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The formation of polyynes via polymerization of acetylene gas and endcapping with tris(3,5-di-t-butylphenyl)methyl
moiety (Tr*, supertrityl) has been explored. The polymerization process has been optimized based on the length of the

polyyne endcapping groups. Separation-purification-identification has been achieved through reversed-phase (RP) high

www.rsc.org/

performance liquid chromatography (HPLC), utilizing UV-vis detection, which offers UV-vis spectra of the polyyne

products. The chain length of individual polyynes can then be established through comparison to the spectra trends of

known polyyne samples. LDI and MALDI mass spectrometry is used to examine the presence of Tr*[n] polyynes in the

crude reaction mixture. The combined analyses show that polymerization reactions of acetylene using the supertrityl

endgroup allow formation of polyynes, but much shorter than could be achieved by stepwise syntheses.

Introduction

In the past few years, there has been a growing fascination
with the synthesis of materials formed from carbon — the
aIIotropes.l On the basis of the hybridization state of carbon,
the allotrope composed of only sp-hybridized carbon atoms
would be carbyne.2 Carbyne is predicted to have a quasi one-
dimensional, rod-like structure, consisting of either alternating
single and triple bonds to give a polyynic structure, or
consecutive double bonds resulting in a cumulenic structure
. 2-6

(Fig. 1a).

As a material, carbyne has recently generated excitement
particularly due to theoretical predictions of unprecedented

. . . 7 .
mechanical and electronic properties.” As potential uses for
carbyne increase, there is a concurrent focus on producing
macroscopic quantities. The formation of “bulk” polyynic
material by either gas-phase deposition techniques7_10 or laser
ablation™™ has been investigated extensively since the
beginning of the 21 century. Despite these efforts, there
remains little evidence that carbyne has truly been formed and
. 15

characterized.”” As model systems, polyynes and cumulenes
(also called carbon atom wires, CAWsls), have been used to
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approximate some of the desired properties of carbyne.z_G’17

The most difficult challenge facing the study of carbyne-like
materials is typically their tendency to decompose or
polymerize. On the other hand, decomposition can often be
circumvented by placing sterically demanding endgroups at
the termini of the carbon chains (Fig. 1a). Using this approach

a) Model compounds for carbyne

Q=tQ ==+
|
polyynes cumulenes
b) "Supertrityl" polyyne Tr*[22]
Bu Bu
Bu = Bu— ) Bu
Y= == = = = = = = = e V)
Bu @ Bu— ) Bu
tBu " [22] Bu
c) Kijima and coworkers
4 =—H —— 7 N =3 \_/
— 1. Pd(PPhg),, Cul = n
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d) Cataldo and coworkers
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Fig. 1 (a) Schematic structures of polyynes and cumulenes as models for carbyne,
with sterically demanding endgroups, (b) Chemical structure of the longest
known polyyne Tr*[22], with Tr* endgroup shown in blue, and polymerization
protocols toward carbyne (and achieved chain lengths n) reported by (c) Kijima
and (d) Cataldo.

the longest polyyne characterized to date consists of 22
conjugated triple bonds,’ endcapped with the tris(3,5-di-t-
butylphenyl)methyl moiety (Tr*, supertrityl, Fig. 1b).
Conversely, the longest reported cumulenic model compound

Org. Chem. Front., 2013, 00, 1-3 | 1



P OO~NOUILAWNPE

Organic Chemistry Frontiers

for carbyne is much shorter and consists of 9 cumulated
double bonds (a [9]cumu|ene).18’19 In both of these cases, a
stepwise synthesis is used to achieve the desired polyyne(s)
and cumulene(s), which allows both the endgroup and chain
length to be defined from the outset. The disadvantage of a
stepwise synthesis is, of course, the numerous synthetic
transformations needed for each molecule are often tedious,
expensive, and time consuming.

There have been a number of attempts to synthesize
carbyne through polymerization reactions, using, for example,
acetylene gas,zo_22 lithium bromoacetylide (Li-c=C-Br),” or
diiodoacetylene.u_26 For example, Kijima and coworkers?’
attempted the polymerization of acetylene in the presence of
a small amount of phenylacetylene as an end-capping agent
(Fig. 1c), with a Pd/Cu catalyst system under mild anaerobic
conditions. The Kijima protocol gave polyynes from diyne to
tetrayne (i.e., n = 2—4, where n = number of acetylenic units).
Cataldo and coworkers also used phenyl acetylene as an
endcapping group,28 as well as 1-naphthyl acetylene (Fig. 1d).29
The Cataldo approach relied on diiodoacetylene as the sp-
carbon building block, and this study identified polyynes
ranging from diyne to hexayne.

