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Abstract

Treatment of N,N-dimethylhydrazinoalkenes with diethylzinc followed by exposure of the
resulting ethylzinc amides to high vacuum drives a Schlenck redistribution metalloamina-
tion/ cyclization to generate the corresponding bis(organozinc) intermediates in excellent
conversions. Direct treatment of these with appropriate aryl or vinyl electrophiles in the
presence of catalytic PdCl, (DPEphos) provides the corresponding arylated or alkenylated
pyrrolidines and piperidines with high efficiency.

Keywords: synthetic methods; pyrrolidine; palladium catalysis; dialkylzinc; Negishi coupling

1. Introduction

Nitrogen heterocycles are crucial drug scaffolds, accounting for approximately 75% of
all small-molecule FDA-approved drugs available on the market [1]. They also serve as
life’s building blocks, appearing in DNA, RNA, enzymes, and ribosomes [2]. Non-aromatic
nitrogen heterocycles are among the most common drug moieties, with piperidine, piper-
azine, and pyrrolidine being, respectively, the most, third most, and fifth most frequently
encountered azacycles [3]. The installation of stereocenters in saturated azacyclic sites
poses a challenge that can be addressed by utilizing a hydroamination/cyclization or,
more directly, by a metalloamination/cyclization-functionalization sequence [4,5]. Stahl
reported the first substrate-based diastereoselective aminocyclization using Pd(TFA); as
the catalyst (>20:1dr). In these cases alkene containing products were obtained as a
result of B-hydride elimination [6]. Waser subsequently described an efficient aminocy-
clization/alkynylation protocol mediated by a DPEphosePd(II) complex [7]. In sharp
contrast to the Group 10 metals, examples of alkene amination processes mediated by
Zn(Il) are comparatively rare [8]. Our group first reported a diastereoselective synthe-
sis of 2,5- and 3,5-substituted piperidines and pyrrolidines (up to >20:1 dr) using N,N-
dimethylhydrazinoalkene substrates and diethylzinc in a cyclization/coupling tandem
protocol via N-chelated organozinc intermediates [9]. This work was later optimized
and expanded from allylation and acylation to propargylation and alkynylation [10-13].
In this contribution, we describe catalyst optimization for vinylation and arylation of
organozinc metalloamination intermediates to obtain the corresponding C-SP? function-
alized products as well as the X-ray crystal structure for the essential spirobicyclic Zn(II)
intermediate, for which only NMR evidence was previously available. For the arylation
and vinylation, a Negishi-type cross-coupling presented the major advantage of using the
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zinc intermediate as is, without additional transmetallation. Negishi couplings generally
require palladium(0) [13,14], palladium(II) [15,16], nickel(0) [17], or nickel(II) [18] catalysts
to occur. But palladium catalysts tend to offer a higher functional-group tolerance [19].

2. Results and Discussion

An initial catalyst evaluation was performed using diethylzinc as a model to inves-
tigate substitution vs. -hydride elimination. Pd(II)-catalyzed coupling of diethylzinc
with 4-bromoanisole using a total of ten catalysts was closely monitored by 'H NMR. The
selection of 4-bromoanisole was based on its comparatively modest reactivity as a coupling
partner. The use of bis(cyclooctadiene)Ni(0) lead to a mediocre consumption of diethylzinc,
while alternative nickel(II) species were shown to be even less efficient, with the exception
of NiClp(DPPF), for which the selectivity towards cross-coupling was improved. Palladium
catalysts typically showed higher reactivity than their nickel(I) counterparts. Accordingly,
Pds(dba)s afforded limited conversion and selectivity. In addition, Pd(II) catalysts varied
widely in selectivity, and these trends were ligand dependent. Phosphine-ligated catalysts
were found to favor the desired Negishi pathway, particularly those with large bite angles
(e.g., DPPE, DPEphos, and Xantphos) [20]. Of these, DPEphos [21] proved optimal. In
contrast, Pd(I) complexes of monodentate phosphines, such as triphenylphosphine, were
less efficient (Table 1).

Table 1. Catalyst screening for Negishi cross-coupling using diethylzinc and 4-bromoanisole.

