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al and slow-chemistry radical
transformations: a case of diorganozinc
compounds and TEMPO†

Krzysztof Budny-Godlewski, a Iwona Justyniak, b Michał K. Leszczyński b

and Janusz Lewiński *ab

From the green chemistry perspective, molecular solid-state transformations conducted under mild

conditions are of great interest and desirability. However, research in this area lacked popularity in the

previous century, and thus progressed slowly. In particular, the application of radical reactions in solid-

state chemistry has been hampered by several long-standing challenges that are intrinsically associated

with the apparent unpredictable nature of radical chemistry. We present a comparative study of model

mechanochemical, slow-chemistry and solution radical reactions between TEMPO and homoleptic

organozinc compounds (i.e., di-tert-butylzinc and diphenylzinc). In the case of the tBu2Zn/TEMPO

reaction system only a dimeric diamagnetic complex [tBuZn(m-TEMPO*)]2 is obtained in yields slightly

varying with the method chosen. In contrast, when TEMPO is mixed with diphenylzinc in a 2 : 1 molar

ratio a novel paramagnetic Lewis acid–base adduct [[Ph2Zn(h
1-TEMPO)]$TEMPO] is isolated in high yields

regardless of the applied methodology. This adduct is also formed in the slow-chemistry process when

TEMPO is gently mixed with Ph2Zn in a 1 : 1 molar ratio and left for two weeks at ambient temperature.

Within the next week the reaction mixture gives in high yield a diamagnetic dinuclear compound

[PhZn(m-TEMPO*)][PhZn(m2-h
1:h1-TEMPO*)] and biphenyl. The analogous reaction conducted in toluene

results in a much lower conversion rate. The reported results open up a new horizon in molecular solid-

state radical transformations.
Introduction

The rational development of solid-state reactions is one of the
objectives of the green chemistry movement. Notably, in the
previous century research on molecular solid-state reactions
mediated by mechanical forces progressed slowly which was
aptly annotated by Braga and Grepioni: “Although research
work in this area has never stopped, it has also lacked popu-
larity and has remained conned to a few connoisseurs”.1 Only
the last decade has witnessed a true renaissance of mechano-
chemistry2–5 applications of which include organic6–10 and
organometallic synthesis,11–14 polymer chemistry,15,16 and
materials science (e.g. in the preparation of MOFs,17,18 perov-
skites for solar cells19–22 or nanomaterials).3,23–26 In some cases
mechanical stress can support electron transfer27 or cause
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hemistry 2019
homolytic bond cleavage and in consequence the formation of
radicals. A textbook example of a radical solid-state chemistry
phenomenon, which was already noted in ancient Greece, is the
attraction between rubbed amber and some small objects.28

Only in 1967 Urbański revealed the formation of radicals on the
surface of ground amber.29 The formation of radicals has also
been observed upon mechanically induced reactions in poly-
meric materials.30,31 Grzybowski and co-workers demonstrated
that these mechanoradicals can be responsible for static charge
stabilization, and thus, polymers intentionally doped with
radical scavengers (inter alia free stable radicals) are less
vulnerable to static charging.32–34 Despite these seminal pio-
neering discoveries solid-state radical reactions have remained
an underdeveloped area of research.

Even though mechanochemistry is slowly becoming
a routine solid-state synthesis tool, knowledge on the intimate
mechanistic details is very limited.26,35,36 Remarkably, an
emerging eld of slow-chemistry (mild condition reactions
occurring in the solid-state without an external stimuli)37 or
accelerated aging reactions (i.e., solid-state transformations
where reaction rates are enhanced by the presence of solvent
vapour)38 nicely complements and enriches solid-state
processes, and may turn out to be an area to help better
understand mechanochemical reactions. Slow-chemistry
Chem. Sci., 2019, 10, 7149–7155 | 7149
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reactions are widely observed in nature, e.g. biomineralization,
pearl formation or mineral neogenesis, and only recently have
these natural processes been mimicked in synthetic
procedures.39–42