Thus, while acetylene offers a low-cost and reactive
precursor to form polyynes in a one-pot synthesis, existing
approaches have led to mixtures of products that are limited in
length and can be difficult to purify and/or characterize. We
hypothesized that perhaps the choice of endcapping group
played a role in the limited success of previous reports.
Namely, it is well established that aryl endcapped polyynes are
typically unstable in solution by the length of an octa- or
decayne, and that terminal acetylenes (i.e., polyynes terminate
at one end with —H) bearing aryl groups are even less stable
(and even explosive).30 In other words, it is possible, and even
likely, that longer polyynes were not identified via the Kijima
and Cataldo protocols because the products and intermediates
were not stable.

We predicted that a larger, more sterically “protecting”
endgroup would give more satisfying results. The supertrityl
endcapping group for polyynes (Tr*, Fig. 1b), first introduced in
2010,2 has achieved this goal. Even in the case of terminal
acetylenes, earlier work has shown that the Tr* group provides
rather amazing results, and molecules up to the terminal Tr*-
heptayne could be isolated without significant decomposition.
Thus, it seems reasonable that the Tr* group would offer the
best option for the investigating and developing a general
procedure to carbyne/polyynes based on acetylene
polymerization. We report herein our efforts to realize
carbyne/polyynes through acetylene polymerization using Tr*
as an endcapping group, and we confirm that this approach is
not suitable for the formation of carbyne-like materials, even
under optimized conditions.

Results and Discussion

For our polymerization reactions, we chose to use a method
inspired by the established procedure of Kijima and coworkers
(Scheme 1).27 As an oxidant, I, can be used, although we also

2 | Org. Chem. Front., 2012, 00, 1-3

explored ethyl bromoacetate (EBA) since our previous work
had shown improved yields in comparison to I, in Pd/Cu-
catalysed oxidative coupling reactions.’ Acetylene gas (for
purification procedure, see Fig. S1) was chosen as the carbon
source.

PdCl,(PPhj),, Cul

ethyl bromoacetate
T4=}H + xH—=—H Y ™=
m THF, Et3N n
Tr*H[m] Tr*[n]
(m=1-3) (h=2m+ x)

Scheme 1 General reaction scheme for the polymerization of acetylene with
endcapping groups Tr¥*H[1-3].

Three Tr*-endcapping groups with differing polyyne lengths
were considered, namely Tr*H[1], Tr*H[2], and Tr*H[3] (Fig.
2). There were three major considerations with respect to the
endgroup. The first consideration was the synthetic stability
and accessibility of the species used as the endcapping group
(Tr*H[m]), which has been demonstrated to be excellent for all
three derivatives.’ Second, we considered the reactivity of
Tr*¥*H[m] in the oxidative acetylenic polymerization reaction,
which should be dictated by the acidity of the alkynyl proton.
Hence, reactivity should increase as a function of length from
Tr*H[1] through to Tr*H[3].32 Finally, there would be a
significant influence on the polymerization arising from steric
hindrance at the reaction centre from the Tr* group. Based on

a)

[

TrH3]
Fig. 2 X-ray crystallographic results (space-filling rendering) and chemical
structures of (a) Tr*H[1], (b) Tr*H[2], and (c) Tr*H[3] highlighting the steric
hindrance resulting from the Tr* group.

X-ray crystallographic characterization, this would be
substantial for reaction of Tr*H[1], and then decrease as a
function of length from Tr*H[2] to Tr*H[3] (Fig. 2). The X-ray
crystallographic analysis also showed slight trends in alkyne

This journal is © The Royal Society of Chemistry 20xx
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bond lengths as a function of molecular Iength,33 which are
described in Table 51.%*

