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Ambient Moisture Accelerates Hydroamination Reactions of

Vinylarenes with Alkali-Metal Amides under Air
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Dedicated to the memory of Prof Dr. Killian Mufiz

Abstract: A straightforward alkali-metal-mediated protocol for
hydroamination of styrenes using biorenewable
2-methyltetrahydrofuran as a solvent is reported. Refuting the
conventional wisdom of the incompatibility of organolithium reagents
with air and moisture, we show that the presence of moisture is key in
favouring formation of the target phenethylamines over competing
olefin polymerisation products. The method is also compatible with
sodium amides, with the latter showing excellent promise as highly
efficient catalysts under inert atmosphere conditions.

The dogma of the need of inert conditions and cold temperatures
in reactions with polar main group organometallics has recently
been challenged. Addition reactions of Grignard reagents as well
as organolithium compounds have been established in the
presence of water, in air, and at room temperature.[ Smooth and
expeditious reaction progress was found for addition reactions to
ketones, imines, and nitriles. It was discovered that reaction rates
with the substrate exceed that found for hydrolysis, leading to high
yields of addition products, which were subsequently hydrolysed
by the present polar reaction medium. Based on this, deep
eutectic solvents (DES) and glycerol have been shown to work
even better in these types of reaction due to their lower acidity
and lower miscibility with the organic phase.l'*¢1 We have recently
been able to perform polymerisation reactions of styrenes on DES
in air using RLi reagents as initators with good results.!"®

This prompted us to investigate lithium-mediated hydroamination
reactions of styrenes in sustainable and aerobic conditions which
require the stabilisation of reactive species for prolonged periods
of time. While hydroamination reactions have received
considerable attention in chemical research for decades, they still
remain challenging due to high activation barriers coupled with a
flat energy profile, and thus, they continue to attract further
investigation.?! A remarkable number of catalytic protocols have
recently been developed using lithium as an alternative to

[a] Dr. F. F. Mulks, Miss L. J. Bole, Prof. Dr. E. Hevia

Departement fiir Chemie und Biochemie (DCB)
Universitat Bern

Freiestrasse 3, 3012 Bern, Switzerland

E-mail: eva.hevia@dcb.unibe.ch

[+] These authors contributed equally to this work.
[b]  Dr.J. Garcia-Alvarez

[e]

Laboratorio de Compuestos Organometalicos y Catalisis (Unidad
Asociada al CSIC). Departamento de Quimica Organica e
Inorganica, (IUQOEM), Centro de Innovacién en Quimica
Avanzada (ORFEO-CINQA), Facultad de Quimica, Universidad
de Oviedo, E-33071, Oviedo, Spain.

E-mail: garciajoaquin@uniovi.es

Dr. L. Davin, Dr. A. Hernan-Gémez, Prof. Dr. Eva Hevia
Department of Pure and Applied Chemistry

University of Strathclyde

295 Cathedral St, G11XL, Glasgow

Supporting information for this can be found under:
http://dx.doi.org/XX. XXXX/XXXX. XXX XXXXXX.

transition metal catalysts. (Scheme 1).B Since establishing
efficient main group bimetallic catalysts for hydroamination
reactions, we have become interested in developing s-block
organometallic approaches that are operationally simple for this
atom-efficient transformation dedicated to practical everyday
laboratory use. Lithium amides are simple-to-synthesize and
simple-to-use reactants for such reactions.?®! Herein we report a
new method for hydroaminations of styrenes with an exceptional
procedural simplicity with cheap and available commodity
chemicals using a biorenewable solvent compatible with the
presence of air and moisture (Scheme 1). Addition reactions to
C=C bonds proceed much slower than to their more polar C=0
and C=N counterparts, and hence, controlling the kinetics of the
desired reaction versus hydrolysis/degradation of the reactants
poses an even greater challenge.

this work
MNR, (M= Li, Na)

» 1.5 eq metal amide
» Bench conditions
* Air/moisture compatible

previous work
Li(alkyl)/LIHMDS + HNR,

» 1.5-20 mol% Li reagent
* Inert conditions

* Dry solvents

» THF/benzene

* 2-MeTHF
Prep TLC/column » Aq. extraction
30 min-120 h * 5-30 min

Scheme 1. Comparison of state-of-art catalytic procedures with our air- and
moisture compatible stoichiometric protocol.