Herein we present unprecedented solvent-free slow-chem-
istry and mechanical force triggered radical transformations
involving solid homoleptic organozinc compounds and an
intentionally added free stable nitroxyl radical, (2,2,6,6-tetra-
methylpiperidin-1-yl)oxyl (TEMPO). Very recently, in contrast to
common beliefs,43 our group and independently Stephan's
group demonstrated that in solution TEMPO is non-innocent
towards Et2Zn44,45 and (h5-C5Me5)2Zn,46 respectively, and
smoothly induces radical transformations triggered by single-
electron transfer (SET)47 from the Zn–C bond to TEMPO, to
afford organozinc complexes incorporating TEMPO anions. We
were wondering whether TEMPO will also remain non-innocent
towards homoleptic diorganozinc compounds in the solid-state
and to this end we chose di-tert-butylzinc (tBu2Zn) and diphe-
nylzinc (Ph2Zn) solid homoleptic organometallics with versatile
properties and reactivity.48–50 The solid-state reactions were
commenced with comparative solution phase investigations.
Remarkably, while in the case of the tBu2Zn/TEMPO system
either wet chemistry or mechanochemical and slow-chemistry
transformations provided essentially the same outcome, the
character of the products of the Ph2Zn/TEMPO system depends
signicantly on the stoichiometry of the reaction and the
selected synthetic methodology.

Results and discussion
Comparative investigations in solution

Initially, when a toluene solution of tBu2Zn was treated with an
orange toluene solution of TEMPO (2 equiv.) at �78 �C, an
instantaneous decolourization took place. Standard work-up of
the post-reaction mixture afforded colourless crystals of
a diamagnetic dimeric complex [tBuZn(m-TEMPO*)]2 (12)
(Fig. 1a, TEMPO* stands for the TEMPO anion) and TEMPO–tBu
as the primary products. The formation of 12 is likely triggered
by an incipient tBu2Zn/TEMPO adduct followed by an intra-
molecular SET from the Zn–tBu bond to TEMPO, and TEMPO–
tBu results from the subsequent release of a tBuc radical and its
recombination with the second TEMPO molecule.51 In this case
we were not able to isolate the anticipated paramagnetic Lewis
acid–base R2Zn(TEMPO) adduct due to the high reactivity of
homoleptic zinc alkyls towards TEMPO. Remarkably, the
respective paramagnetic adduct was isolated from a similar
reaction with Ph2Zn. Clearly, Ph2Zn is less prone to react as
a SET reagent, and moreover the Ph2Zn/TEMPO system
appeared also sensitive to the molar ratio of the reagents and
reaction time. A 1 : 1 mixture of the starting materials was
dissolved in toluene and stirred at room temperature for an
hour and then cooled to�26 �C. Within 24 hours yellow crystals
of a supramolecular complex [[Ph2Zn(h

1-TEMPO)]$TEMPO]
(2$TEMPO) deposited in moderate yield. Compound 2$TEMPO
is composed of a paramagnetic Lewis acid–base adduct
[Ph2Zn(h

1-TEMPO)] (2) with a hydrogen-bonded TEMPO mole-
cule (Fig. 1b). Interestingly, a prolonged (two weeks) reaction
7150 | Chem. Sci., 2019, 10, 7149–7155
between Ph2Zn and 1 equiv. of TEMPO conducted at ambient
temperature in toluene generated a new diamagnetic dinuclear
complex [PhZn(m-TEMPO*)][PhZn(m2-h

1:h1-TEMPO*)] (3,
Fig. 1c) (yield ca. 35%) as well as biphenyl (PhPh) resulting from
homocoupling of the Phc radicals. Remarkably, the Phc radicals
do not recombine with TEMPO molecules on this occasion as
we did not observe the signals characteristic of TEMPO–Ph in
the 1H NMR spectrum of the post-reaction mixture.