Of the three factors described above, the reactivity of the
endcapping group was deemed vital in order to achieve long
polyynes. Empirically, the rate of incorporating acetylene
groups giving rise to chain elongation (k;, eq 1) would be
expected to occur mainly through a process best described as
chain-growth (based on the excess of acetylene). Alternatively,
chain elongation could also be achieved through the formation
of polyynes H[n] (k,, eq 2), a likely and desirable process
facilitated by a huge excess of acetylene. The H[n] species
should, ideally, be endcapped relatively early (ks;, eq 3), since
longer H[n] species are expected to decompose even in
2393538 I£ the rate of chain elongation (namely ki & k3)
is initially higher than that of homocoupling of Tr*H[m] and
Tr*H[y] (ks, eq 4), then longer polyynes would be formed.
Thus, the most favourable situation would be k; & k32>
ky >> k4.37

In initial experiments (see Supporting Information), the
monoyne (Tr*¥H[1]) was used as the endcapping reagent in the
presence of excess acetylene, PdCl,(PPhs),, Cul, and EBA, in
keeping with previously reported procedure of Kijima and
coworkers (Scheme 1).% Unfortunately, the chain growth with
Tr*H[1] was seemingly slow, and the reaction resulted mostly
in black, insoluble solids; presumably polymerized and
decomposed acetylene (i.e., k, >> k;), as assessed by IR and

solution.

_ H—=—H
Tr* f=1-H 4=fF=—H Q)

Tr*H[m]

H[n] (n=x+1)

Tr*_{_}_: mH H [:]XH Tr* [—1] [—1 (3)

ks = I,—1 "

Tr*H[m] Tr*H[n] (n=m+ x)
ety =+ ==l @)
—1, P T, —1,
Tr*H[m] Tr*[n] (n=m+y)

UV-vis spectroscopy (Fig. S2 and S3). To increase the reactivity
of the endcapping group, Tr*H[2] was used, and this resulted
in products with a few absorptions in the lower energy region
of the UV-vis spectrum (Fig. S4), indicating a small
concentration of longer, stable polyynes had been formed.
Nevertheless, the reaction remained less than ideal.

Initial polymerization with Tr*H[3], on the other hand,
gave a reproducible protocol that formed long polyynes Tr*[n].
Several variations of the reaction using Tr¥*H[3] were explored.
Under N, atmosphere, PdCl,(PPhs), and Cul were dissolved in
dry THF, followed by the addition of EtsN and then EBA.
Acetylene gas was bubbled through the stirring solution for
10 min to initiate acetylene polymerization (i.e., eq 2).
Compound Tr*H[3] dissolved in dry THF was added dropwise
over 1h to favour polyyne chain length grow (i.e., eq 1).
Bubbling of acetylene gas into the solution was continued in

This journal is © The Royal Society of Chemistry 20xx
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order to maintain an excess of acetylene gas and reduce the
possibility of homocoupling (eq 4). After ca. 1 hr, a black
precipitate began to form, presumable via H[n] formation and
decomposition as described in eq 2. At this point, the reaction
was judged “complete”, and N, was bubbled through the
reaction mixture for 10 min to remove unreacted acetylene.38
The reaction was stirred at rt for 16 h and an additional
portion of EBA was added to promote completion of the
homocoupling reaction to give the desired Tr*[n] polyynes.
The reaction was quenched, the mixture extracted with
hexanes, washed with brine, dried over MgSO,, and the
solvent concentrated under reduced pressure to about 30 mL.
This solution was passed through a small pad of silica gel with
hexanes to remove all intractable material. The filtrate was
concentrated to approximately 30 mL to give Sample A that
was used for analyses (vide infra).

The analogous reaction sequence described for Sample A

was also repeated using iodine instead of ethyl bromoacetate
as the oxidant (i.e., the original conditions reported by Kijima
and coworkers).27 Work up of the reaction consisted of
washing with a solution of saturated aqueous Na,S,03 to
remove excess |,, followed by washing with brine, and
concentration under reduced pressure to about 30 mL. This
solution was then passed through a small pad of silica gel with
hexanes. The filtrate was concentrated to approximately
50 mL, resulting in a product solution in hexanes, Sample B,
which was used for analyses.
UV-vis spectroscopy is a potent tool for characterization of
Tr*[n] polyynes due to the very distinct absorption bands
these compounds show, including the vibrational fine
structure.” Absorbances for Tr*[n] polyynes also show a
predictable bathochromic shift as a function of chain length
that reflects extension of the conjugated m-system, and this
spectroscopic trend offers the possibility to correlate the
lowest energy absorption (An.) to the chain length of
particular molecules as shown in Fig. 3.%%7 The trend shown
in Fig. 3 is derived from the experimentally obtained data for