Phenethylamines are valuable building blocks for general
chemical synthesis as well as for pharmaceuticals.® Furthermore
this study extends the applications of 2-methyltetrahydrofuran,
(2-MeTHF), which is produced from biomass degradation
products, as a prime solvent for organometallic reactions in air.l"!
Recent reports have shown that many polar organometallic
reagents are often even more soluble and more stable in 2-
MeTHF than in THF.Bl We were even able to perform fast
amidations of carboxylic acid esters and amides with lithium
amides in 2-MeTHF in air.’! 2-MeTHF is also insoluble in water
which conveniently allows more efficient and simple aqueous
extraction of reaction crudes without prior solvent exchange.

We started this investigation by dissolving neat n-BuLi in
2-MeTHF dried over molecular sieve and added commercial
grade amines at 0 °C drop-wise over 1 min to produce 1.1-1.5M
solutions of the lithium amides 2.1'% Being slightly more electron-
rich than parent THF, 2-MeTHF exhibited a better solubility of
lithium amides and is more suited for the intermediary storage of
the generated solutions. The commercially available solvent was
stored over molecular sieves to maintain low residual moisture.
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Within only 2 h an excellent hydroamination yield of 90% was
found when stirring 1.5 egs. of the 1 M solution of LiPip 2a with
styrene 1a under air (Table 1, Entry 1). The conventional solvents
THF and n-hexane showed reduced performance compared to 2-
MeTHF. Thus, 79% yield was found for 3a using THF (Entry 3 and
Sl for details). Low solubility of amide 2a led to only 30% in n-
hexane (Entry 4, diluted to 0.5 M to counterbalance low solubility).
Neither slowing down the reaction by dilution in respect to 2a from
1M to 0.375M nor addition of 1eq. of water significantly
impacted the yield, resulting in 82% (Entry 2) and 77% (Entry 5)
yields of 3a. This indicates high kinetic stability of 2a in 2-MeTHF.
The presence of 1 mL of water or ethylene glycol (EG), however,
hindered the reaction completely by likely hydrolysing 2a at a rate
faster than the hydroamination reaction (entries 6-7). Despite their
slow reaction rate, hydroamination reactions with lithium amide 2a
were compatible with glycerol (Gly) and several DESs, the non-
aqueous DESs produced fair to good yields (22-69%) although
sometimes suffering reproducibility issues (ChCI: choline chloride,
Entries 9-11). It is noteworthy that stability of the lithium amide in
air for such long reaction times is surprising. Interestingly, if the
reaction of 1a with 2a is carried out in 2-MeTHF in air but placing
a drying tube charged with CaCl; in top of the reaction vial, the
yield of 3a diminishes from 90% to a modest 35% (Entry 12),
which hints at an unexpected beneficial effect of moisture in these
reactions.

Table 1. Influence of the reaction time on the yield of the addition of LiPip
2a to 4-methylstyrene 1a.

—  1.5egs. LiPip 28] H PP
2 h, reaetien medium
Ft., in aif
1a 3a
Entry Medium A Medium B Yield [%]
1 1.5 mL 2-MeTHF - 90
2 4.0 mL 2-MeTHF - 82
3 1.5 mL THF - 79
4 3.0 mL n-hexane - 19-321a0]
5 1.5 mL 2-MeTHF 1eq. H20 (18 pL) 77
6 1.5 mL 2-MeTHF 1 mL H0 0
7 1.5 mL 2-MeTHF 1mLEG 2
8 1.5 mL 2-MeTHF 1 mL Gly 44690
9 1.5 mL 2-MeTHF 1 mL ChCI/2Gly 64!
10 1.5 mL 2-MeTHF 1 mL ChCI2EG 3246201
11 1.5 mL 2-MeTHF 1 mL ChCI/2H20 2201
12 1.5 mL 2-MeTHF - 359

Reactions performed on a 1 mmol scale stirring at 900 rpm. Mean yields of
isolated aliquots of at least two independent reactions are given. @ A range
is given due to the spread of results. ! Stirred at 500 rpm.I! Carried out with
a drying tube packed with pre-dried CaCl. attached to the top of the reaction
vial.