To clarify the factors determining the formation of the
paramagnetic complex 2$TEMPO and the diamagnetic complex
3, we performed the reaction of Ph2Zn with 2 equiv. of TEMPO
in a manner analogous to that of the equimolar system (for
details, see the Experimental procedures). In this case the SET
process was suppressed and 2$TEMPO was isolated essentially
quantitatively. Undoubtedly, a key aspect of the Ph2Zn/TEMPO
reaction system is the reduction of TEMPO to its anionic form
by Ph2Zn (with the subsequent coupling of the formed Phc
radicals to yield PhPh) only for the 1 : 1 mixture while a higher
amount of TEMPO inhibits the SET step (for details see Fig. S22
in the ESI†).
Crystal structure analysis

Compounds 12, 2$TEMPO and 3 were characterized by NMR
spectroscopy and single-crystal X-ray diffraction, and addition-
ally the paramagnetic character of 2$TEMPO was conrmed by
EPR spectroscopy. Compounds 12 and 3 show sharp 1H NMR
resonances characteristic of the zinc bonded organic groups
and the TEMPO* anion, while the NMR spectrum of 2$TEMPO
conrms its paramagnetic character (Fig. S1–S8 in the ESI†).
The diffusion ordered NMR spectroscopy (DOSY) experiments
show that 12 and 3 most likely exist as monomers in solution
(for details, see Table S1 in the ESI†). Remarkably, the solution
and solid-state EPR spectra of 2$TEMPO show one set of signals
analogous to that observed for the free TEMPO radical (see
Fig. S13 and S14†).

X-ray crystal structure analysis showed that the molecular
structure of the tert-butyl–zinc derivative 12 (Fig. 1a) is essen-
tially analogous to the previously reported diamagnetic ethyl-
zinc derivative [EtZn(m-TEMPO*)]2,46 and comprises bridging m-
TEMPO* ligands and a planar Zn2O2 ring (Zn1–O1 ¼ 1.939(3) Å
and Zn1–O10 ¼ 1.964(3) Å). In turn, the relevant phenyl–zinc
derivative 3 crystallizes as an asymmetric dimer that contains
a rarely encountered mix of coordination m-O- and m-h1:h1-NO-
modes of the anionic TEMPO* ligands (Fig. 1c).52 Two three-
coordinate zinc atoms are bridged by m-O-TEMPO* and m-h1:h1-
NO-TEMPO* units, thus forming a slightly bent ve-membered
[ZnOZnNO] ring (Zn1–O1 ¼ 1.916(3) Å, O1–Zn2 ¼ 1.943(3) Å,
Zn2–N2 ¼ 2.078(3) Å, N2–O2 ¼ 1.441(4) Å, and O2–Zn1 ¼
1.898(2) Å).

In the paramagnetic adduct 2$TEMPO, one TEMPO radical
coordinates to the zinc centre in an h1-mode (Zn1–O1 ¼
2.0841(18) Å, O1–N1 ¼ 1.294(3) Å, and Zn1–O1–N1 ¼
143.50(17)�) (Fig. 1b). The second TEMPO molecule interacts by
hydrogen bonding involving the oxygen atom and the C–H bond
of one Zn-bonded Ph group (H5–O2 ¼ 2.323(9) Å, O2–N2 ¼
1.288(3) Å, and H5–O2–N2 ¼ 86.517(13)�) and the observed
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Unprecedented variety of outcomes of the solid-state and wet reactions of TEMPO with tBu2Zn and Ph2Zn: (a) [tBuZn(m-TEMPO*)]2 (12),
(b) [[Ph2Zn(h