500 1
450
Amax / NM Amax / NM
400 | 4 268 12 400
E 5 291 14 419
c
X 350 1 6 310 16 432
E
< 7 329 18 443
300
8 347 20 451
9 362 22 458
250 1
10 376
200

0 4 8 12 16 20 24 28 32 36 40 44 48
Number of acetylenic units n

Fig. 3 Convergence of the absorption maxima for Tr*H[n] polyynes according to eq 5

with data using the longest wavelength absorbance (A..) for known derivatives

measured in hexanes (A., values from references 2 and 39).

Org. Chem. Front., 2013, 00, 1-3 | 3
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Fig. 4 Qualitative UV-vis spectrum of Sample A, displaying An./nm and corresponding
n values (* signals corresponding values of vibrational fine structure of Tr*[6]).

polyynesz’39 using the approach of Meier and
and accounts for the fact that at some length
polyynes will reach an effective conjugation length (i.e.,
constant A, value versus length) via the relationship:

Tr*[n]
43
coworkers,

My = 2o = (Do = A)e “D(5)

where A, is Amax for a polyyne Tr*[n] of length n, A; = 176 nm,
Ax = 487 nm is the limiting value as n - o, and the parameter
0.114 gives an indication of how fast saturation
(convergence) is approached. With eq 5 in hand, it is possible
to calculate the chain lengths of unknown Tr*[n] polyynes
from an experimentally determined A.-value.

The UV-vis spectrum of Sample A (Fig. 4) reveals clear
absorbances at wavelengths that are consistent with Tr*[n]
polyynes with chain lengths of n= 6, 7, 8, and 10. Analysis of
the crude product mixture of Sample A via (MA)LDI mass
spectrometry, on the other hand, did not show signals
consistent with Tr¥*[n] products (Fig. S7). This result was quite
surprising, since MALDI MS has been used previously to
characterize pure samples of Tr*[n] polyynes of analogous
Iength.44 We assume that the crude mixture contained other
components that prevented ion formation of Tr*[n] polyynes
and/or the transfer into the gas phase.

The UV-vis spectrum of Sample B showed no distinguishing
features relative to Sample A, aside from a weak absorption at
520 nm, presumably arising from unreacted iodine,” and
perhaps a slight increase in ratio of longer polyynes (n = 8, 10,
see Fig. S5) in comparison to Sample A. Analysis of Sample B
by (MA)LDI MS (especially LDI) in the negative-ion mode, on
the other hand, revealed regular patterns of a multitude of
polyyne anions including Tr*[6], Tr*[7] and Tr*[8] (Fig. 5). In
comparison to Sample A, it is possible that residual iodine
provides a softer ionization/desorption process for the
polyynes,46 and/or lowers the energy thresholds for ion
formation in MALDL."

a =

4 | Org. Chem. Front., 2012, 00, 1-3
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Fig. 5 Top: MS analysis of Sample B, showing a) an LDI-TOF mass spectrum (negative-
ion mode) of a dried droplet of the product solution and b) a MALDI-TOF mass
spectrum (negative-ion mode) of the product solution mixed with trans-2-[3-(4-t-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)48
dichloromethane (DCM). Matrix/analyte = 10°:1 (mol/mol). Bottom: Expansions of the
same spectra, c) the LDl and d) the MALDI, each indicating the presence of
deprotonated polyynes [Tr*[n]-H]™ and/or the radical anion species [Tr*[n]]”
6-8.

dissolved in

“withn=

Specifically, the LDI-TOF spectra of Sample B (Figs. 5a and 5c)
show signals at m/z1303.0, 1326.0 and 1352.0 (each m/z
referring to the highest peak of the isotope envelope), which
are assigned to [Tr*[6]-H], [Tr*[7]-H], and
[Tr*[8]] " /[Tr*[8]-H]. Complementing the LDI analysis,
MALDI-TOF spectra (Fig. 5b and 5d) were acquired using trans-
2-[3-(4-t-butylphenyl)-2-methyl-2-propenylidene]-