With the air- and moisture-compatibility of this approach being the
most striking difference to other known methods, we also noted a
marked effect on the stirring speed of the reaction (Table S1, SI).
Thus while vigorous stirring (900 rpm) lead to the formation of 3a
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in an 86% yield after just 10 minutes, if the speed is reduced to
500 rpm the yield observed decreases to 48% and if stirring is not
employed 2h are required to achieve a 94% conversion. Since
both lithium amide and styrene are highly soluble in 2-MeTHF, a
possible explanation for the accelerating effect observed with the
vigorous stirring could be that this facilitates the mixing with
ambient moisture. Interestingly, it should be noted that the short
reaction times observed for the formation of 3a while operating at
room temperature push this approach into the faster regimes of
known methods for lithium-mediated hydroamination of
styrenes.!

Previous work on s-block metal catalysed hydroamination of
styrenes have proposed that reaction occurs via initial amine
deprotonation by the metal pre-catalyst forming a reactive metal
amide, with a highly polarised M-N bond which in turn can insert
into the C=C bond of the substrate furnishing the p-metallated
phenethylamine intermediate L.I'" Protonation of | by excess
amine, regenerates the metal amide and liberates hydroamination
product (Scheme 2). Traces of water could quench the
lithioaminated species | from the equilibrium, which has been
discussed to be only slightly stabilised over the reactants
themselves.['? In addition, traces of water could also react with
some lithium amide LiPip 2a (which, in our study, is present in a
0.5 eq. excess) to generate free piperidine that could
subsequently favour the protonation of I. In this regard it should
be noted that mechanistic and kinetic studies in group Il metal
catalysed hydroaminations of alkenes and isocyanates have
suggested that these processes take place preferentially via an
amine-assisted concerted transition state.[']

HNR, + [iR
. R R;NH LiNR R
LNR, |LH—~N-r| *H N-R
Voo Ve
1 3

Scheme 2. Proposed mechanism of catalytic hydroamination of styrenes with
lithium amides (L = amine or solvent molecule).['>'4

Further support for the beneficial effect of moisture in these
reactions, was found when 1a and 2a were reacted under strict
inert atmosphere conditions using dried and degassed 2-MeTHF
(30 min, 900 rpm, 1.5 egs. of 2a), which furnished amine 3a in a
modest 28% yield (Table 2, Entry 1).

Table 2. Results from addition of LiPip 2a to 4-methylstyrene 1a under dry,
wet and excess amine conditions

—  1.5egs. LiPip 2a; H Pip
2-MeTHF

B —————

rt., time, eendltions

1a 3a
Entry Conditions Time [min] Yield [%]
1 N2 30 28
2 N2 120 28
3 wet Nol@! 120 75
N2 + 1.5 egs. Pip(H) 30 >99

Reactions performed on a 1 mmol scale in a total volume of 1.5 mL of 2-
MeTHF. Mean yields of isolated aliquots of at least two independent



reactions are given. 1@ A slow flow of N2 over degassed water was run over
the reaction mixture.

The same conversion was observed allowing longer reaction
times of 2 h. These low yields are in stark contrast with those
observed while working under air and in the presence of moisture,
conditions typically strictly avoided in organolithium chemistry,
which furnished 3a almost quantitatively. Interestingly if the
reaction is carried out under a nitrogen atmosphere but
introducing small amounts of water by running a nitrogen flow
over degassed water the yield increases from 28 to 75%,
supporting the idea that high conversions observed when working
in air are related to the moisture present in the reaction media
rather than oxygen. When employing a solution of LiPip 2a with a
stoichiometric excess of piperidine under inert atmosphere
conditions, using dried and degassed 2-MeTHF, we observed
> 99% vyield after 30 min (Table 2, entry 4), which is consistent
with the notion that excess piperidine accelerates the reaction and
that under the conditions of our study, it can be generated by
partial hydrolysis of the employed lithium amide.