1-TEMPO)]$TEMPO] (2$TEMPO), and (c) [PhZn(m-TEMPO*)][PhZn(m2-h
1:h1-TEMPO*)] (3).
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hydrogen-bonding interaction torsion angle N2–O2/H5–C5 ¼
45.227(20)� is similar to the calculated N–O/H–C torsion angle
(45�) for the CH3CN/TEMPO system.53 The zinc atom occupies
a site within a trigonal-planar arrangement of the oxygen and
carbon atoms (C1–Zn1–C7 ¼ 145.61(12), C1–Zn1–O1 ¼
112.8(1)�, and O1–Zn1–O7 ¼ 101.4(1)) with the Zn1–O1 bond
lengthmarkedly longer than that observed for the Zn–O bond in
zinc complexes incorporating an external anionic h1-TEMPO*
ligand (cf. the Zn–O of 1.854(6) in [Zn(TEMPO*)2]2).46 To the best
of our knowledge, the adduct 2 is the rst isolated and struc-
turally characterized simple Lewis acid adduct of TEMPO with
an organometallic molecule.54 The revealed hydrogen-bond
interaction between the free TEMPO molecule and the Zn-
bonded Ph group as well as a vast number of other non-covalent
interactions observed in the solid-state structure of 2$TEMPO
This journal is © The Royal Society of Chemistry 2019
(see Fig. S27†) are likely responsible for an increased stability of
2$TEMPO in the solid-state (note that 2$TEMPO does not
transform into 3 in the solid-state, vide infra).
Reactions in the solid-state

Equipped with the above knowledge about the reactivity of
TEMPO towards tBu2Zn and Ph2Zn in solution, we performed
analogous reactions with these reagents in the solid-state. The
progress of both slow-chemistry and mechanochemical reac-
tions was monitored using PXRD analysis (for extended dif-
fractograms see Fig. S9–S12†) and additionally conrmed by 1H
NMR spectroscopy; all operations were conducted under an
argon inert gas atmosphere.

We revealed that both slow- and mechanochemical reactions
take place in the case of the tBu2Zn/TEMPO system, and
Chem. Sci., 2019, 10, 7149–7155 | 7151

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc01396b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:5

7:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
selectively afford 12 and TEMPO–tBu in high yield (Fig. 2). The
mechanochemical reaction involving grinding tBu2Zn with 2
equiv. of TEMPO with a glass rod at 0 �C occurs within circa 20
minutes (Fig. 2b). In the slow-chemistry reaction, tBu2Zn was
gently mixed with 2 equiv. of TEMPO and then stored at 5 �C
under an inert gas atmosphere and in this case the reaction
required circa 24 hours for completion (Fig. 2c).
Fig. 2 The PXRD patterns for the reactions of TEMPO with tBu2Zn: (a)
the simulated PXRD spectrum of 12, (b) the mixture of tBu2Zn and 2
equiv. of TEMPO ground with a glass rod for 20 minutes at 0 �C and (c)
the mixture of tBu2Zn and 2 equiv. of TEMPO gently mixed and stored
at 5 �C for 24 h.

Fig. 3 The PXRD patterns of various reaction systems involving
TEMPO and Ph2Zn: (a) the simulated PXRD spectrum of 2$TEMPO, (b)
Ph2Zn ground with 2 equiv. of TEMPO, (c) Ph2Zn gently mixed with 2
equiv. of TEMPO and stored under an inert gas atmosphere at 20 �C for
5 days, (d) Ph2Zn ground with 1 equiv. of TEMPO, and (e) Ph2Zn. (f) The
simulated PXRD spectrum of 3 and (g) Ph2Zn gently mixedwith 1 equiv.
of TEMPO stored at 20 �C for 21 days.