malononitrile, DCTB*® as a matrix (with a matrix-to-analyte
ratio estimated to 1000:1). The MALDI signals at m/z 1303.2,
1326.2, and 1352.2 are assigned to [Tr*[6]-H],
[Tr*[7]]"°/[Tr*[7]1-H]", and [Tr*[8]] ". This is in accordance
with the deprotonation behaviour of Tr* endcapped polyynes
under LDl and MALDI conditions, respectively. Experiments
with pure, monodisperse compounds having a known number
of sp-carbon atoms showed that the degree of formal
deprotonation/elimination (i.e., the intensity ratio of the
deprotonated polyyne to the radical anion) decreases with an
increasing sp-carbon chain length in the negative-ion mode
(Fig. S8). The loss of the neutral fragment CgH3tBu, (189 u)
from the polyyne anion is typically observed under LDI
conditions. The corresponding charged fragments
[Tr*[6] - CcH5tBuU,], [Tr*[7] - CgHstBu,], and
[Tr*[8] - C¢HstBu,]  of the polyyne anions with n=6, 7, and 8
are detected at m/z1113.8, 1137.9, and 1161.9. Peaks
observed at m/z 1376.2, 1399.2, 1423.2, 1447.2, and 1472.2
nearly fit the masses of Tr*[9], Tr*[10], Tr*[11], Tr*[12], and
Tr*[13]. However, the signals indicate either deprotonation of
the product or the signal-to-noise ratio is too weak to
determine the first peak of the isotope pattern (i.e., to
distinguish between the deprotonated polyyne and the radical
anion). On the basis of control measurements, deprotonation
is not expected for chain lengths greater than n = 9 (see Fig.

This journal is © The Royal Society of Chemistry 20xx
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S8), which is not consistent with observed series of signals
between m/z 1376.2 and 1472.2. Therefore, the above-
mentioned signals cannot be unequivocally assigned to Tr¥*[n]
polyynes where n= 9 to n= 13. Additionally, MALDI
measurements with equimolar mixtures of Tr¥*[n] polyynes of
different chain lengths show that the ionization/desorption
process of longer polyynes is preferred over shorter polyynes
resulting in higher intensities for the longer polyynes (Fig. S6).
This makes it impossible to detect all polyynes present in a
bulk solution, especially if the chain lengths differ by more
than two carbon-carbon triple bonds. Thus, the MS data
unequivocally establishes the formation of Tr*[n] withn =6, 7,
and 8, but the identity of members of the ion series between
m/z 1376.2 and m/z 1472.2 could not be conclusively
established with the employed instrumentation.

Toward the separation, isolation, and characterization of
individual Tr*[n] polyynes from the polymerization reactions,
analytical HPLC was explored using Sample A and a normal
phase column (SiO,/hexanes) in combination with low flow
rates (0.05 mL/min). The separation was monitored via a UV-
vis photodiode array detector (DAD)?* and showed some
separation of the polyyne mixture. Unfortunately, however,
complete separation was not possible although polyynes could
be enriched. Fig. 6a shows the corresponding two-dimensional

a) low absorption

220

high absorpUBR]

270

320

Afnm

370

420

470

30 40 50 60 70 80 90 100
Retention Time ! min

Alnm

Retention Time/min

Fig. 6 (a) 2D-HPLC (DAD) chromatogram of Sample A (200 uL, hexanes @
0.05 mL/min) showing the separation of Tr*[n] polyynes. The detection
wavelength for the UV absorption (contour) as a function of the retention time.
(b) 2D-RP-HPLC (DAD) chromatogram of Sample C (200 uL, CH;CN /H,0 80:20 @
0.5 mL/min). The red circles mark the characteristic signature for the separated
polyynes shown in Fig. 7.

This journal is © The Royal Society of Chemistry 20xx
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chromatogram of Sample A, namely the detection wavelength
from DAD as a function of the retention time. The contour plot
represents absorption intensity of the chemical species under
analysis, and each group of vertically aligned spots at a
particular corresponds to the UV-vis
absorptions of the matching polyyne. The signals appear over