Br catalyst Et
ZnEt, + \©\ (.5 mol%) \O\
OMe ~7nBr OMe

EtzZn

Entry Catalyst Consumption ! [%] Yield 2 [%]
1 Ni(cod)s 46 16
2 NiCly(DME) 44 2
3 NiBr, 23 0
4 NiCl,(DPPF) 35 29
5 Pd,(dba)s 24 3
6 Pd(OAc), 100 1
7 PdCl,(PPhs), 50 13
8 PdCl,(DPPF) 58 47
9 PdCl,(DPEphos) 100 77

10 PdCl,(Xantphos) 100 69

0.1 mmol diethylzinc, 0.4 mmol 4-bromoanisole and 0.3 mL of benzotrifluoride were charged in a ]. Young tube
followed by a catalyst (2.5 mol% to diethylzinc). ! At 20 h. Percent consumption followed as disappearance of
diethylzinc’s CH, peak by TH NMR. 2 Percent yield followed as appearance of benzylic CH; by 1H NMR.

In these studies, major side products were identified as ethylene (singlet, 5.5 ppm)
and ethane (singlet, 0.0 ppm), which most likely resulted from p-hydride elimination
followed by reductive elimination. The formation of ethylene would imply a more rapid B-
hydride elimination than reductive elimination. This contrasts with the literature examples,
which state that the small atomic radius of nickel reduces its ability to undergo -hydride
elimination compared to palladium [22]. Recent work has also shown the propensity for
nickel catalysts to create clusters with zinc and undergo alternative pathways through
one-electron transfer mechanisms [23,24].

Among all the catalysts that were examined, PdCly(DPEphos) furnished the highest
conversion to the cross-coupled product, second only to PdCl;(Xantphos), in accordance
with Waser’s findings [7,25]. Experiments were subsequently conducted using the opti-
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mized cross-coupling conditions on the bis(amido)zinc intermediates 4 and 5 (Table 2)
instead of diethylzinc. Intermediates 4 and 5 were obtained from their respective N,N-
dimethylhydrazinoalkenes 1 and 2, followed by removal of the volatile components in
vacuo, subsequent addition of THE PdCl,(DPEphos), and an appropriate electrophile.
The conformationally biased 2,2-dimethyl-bearing hydrazinoalkene 1 underwent facile
conversion to the intermediate 5, while 1-methyl-bearing substrate 2 gave a slightly lower
conversion (c.a., 95%, Scheme 1). The halide electrophiles were chosen to probe reac-
tion scope and limitations. These included aryl, vinyl, pyridyl and indolyl halides, and
spanned the range from poorly to highly activated electrophiles as well as varied steric
hinderance levels.

N7 1a. Et,Zn, N /_{f}n\\
NH  BTF,90°C )y by
N

e Zn
il 1b. high r =\
. RT el
m vacuum e
n n

1:n =1, R = l-methyl 4:n =1, R= l-methyl N
2:n =1, R =22-dimethyl 5:n=1, R=2,2-dimethyl
3:n=2,R=H 6n=2 R=H

Scheme 1. Synthesis of organozinc intermediates 4-6 using diethylzinc and hydrazinoalkenes 1-3.

2-Bromopropene, (E)-1-bromo-2-phenylethene, and methyl a-bromoacrylate were
selected to probe the ability of vinylic bromides to serve as cross-coupling participants. (E)-
B-bromostyrene provided an example of lower hindrance compared to 2-bromopropene,
while methyl a-bromoacrylate differs from the latter with higher electrophilicity. In addi-
tion, the alleneic halide 1-Bromo-1,2-propadiene was examined. Diverse aryl halides were
evaluated, where trends in reactivity were explored by comparing 4-bromoanisole, 2-bromo
benzoate esters, 2-bromotoluene, 2-bromo-5-chlorotoluene and 2-bromomesitylene, as were
3-bromo- and 7-bromo-1-tosyl-1H-indole, in cross-coupling reactions with organizinc inter-
mediate 4. 2-Bromo- and 2-chloropyridine were also examined as pyridine-based substrates
possessing activated 2-positions. 2-Bromo and 2-iodothiophene were also tested using
organozinc intermediates 4 and 5. (E)-p-Bromostyrene-derived products were isolated in
excellent yields, whereas 2-bromopropene proved an inefficient coupling partner. Similarly,
1-bromo-1,2-propadiene and methyl a-bromoacrylate were comparatively inefficient as
reactants.