"H NMR reaction monitoring studies in Dg-THF on a 1:1 mixture
of LiPip 2a and Pip(H) support the initial formation of a co-complex
(Figure 1).' Thus, as shown in Figure 1ii, a single set of signals
is observed for the Pip rings exhibiting a modest but noticeable
change on their chemical shifts with respect of those of 2a
(Figure1i). Addition of 0.67 eq of 1a to this mixture (replicating the
conditions of Entry 4 in Table 4) led to the quantitative formation
of hydroamination product 3a along with the recovery of the
LiPip-Pip(H) complex (Figure 1iii). We also noted that while under
inert atmosphere conditions in Dg-THF, 3a can also be formed by
reacting 1a and piperidine using catalytic amounts of 2a (20
mol%,> 99% vyield, 10 min, see Fig S116 in Sl), in air using 2-
MeTHF as solvent, 3a was obtained only in a 16% yield. These
findings indicate that our approach only works stoichiometrically,
probably due to the competing degradation of LiPip under the
conditions employed.

NMR monitoring studies also showed that addition of 1a to a
solution of 2a in Dg-THF (or 2-MeTHF) in the absence of amine,
under inert atmosphere conditions, produces extensive
polymerisation of the styrene.['%]

e —— — — — - — S -
30 28 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 ppm
iy H H

(ii) { H

ljU 29 28 27 26 25 24 23 22 2|‘ 20 19 18 17 16 15 14 1‘3 ppm‘
\le l‘CH<|3a\ H
| H
(i) ) Ar-CH, CHNR; IOH
| (3a) 3a) H,(3a) (3a)

30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 ppm

Figure 1. Aliphatic region from '"H NMR spectra (400 MHz) in Ds-THF (/) LiPip
(2a); (if) LiPip 2a +1 eq of Pip(H); (iii) LiPip 2a + 1 eq of Pip(H)+ 0.67 eq 1a.
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In addition, '"H DOSY NMR studies of 2a suggest that in Dg-THF
solutions this lithium amide exists as a [(Ds-THF)sLi(Pip)]
monomer (MWget =275 g/mol, error -12%, see Sl for details).["®]
Formation of small kinetically activated aggregates of 2a in these
ethereal solvents should contribute to the fast reactivity observed
in these hydroamination processes.! Thus, we propose that
when the reaction is carried out under air, the presence of
moisture can generate some Pip(H) that as discussed above
coordinates to 2a, which in turn reacts with styrene 1a to form
selectively hydroamination product 3a via intermediate I. This can
be subsequently quenched by PipH or traces of moisture
(Scheme 3). On the contrary, under strict inert atmosphere
conditions, using dry solvents, | reacts with free styrene (present
in solution due to the equilibrium shown in Scheme 2) initiating its
polymerisation.l: 131

D D
Li-2 H,0 (from air) Li-D
SNG D =————>= NN
\ or Pip(H)
2a D= THF, 2-MeTHF  [94.pip(H)]
L(D),! Pip
1a 1a
L = THF, L = Pip(H)
2-MeTHF
1 H,0 or
1a “— = Pip(H)
ligand-controlled

pathway selection

¢/

polymerisation

hydroamination

Scheme 3. Reaction showing excess piperidine or ambient moisture supply is
necessary to favour hydroamination over polymerisation

We next explored the scope of this air/moisture compatible
method towards different amides (Table 3).

Table 3. Reaction scope using different lithium amides 2 with
4-methylstyrene.

— 1.5egs. LA 2 H oA
2-MeTHF

80 min, 900 rpm,
Ft., in air

1a 3
Entry Amide A Product Yield [%]
1 piperidide 2a 3a 90
2 pyrrolidide 2b 3b 75
3 N-Me-piperazide 2¢ 3c >9glal
4 morpholide 2d 3d 13l 520ab]
5 LINHBuU 2e - -b]

Reactions performed on a 1 mmol scale in 1.5 mL of 2-MeTHF. They are
stirred at 900 rpm for 30 min. Mean yields of isolated aliquots of at least two
independent reactions are given. @9 mL 2-MeTHF used due to low
solubility. ! 500 rpm, 2 h.