retention time
approximately one hour, but the difference in polarity of the
Tr*[n] polyynes is not sufficient for normal phase HPLC to
effect a clean separation. Despite these limitations, there was
evidence for the formation of polyynes with chain lengths even
longer than n = 10, with absorbances observed at A > 370 nm.
Alternatively, HPLC using a RP-C;5 column and polar mobile
phase (200 uL/run, CH3CN/H,0 80:20 v/v) showed improved
separation of the Tr*[n] mixture. The native form of Sample A,
however, could not be used due to insolubility of the sample in
the eluent. For the RP-HPLC procedure, Sample A (20 mL) was
diluted with CH3CN (50 mL) and then with Et,O (20 mL) to
enhance phase mixing. The Et,O and hexanes were removed
under reduced pressure, giving a heterogeneous mixture in
CH3CN (ca. 50 mL). A brown precipitate formed after the
solution was left standing for 1 d in CH3;CN and was removed
by filtration through a small pad of silica gel with CH3CN. The
resulting yellow filtrate was concentrated to ca. 10 mL to give
Sample C. RP-HPLC separation of Sample C (200 ulL/run,
CH3;CN/H,O 80:20 v/v) was improved by a higher flow
rate/pressure, and the time for one run was reduced to ca.
20 min. Shorter polyynes eluted first, followed by longer
polyynes, as can be seen in the chromatogram in Fig. 6b. For
longer polyynes, separation was clearly not complete, with
multiple samples showing absorption profiles.
Nevertheless, the distinct absorption bands allowed empirical

similar

determination of polyyne length based on the trend in Fig. 3.%
Using the DAD, the UV-vis spectra of Tr*[n] polyynes with
n=7,11, 13, and 16 could be identified from Sample C (Fig. 7),
and the A, values fit to the reported/predicted values with
variance £ 2nm. The spectrum from the sample with a
retention time of 8.53 min is tentatively assigned to Tr*[n]
with n=8 or n=29, as it lies between the expected A, values
for these two polyynes.49 Thus, RP-HPLC coupled with DAD
provides strong evidence for the formation of Tr¥*[n] polyynes
via UV-vis analysis, but, unfortunately, this analysis does not
allow for even a crude estimation of the reaction yield. It is
interesting to note at this point that the RP-HPLC / DAD
analysis suggests a higher proportion of products with an odd
number of acetylene units. While such an outcome would be
desirable in view of the difficulties often encountered in the
synthesis of “odd” polyynes, the origin of the trend observed
in the current study remains unknown.
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7.13 min, 328 nm = Tr*[7]
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14.17 min, 408 nm = Tr*[13] *
19.30 min, 431 nm = Tr*[16] *

275 325 375 425 475
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Fig. 7 RP-HPLC (DAD) UV-vis spectra of Sample C, containing polyynes Tr*[7] (blue),
Tr*[11] (grey), Tr*[13] (yellow), and Tr*[16] (green) with corresponding A values and
retention times.

Conclusions

We have shown by UV-vis analysis as well as (MA)LDI MS and
RP-HPLC that Tr*[n] polyynes up to at least n = 16 are formed
during polymerization reactions with acetylene and Tr*H[1-3]
endcapping groups. In spite of the well-documented stabilizing
and solubilizing effects for the supertrityl endgoups Tr*,
significant challenges are encountered in
separation of the Tr*¥[n] products. We have, however,
demonstrated that RP-HPLC can be a potent analytical tool for
separation of Tr*[n]-polyyne mixtures and identification via
UV-vis spectroscopy/DAD.

Arguably, the most significant conclusion from our studies
is the possibility that the polymerization of acetylene might
not offer a facile route to carbyne-like materials. While we
form shorter polyynes (n up to ca. 10, a decayne) under
optimized conditions (as previously demonstrated by e.g.,
Kijima and Cataldo with analogous procedures), longer
polyynes are not observed in significant quantities. Given that
the supertrityl moiety (Tr*) should offer the best possible
stabilization for extended polyynes, our inability to form long
polyynes demonstrates that the polymerization of acetylene is
probably the weak link in the process, rather than instability of
the polyyne products. Thus, our quest to form carbyne will
continue with a focus on alternative catalysts and reaction
conditions.
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Caution

The instability of polyynes can be significant, especially those
without endcapping groups (so called terminal polyynes), and
one should therefore handle all polyynes with care. As solids,
terminal polyynes should be regarded as potentially explosive,
even with the exclusion of air. Polyynes can be especially
dangerous under any type of heating or pressure, and
“scraping” of a solid polyyne product out of a round bottom
flask with a metal spatula should be avoided or done with
extreme caution and safety precautions.
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