It is also of interest that 4-bromoanisole and the more electrophilic 2-bromobenzoate
esters gave similar yields. As expected, bromine was the only targeted halide in 2-bromo-5-
chlorotoluene reactions and was similar to 2-bromotoluene in speed of consumption and
yield. The more hindered 2-bromomesitylene proved unreactive toward all three organoz-
inc intermediates. 7-Bromo-1-tosyl-1H-indole led to the desired product in its reaction with
organozinc 4. 2-Chloropyridine and 2-bromopyridine provided full conversions and in
good yields. Both 2-bromo and 2-iodothiophene were not suitable under these conditions
presumably due to high zinc—sulfur affinity [26].
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Table 2. Cross-coupling reactions between a range of electrophiles and organozinc intermediates 4-6.

N Aryl or vinyl electrophile,
R S~N7 NN J 2 I -
X NT\ PACL,(DPEphos), (5 mol%) RN
W\/}Z” > M/R'
n 5 THE, r.t. n
4:n=1, R = 1-methyl 7a-h: n=1, R = 1-methyl
5:n=1, R =2.2-dimethyl 8a-e:n=1. R = 2.2-dimethyl
6:n=2,R=H 9a-e:n=2.R=H
Intermediate Electrophile Product Yield [%]  Intermediate Electrophile Product Yield [%]
/\/@ 7a® 92 /\/@ 8a 83
Br™ ™~ Br
~ ~
» 7b 2 71 | 8b 86
Cl” 'N ClI” °N
Cl Cl
a b b
ar ,Q/ 7c 73 (78) 5 BF/Q/ 8¢ 60 (64)
0Ny O
7d 66 /@’ 8d 85
Br Br

30
)
%

7e 2 69 Br’? Se 81
cl
7f2 77 /©/ 9a 39¢
(o]

65 /©)\ 9b 45¢
7h 2 61 6 m 9¢ 58 ¢
[0 8]

@
3O
o

\
Z
Q

w
25
~J
[s1=]
1~]
=
Q

w

s
&
z
a

9d 31°¢

o8
o}
/©)“o’ 9e 72¢
NfO

0.10 mmol scale; 1.2 equiv. diethylzinc in BTF (0.3 mL) was used in the first step, followed by 1.2-2.0 equiv.
electrophile in THF (0.3 mL) and PdCly(DPEphos) (5 mol%). Stepwise reaction completion was monitored by
IH NMR, first by the disappearance of alkene peaks and then by the disappearance of zinc methylene peaks.
All yields are reported as isolated yields. * Diastereomeric ratio (cis/trans = 20:1), determined by IH NMR.
b 1.0 mmol scale; BTF (3.0 mL) then THF (3.0 mL). € 0.10 mmol scale; BTF (0.4 mL) then THF (0.4 mL).

Overall, yields obtained for pyrrolidines (e.g., 7a—8e) were acceptable, with higher
yields being obtained for 2-chloropyridine and (E)-B-bromostyrene compared to typi-
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cal aryl bromides or 7-bromo-1-tosyl-1H-indole. When closely followed by 'H NMR,
the cross-coupling reaction can be accompanied by retro-metalloamination/cyclization
of the organozinc intermediates in the cases of organozincs 4 and 6, which results in
back-conversion to the starting N,N-dimethylhydrazinoalkene. This was found to be
electrophile-dependent in nature, and the use of two equivalents of the electrophilic com-
ponent mitigated this side reaction.

Lower conversion of the pro-6-membered zinc amide corresponding to 3 to organoz-
inc 6 also impeded the cross-coupling step. Accordingly, more reactive nonaflate elec-
trophiles [27] were needed for successful cross-couplings to occur in respectable yields. A
series of aryl nonaflates of varying reactivity were examined as shown in Table 2. Piperidine
derivatives were thus obtained in yields as high as 72% through the use of two equivalents
of nonaflate.

