHs (as a simplified model for a variety of
possible ligands, see main text). All Gibbs free energies (AG%uosk, in kcal mol™?), including those
of TS4 and TS5, are reported relative to D-NHs. (B) The computed temperature dependence of
the effect of NHz coordination on the energy barriers for [Co(por)]-catalyzed piperidine and alkene
formation. NH3 was assumed not to dissociate at the selected elevated temperatures.
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Scheme S12. (A) The effect of axial coordination of different ligands (L) to cobalt on the
selectivity. (B) and (C) The binding energies of ligands L in intermediates D-L and the
corresponding energy barriers for [Co(por)]-catalyzed piperidine and alkene formation. No clear
correlation can be observed between the binding energies and the energy barriers. Ligands L were
assumed not to dissociate at the selected elevated temperatures. All Gibbs free energies (AG?, in
kcal mol™?), including those of TS4 and TS5, are reported relative to D-L. The energies in table B

were calculated at 298K, the energies in table C were calculated at 333K.
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Scheme S16. Dependence of the degree of competition between piperidine and alkene formation
on the substitution of the substrate. All Gibbs free energies (AGPs3k, in kcal mol™?), including those
of TS4 and TS5, are reported relative to D. For ki and k2, see Scheme S15. Values between
brackets correspond to the energies of transition states that have a higher energy barrier due to a
different conformation caused by a different orientation of substituents.
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