7152 | Chem. Sci., 2019, 10, 7149–7155
Strikingly, transformations involving Ph2Zn and TEMPO
proceed entirely differently than in the case of the tBu2Zn/
TEMPO system (Fig. 3). Grinding Ph2Zn with 1 equiv. of TEMPO
at ambient temperature for over 15 minutes gives a mixture of
the paramagnetic adduct 2$TEMPO and unreacted Ph2Zn as
judged by the PXRD analysis (Fig. 3b). However, when Ph2Zn is
ground with 2 equiv. of TEMPO, then 2$TEMPO is obtained
selectively as the only product (Fig. 3c). Regardless of the
grinding conditions (molar ratio of substrates, prolonged time,
and higher frequency of milling), no trace of the 3 phase was
observed in the PXRD pattern of the postreaction powder.‡
What is more, the pure compound 2$TEMPO does not trans-
form into the diamagnetic compound 3 even aer over 6
months of aging (20 �C and inert gas atmosphere).

The slow chemistry reactions involving Ph2Zn and TEMPO in
various molar ratios are more subtle. The paramagnetic adduct
2$TEMPO is obtained selectively within ca. 5 days of aging (20
�C) of a mixture consisting of Ph2Zn gently mixed with 2 equiv.
of TEMPO (Fig. 3d). No further transformation of 2$TEMPO was
observed in the solid state even aer over 6 months of aging. In
the case of the equimolar mixture of Ph2Zn and TEMPO the
slow-chemistry reaction proceeds differently and consists of two
distinguishable steps. In the rst step, the reaction yields an
intermediate mixture of 2$TEMPO and Ph2Zn, which in the
second step quantitatively transforms into an equimolar
mixture of 3 and PhPh (Fig. 4). Moreover, the evolution of PXRD
diffractograms of the equimolar mixture of Ph2Zn and TEMPO
over time depends on the way the substrates were initially
mixed (ground or gently mixed). The PXRD analysis of the
initially ground substrate mixture reveals patterns character-
istic of 2$TEMPO and Ph2Zn. Then aer 21 days of aging the
PXRD patterns evolve into that characteristic of 3 (patterns
characteristic of PhPh are not observed but its formation was
Fig. 4 Proposed mechanism of the reaction of TEMPO with Ph2Zn
(1 : 1 molar ratio) in the solid-state.

This journal is © The Royal Society of Chemistry 2019
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conrmed by 1H NMR spectroscopy). In contrast, the gently
mixed substrate mixture affords an intermediate mixture of
2$TEMPO and Ph2Zn within 7 days of aging and then within the
next 14 days transforms into 3 and PhPh.

The above results indicate that the solid-state equimolar
mixture of Ph2Zn and TEMPO initially smoothly transforms into
a 2$TEMPO supramolecular complex while half the amount of
Ph2Zn remains intact. Subsequently, the mixture of 2$TEMPO
and Ph2Zn transforms into 3 in the slow-chemistry process.
Remarkably, this transformation is not observed for the pure
phase 2$TEMPO complex under either mechanochemical or
slow-chemistry conditions. Thus, at this stage of studies it is
reasonable to propose that 2$TEMPO and Ph2Zn equilibrate in
the solid state with the simple Lewis acid–base adduct 2 that is
active in the SET process leading to 3 (Fig. 4).
Conclusions

Investigations of solid-state chemistry reactions under mild
conditions have remained both one of the greatest mysteries
and one of the most challenging tasks for chemists and mate-
rials scientists. We demonstrated that mechanochemical and
slow-chemistry processes can be used as efficient tools to
control the outcome of organometallic radical reactions.
Moreover, in our opinion, the reported studies are a signicant
advance in molecular solid-state chemistry and should aid in
unlocking the potential of radical slow-chemistry reactions as
a novel tool for the preparation of desired products. At this stage
with little knowledge of the mechanisms of the titular solid-
state transformations, the best approach to extending this idea
would seemingly be through trial and error. Further work in this
regard is currently underway in our laboratory.
Experimental

tBu2Zn was prepared according to literature procedures48 under
an argon atmosphere using standard Schlenk techniques.
Ph2Zn and all other reagents were of commercial grade ob-
tained from Sigma-Aldrich Co. The solvents were carefully dried
and distilled under a nitrogen atmosphere prior to use. TEMPO
was sublimed and stored under an argon atmosphere.
[tBuZn(m-TEMPO*)]2 (12)