A more detailed study on the generation of the organozinc intermediates for use in
cross-coupling was needed to clarify the mechanism of metalloamination/cyclization. The
mechanism was initially investigated by 'H NMR using the 2,2-dimethyl bearing substrate
2 since the Thorpe-Ingold effect favors complete conversion to organozinc 5. Instantaneous
coordination of diethylzinc to the hydrazine’s N-H nitrogen was observed through the
deshielding of this hydrogen (Ad = 0.49 ppm, C¢Dg). Subsequent heating at 90 °C for 16 h
resulted in full conversion to the ethylzinc bearing species 11 as observed by 'H NMR
(Scheme 1). Removal of the volatile components under high vacuum caused a shift in
the Schlenk equilibrium [28], which favored the formation of the d'® dialkylzinc dimer
5 that crystallized as a solid. This was identified by 'H NMR and X-ray crystallography
(Figure 1). Addition of triethylamine after cyclization to the ethyl alkylzinc intermediate
11 favored the evaporation of the more volatile amine-chelated diethylzinc under high
vacuum, quickly promoting the zinc dimer complex 5 (Scheme 2) [29]. This crystal appears
to be the first identified hydrazine-organozinc dimer. The closest structure previously
reported contains an amine-alkyl zinc dimer and presents a similar metal center, as both
have a seesaw-like geometry [30]. The obtained angles around the metal center were
160.34° (C-Zn-C) and 112.39° (N-Zn-N); thus, a respective relative difference of 11% and 6%
was found compared to seesaw. Additionally, the intermediate 5 withstands long exposures
to the air, eventually reacting with water, and not oxygen, leading to ring opening, giving
the starting hydrazinoalkene.

Figure 1. Thermal ellipsoid plot of the zinc dimer intermediate 5, with thermal ellipsoids drawn
at 50% probability. All hydrogen atoms are omitted for clarity. Carbon atoms are shown in grey,
nitrogen atoms are shown in teal, and the zinc atom is shown in dark blue for clarity.



Inorganics 2025, 13, 328

60f9

N
T\IJ la. EtyZn, \N"‘" 1b. high
(NH BTF, 90°C [\]' Zn—/ vacuum
RT R’r\)_/ - EtvZn
X
. R = 1-methyl (10),
Ir:-‘l(.nBr, 2,2-dimethyl (11)
BTF, 90°C \
i | TMEDA, [ ]
SN— high “N— f_@...R
N’ ~a Zn-Br vacuum N’ N Zh N)
— —_— ~ ~_ ./
- - ZI‘IBI'z' - ..----N
R R N
TMEDA
R = I-methyl (12), R = 1-methyl (4),
2,2-dimethyl (13) 2,2-dimethy] (§)

Scheme 2. Synthesis and structure of intermediates 4-5 and 10-13.

Ethylzinc bromide was also evaluated for N-metallation, leading to the formation of
ethane and the generation of the intermediate alkylzinc bromides (Scheme 2, 12 and 13).
Organozinc halides benefit from lower reactivities than the corresponding dialkyls [31],
and therefore benefit from higher functional group tolerances [32]. In the case of organozinc
bromide 12 (d'® complex) in benzotrifluoride, the addition of TMEDA lead to the precipita-
tion of ZnBry(TMEDA) thereby driving transmetallation to the zinc dimer 5 (d'® complex,
Scheme 2) [33,34]. This experimental protocol was repeated with the 1-methyl substituted
N,N-dimethylhydrazine 1 and its structural isomer 2 to generate organozincs 4 and 6.
Although both were formed as oils at room temperature [35], these intermediates were
identified by 'H and 3C NMR and proved to be very effective cross-coupling partners.

3. Materials and Methods

The synthesis and characterization of all reported products are presented in sections
S-1 through S-IV of the electronic Supplementary Information File.

Oven- or flame-dried glassware was employed under nitrogen unless otherwise noted.
All materials were used as received from commercial sources. Syntheses of hydrazines
adapted from previously reported procedures [10]. Thin-layer chromatography (TLC)
employed 0.25 mm glass silica gel plates with UV indicator and visualized with UV light
(254 nm) or potassium permanganate staining. Nuclear magnetic resonance (NMR) data
was obtained from a Bruker AVANCE III HD NMR spectrometer equipped with an Ascend
500 (500 MHz) magnet from Bruker Corporation, Billerica, United States. High-resolution
mass spectra (HRMS) were obtained from a Bruker MicroTOF with a Dart 100—SVP 100
ion source from Bruker Daltonics GmbH & Co. KG, Bremen, Germany, or an Agilent
7890A /5975C TAD series GC/MSD from Agilent Technologies, Santa Clara, United States.
The X-ray diffraction data were measured at 100 K on a Bruker D8 Venture Duo X-ray
diffractometer from Bruker AXS GmbH, Karlsruhe, Germany, equipped with a CMOS IuS
3.0 Mo source from Incoatec GmbH, Geesthacht, Germany, and a PHOTON detector from
Bruker AXS GmbH, Karlsruhe, Germany.
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4. Representative Experimental Procedures