At 900 rpm stirring speed and with 30 min of reaction time, we
found LiPip 2a gave 90% yield of the desired terminal amine 3a.
The 5-ring amide lithium pyrrolidide 2b gave 75% of 3b. The



heteroatom substituted lithium N-methylpiperazide 2¢ and lithium
morpholide 2d were poorly soluble in 2-MeTHF. We thus diluted
them by a factor of 6 to give more uniform 0.17 M dispersions. A
virtually quantitative yield for 3¢ was found employing this
dispersion. On adding morpholide the reaction proceeded slower
and gave only 13% vyield of 3d under our standard conditions,
which rose to 52% by stirring the reaction for 2 h at a reduced
speed of 500 rpm to slow down the moisture intake. The aliphatic
amide lithium n-butylamide 2e did not form significant amounts of
product under the original conditions nor under reduced stirring
speed (500 rpm) and longer reaction time (2 h). Broad signals in
the '"H NMR spectra of the reaction mixtures suggest that this
amide might oligomerise the styrene before the action of ambient
moisture generated enough of the corresponding amine. We also
assessed the reactivity of 2a towards several styrenes (Table 4)
Steric repulsion, unsurprisingly, leads to significant yield
reductions. With these reactions being marginally energetically
downhill, steric bulk leads to incomplete conversion of the
substrates. While we found an excellent yield of 90% for
unsubstituted styrene 1¢, ortho-methyl styrene 1d gave 54% and
1,1-diphenyl styrene 1b yielded 41%. Other vinylic methyl and
phenyl substituted styrenes showed no product under the
employed conditions. Inductive and mesomeric donor
substituents generally gave excellent yields for hydroamination
with lithium piperidide 2a. 4-Methylstyrene gave 90% of 3a. Yields
of 73% for 4-OMe 3i and 93% for 3-OMe 3j are found. 3,4-
Dimethoxystyrene 1g was hydroaminated to give 97% of 3k.
Rather electron-poor styrenes worked reasonably well, with 4-
vinylbiphenyl 1h giving 59% of 3p. The 3-CF3 substituted 3m was
isolated in a 41% yield. The reactions with 4-F 1j led to a mixture
of products containing 3n in a 45% yield; whereas with 4-Cl 1k,

amine 3o was formed in a 64% yield.
Table 4. Reaction scope concerning various styrenes 1 with LiPip 2a.

R H Pip
Qﬁﬁ 1.5 egs. LiPip 2a; 5—'
2-MeTHF
R 30 min, 900 rpm, R
1 r:t,, iR aif 3

Entry Reactant R R Product Yield[%)]
1 1b Ph H 3f 41

2 1c H H 39 85
3 1d H 2-Me 3h 54
4 1e H 4-OMe 3i 73
5 1f H 3-OMe 3j 93
6 1g H 3,4-(OMe); 3k 97
7 1h H 4-Ph 3l 59
8 1i H 3-CF3 3m 418
9 1j H 4-F 3n 450
10 1k H 4-Cl 30 64

Reactions performed on a 1 mmol scale in 1.5 mL of 2-MeTHF. They are
stirred at 900 rpm for 30 min. Mean yields of isolated aliquots of at least two
independent reactions are given. ¥ Side reactions led to contaminated
product. [

Finally, to probe the scope of this approach in terms of the nature
of the group 1 metal amide we next studied the reactivity of 1a
against NaPip (5a). While sodium amides are significantly more
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sensitive to air and moisture than their lithium counterparts, we
found that using 2-MeTHF under air, the hydroamination product
3a is obtained in a 71% yield in just 5 min (Figure 2i). Longer
reaction times did not lead to higher conversions, suggesting that
while the hydroamination process is faster than using 2a (using
LiPip after 5 min 3a is formed in a much lower 32% yield), the
decomposition of the sodium intermediate in the presence of air
and moisture also occurs more rapidly. Showing the beneficial
and key role of moisture, if the reaction is carried out under inert
atmosphere conditions and dry solvents polymerisation of styrene

is observed.
1.5 egs NaPip (5a)
2 MeTHF
5 min, 900 rpm, o
1a r.t., in air 3a (71%)

(i)NaCH,SiMe; + O ‘hexane/THF - Na i

(3) N SIMe4
g o 5a0.5THF
iil) = % 9 iv)
@ p/ 'Y
N1 N N1 N
a1 [5)
N Nat e—® 0
Na
.:m
,.