Solution. An orange solution of TEMPO (2 mmol, 0.312 g) in
toluene (2.7 mL) was added dropwise to a stirred solution of
tBu2Zn (1 mmol, 0.180 g) in toluene (8 mL) at �78 �C. A
suspension of white solids in colourless solution was formed.
The mixture was warmed to RT resulting in a colourless clear
solution. Aer 24 h at�15 �C colourless crystals of 12 deposited
from this solution (78%). 1H NMR (benzene-d6, 400 MHz, 25 �C,
ppm): d 1.50 (s, 9H; ZnC(CH3)3), 1.42–1.37 (br. m, 4H; b-CH2),
1.30–1.23 (br. m, 2H; g-CH2), 1.18 (s, 12H; C(CH3)2).

13C{1H}
NMR (benzene-d6, 125 MHz, 25 �C, ppm): d 58.87 (C(CH3)2),
40.49 (b-CH2), 34.02 (C(CH3)2), 25.50 (C(CH3)3), 17.76 (g-CH2).
C,H,N analysis (%) calcd for C22H46N2O2Zn2: C 52.70, H 9.25, N
5.59; found: C 52.73, H 9.22, N 5.55.
This journal is © The Royal Society of Chemistry 2019
Mechanochemistry. TEMPO (2.4 mmol, 0.376 g) and tBu2Zn
(1.2 mmol, 0.448 g) were ground with a glass rod for 20 minutes
at 0 �C in a Schlenk tube until the product mixture became light-
beige in colour and obtained homogeneous paste-like consis-
tency. Then the volatiles were removed in vacuo at 0 �C. The
crude product mixture was analysed by PXRD and 1H NMR. The
mixture was dissolved in toluene affording colourless crystals in
81% yield aer 24 h at �5 �C.

Slow-chemistry. TEMPO (0.88 mmol, 0.137 g) and tBu2Zn
(0.44 mmol, 0.079 g) were gently mixed with a needle in
a Schlenk tube at �30 �C and then stored at 5 �C for 24 hours.
The colour of the mixture turned from white-orange to white.
The volatiles were removed in vacuo at 5 �C. The crude product
mixture was analysed by PXRD and 1H NMR spectroscopy. The
mixture was dissolved in toluene affording colourless crystals in
77% yield aer 24 h at �15 �C.

[Ph2Zn(h
1-TEMPO)$TEMPO] (2$TEMPO)

Solution. An orange solution of TEMPO (2 mmol, 0.312 g) in
toluene (2.1 mL) was added to a suspension of Ph2Zn (1 mmol,
0.180 g) in toluene (8 mL) at RT. The clear yellow reaction
mixture was stirred at RT for 1 hour and then placed in a freezer.
Aer 24 h at �26 �C yellow crystals suitable for X-ray analysis
were obtained in 69% yield. The isolated yield was lower for
a similar reaction conducted for the 1 : 1 molar ratio (ca. 39%).
The paramagnetic nature of the product was conrmed by EPR
spectroscopy. Pure compound 2$TEMPO le for over 6 months
at 20 �C under an inert gas atmosphere does not transform into
the diamagnetic compound 3. C,H,N analysis (%) calcd for
C30H46N2O2Zn1: C 67.72, H 8.71, N 5.26; found: C 67.75, H 8.68,
N 5.24.

Mechanochemistry. Ph2Zn (0.5 mmol, 0.110 g) was gently
mixed with TEMPO (1.0 mmol, 0.156 g) at 20 �C and transferred
into an agate ball mill. The mixture was milled for a total of 15
minutes (25 Hz, 1 agate ball) in three intervals (with 3 minute
breaks, to prevent excessive heating). The colour of the mixture
turned yellow. The crude product was analysed by PXRD. No
trace of the 3 phase was observed in the PXRD pattern of the
postreaction mixture regardless of the process conditions
(prolonged time (over 1 hour in total) and higher frequency of
milling).