1.0 mmol scale: Compound 7c was prepared using the following procedure: In a
nitrogen-filled glovebox, a 10 mL Schlenk flask equipped with a magnetic stirring bar
was charged with diethylzinc (0.128 mL, 1.2 eq.), benzotrifluoride (4 mL) and 2-(hex-5-
en-2-yl)-1,1-dimethylhydrazine (0.185 mL, 1.0 mmol). The reactant mixture was removed
from the glovebox and placed in a 90 °C oil bath for 8 h. The reaction mixture was
returned to room temperature and the solvent was removed under vacuum. The flask
was returned to the glovebox and was charged with THF (4 mL), 2-bromo-5-chlorotoluene
(0.160 mL, 1.2 mmol), and PdCl; (DPEPhos) (35.8 mg, 5 mol%). After 16 h of stirring,
the resulting mixture was dispersed into diethyl ether (10 mL) and washed with water
(2 X 10 mL). The combined aqueous phases were then back-extracted with diethyl ether
(3 x 10 mL); then, the combined organics were washed with brine (20 mL), dried over
NazSOy4, and concentrated in vacuo. The crude product was further purified via flash
column chromatography (hexanes to 1:9 ethyl acetate /hexanes gradient) to afford 0.209 g
(78%) of compound 7¢ as a clear oil.

0.1 mmol scale: Compound 9¢ was prepared using the following procedure: In
a nitrogen-filled glove box, a J. Young tube equipped with a C¢Dg insert was charged
with benzotrifluoride (0.4 mL), 2-(hex-5-en-1-yl)-1,1-dimethylhydrazine (0.1 mmol), and
diethylzinc (12.3 uL, 1.2 eq.). The reactant mixture heated at 60 °C for 16 h, and then
tetramethylethylenediamine (30.0 pL, 2.0 eq.) was added. Completion of the reaction
was monitored by the disappearance of the alkene peaks by 'H NMR. Upon completion,
volatiles were removed under high vacuum and the tube was charged with THF (0.3 mL),
4-methyl-7-nonafluorobutylsulfonyloxy coumarin (2.0 eq.), and DPEphos-PdCl; (3.58 mg,
5 mol%). The reactant mixture was allowed to stand at room temperature overnight. The
resulting mixture was dispersed into diethyl ether (1 mL) and washed with water (2 mL).
The combined aqueous phases were then back-extracted with diethyl ether (3 x 1 mL);
then, the combined organics were washed with brine (2 mL), dried over Na;SOy4, and
concentrated in vacuo. The crude product was further purified via flash column chromatog-
raphy (1:19 to 1:1 ethyl acetate/hexanes gradient) to afford 17.5 mg (58%) of compound 9c
as a clear oil.

5. Conclusions

Treatment of N,N-dimethylhydrazinoalkenes with diethylzinc followed by exposure of
the resulting ethylzinc amide to high vacuum drives a Schlenck redistribution metalloami-
nation/cyclization to generate the corresponding bis(organozinc) intermediates in excellent
conversions. The metalloamination event is noteworthy in that it represents one of the
very few migratory insertion reactions involving the participation of a zinc(II) intermediate
and an alkene. Interception of the bis(organozinc)s containing 5-membered azacycles 4
and 5 with appropriate aryl or vinyl bromides in the presence of catalytic PdCl,(DPEphos)
provides the corresponding arylated or alkenylated pyrrolidines 7a—h and 8a—e with high
efficiency. In the case of the bis(organozinc) 6, leading to 6-membered azacycles, more
reactive nonaflates should be used to mitigate retro-metalloamination/cyclization, thereby
furnishing the corresponding piperidines 9a—e in acceptable yields.

Supplementary Materials: Supporting information for this article is available online at https://
www.mdpi.com/article/10.3390/inorganics13100328 /s1, Figure S1: Thermal ellipsoid plot of the
zinc dimer intermediate 5, with thermal ellipsoids drawn at 50% probability. All hydrogen atoms are

omitted for clarity. References [36,37] are cited in the Supplementary Materials.
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