Figure 2. (i) Air and moisture compatible Na-mediated hydroamination of 1a in
2-MeTHF; (i) Synthesis of 5a.0.5THF; (iii) portion of polymeric ladder structure
of 5a.0.5THF; and (iv) axial view showing helical conformation of ladder
framework (with thermal ellipsoids rendered at 50% probability, H’s omitted for
clarity and C atoms of THF molecules shown as wire frame for clarity; in (iv) C
atoms have also been omitted).

To find out more about the constitution of NaPip, 5a (prepared by
deprotonation of piperidine via NaCH,SiMes, 4) was recrystalised
in a mixture of hexane/THF affording [{NaxPip2(THF)}-]
(5a-0.5THF). Its structure was established by X-ray
crystallography (Figure 2ii). Exhibiting a rare polymeric ladder
structure, 5a-0.5THF is composed of four-membered {NaxN}
rings laterally associated, with a THF bridge connecting the two
Na centres. Propagation occurs in a helical conformation with the
THF molecules coordinated on the outer side of the helix (Figure
2 iii and iv).['M'8 Despite having this polymeric arrangement, 5a
is readily soluble in 2-MeTHF and ds.THF, which suggests the
formation of smaller aggregates. '"H DOSY NMR experiments in
ds-THF also suggest the formation of a monomer solvated by 3
molecules of dg-THF (MWqet =348 g/mol, error 4%, see Sl for
details),'® which is consistent with the fast reactivity seen when
reacted with 1a (Figure 2i).

Inspired by these results we also pondered whether sodium alkyl
4 could act as a pre-catalyst for the hydroamination of styrenes
under inert atmosphere conditions (to avoid competing
decomposition pathways). While lithium alkyls have shown good
promise in catalytic hydroamination of olefins,*9 the use of
sodium alkys has not been investigated. Interestingly, we found
that using just 5 mol% of 4 hydroamination of several styrenes [1a,
1c¢, and a-Me-styrene (11)] with a range of secondary amines [2a-
2d, HNBz; (2f), HNMeBz (2g), HNBu; (2h)] is accomplished in
excellent yields (72-88%) at room temperature in just 10 minutes



(Scheme 4). The compatibility of the sodium alkyl 4 with THF is
remarkable, just as its catalytic activity contrast with the sluggish
reactivities reported for sodium catalysed hydroamination using
Na metal or NaH as catalysts.?d

R H NR;

R

5 mol% NaCH,SiMe, (4)
=\ +HNR, " " /=
N dg-THF 5/

R 2 10 min, under Ar R’ 3
H :
Me N

3a 3g 3i 3p
>99% (70) >99% (88) >99% (84) >99% (88)

(o] (j MeO
J N NBz, H  NBu, N(Me)Bz
3r 3u
9% (87, 9 (84)

H N H H H
3q 3s 3t
>99% (80) >0 ) 81% (72) 5% (74) 91% (84

Scheme 4. Sodium catalysed hydroamination of vinyl arenes 1c, 1d and 1l with
amines 2a-d and 2f-2h. Conversions determined by NMR spectroscopy using
ferrocene as internal standard (see Sl for details); yields of isolated products
shown in brackets.

To summarise, surprisingly we found that performing alkali-metal-
amide-executed intermolecular hydroamination reactions under
air can be accelerated by moisture from ambient air, instead of
being destroyed by its presence. This observation has led to the
development of an exceptionally simple procedure for vinylarene
hydroamination. Ambient moisture generates a steady supply of
the necessary free amine to coordinate and so activate the alkali-
metal amides then to quench the addition products. Formation of
small kinetically activated aggregates of the metal amides seems
to be key to enable hydroamination under these unconventional
reaction conditions.

Experimental Section

Full experimental details and copies of NMR spectra are included in the
Supporting Information.
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