Slow-chemistry. Ph2Zn (0.5 mmol, 0.110 g) was gently mixed
with TEMPO (1.0 mmol, 0.156 g) with a needle and stored under
an inert gas atmosphere at 20 �C for 5 days. The colour of the
mixture turned yellow. The crude product was analysed by
PXRD.

[PhZn(m2-TEMPO*)][PhZn(m2-h
1:h1-TEMPO*)] (3)

Solution. An orange solution of TEMPO (0.8 mmol, 0.125 g)
in toluene (0.8 mL) was added to a suspension of Ph2Zn (0.8
mmol, 0.144 g) in toluene (5 mL) at RT. The clear yellow
reaction mixture was stirred at RT for 21 days. Aer 24 h at�26
�C colourless crystals suitable for X-ray analysis deposited
(isolated yield 24%). 1H NMR (benzene-d6, 500 MHz, 25 �C,
ppm): d 8.01 (dd, 3J ¼ 7.82 Hz, 4J ¼ 1.35 Hz, 2H, o-CH(ar)), 7.42
(t, 2H, J ¼ 7.4 Hz, m-CH(ar)), 7.30 (tt, 1H, 3J ¼ 7.4 Hz, 4J ¼ 1.34
Chem. Sci., 2019, 10, 7149–7155 | 7153
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Hz, p-CH(ar)), 1.47 (br m, 4H, b-CH2 (TEMPO-ring)), 1.28 (s,
12H, C(CH3)2), 1.22 (m, 2H, g-CH2 (TEMPO-ring)). 13C{1H}
NMR (benzene-d6, 125 MHz, 20 �C, ppm): d 18.2 (C(CH3)2), 40.5
(TEMPO-ring), 41.0 (C(CH3)2), 59.2 (TEMPO-ring). C,H,N
analysis (%) calcd for C36H72N4O4Zn2: C 57.21, H 9.60, N 7.41;
found: C 57.28, H 9.55, N 7.40.

Slow-chemistry. TEMPO (1.22 mmol, 0.190 g) and Ph2Zn
(1.22 mmol, 0.267 g) were gently mixed with a glass rod in
a Schlenk tube under an inert gas atmosphere at 20 �C. The
mixture was stored for 21 days at 20 �C and the progress of the
process was monitored by PXRD. The colour of the mixture
turned from yellowish to white. Then the mixture was dissolved
in toluene. Aer 24 h at�26 �C colourless crystals of 3 deposited
(isolate yield 92%). The nature of the product was conrmed by
1H NMR spectroscopy. We note that the slow-chemistry process
occurs regardless of whether the substrates were initially gently
mixed or ground. However, the initial treatment of the mixture
drastically changes the evolution of its PXRD patterns over time
(see Fig. S11 and S12† to compare the PXRD patterns of the
initially ground and mixed mixtures). Prolonged grinding of the
reaction mixture (conducted with 3 minute breaks to prevent
excessive heating) results in a mixture of Ph2Zn and 2$TEMPO.
It is noteworthy that prolonged uninterrupted grinding results
in intensive heating of the reaction mixture.
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According to PXRD analysis, the reaction gives a mixture of 2$TEMPO and Ph2Zn
within 30 minutes, which then aer 4 days at 40 �C gives 3 and PhPh in excellent
yield (for details see Fig. S24). We assume that prolonged (days) grinding will lead
to the same results as the simple thermal experiment described above, although
as a reaction in the melted phase it should no longer be considered as
mechanochemistry.
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Chem. Sci., 2012, 3, 2495–2500.
39 F. Nudelman and N. A. J. M. Sommerdijk, Angew. Chem., Int.

Ed., 2012, 51, 6582–6596.
40 C. Mottillo, Y. Lu, M.-H. Pham, M. J. Cliffe, T.-O. Do and
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