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The reaction mechanism is the detailed, step-by-step
description of a chemical reaction. Most chemical reactions
take place through a complex sequence of steps via reactive
intermediates. The most important reactive intermediates in
organic chemical reactions in solution are carbocations,
carbanions, carbenes, and radicals. Of course, chemists have
been able to detect these intermediates indirectly by chemical
and physical methods, and spectroscopic methods are avail-
able to study them directly and in detail.l!l For example, Olah
investigated carbocations in “magic acid” solutions under
nonreaction conditions.”! Transient carbocations that con-
tained an appropriate chromophore were studied by using UV
spectroscopy.* 4 Radicals were explored by ESR spectros-
copy and in appropriate cases by CIDNP (chemically induced
dynamic nuclear polarization), and UV spectroscopy.l
However, it seems to be most remarkable that these methods
(there may be some exceptions) are not generally suited to
detect and to study these reactive intermediates directly in
reaction solutions, for example, of a radical chain reaction.
Furthermore, substrates, intermediates, and final products
cannot be monitored by using these methods. Additional
measurements have to be applied to do so. Clearly, it would be
of great importance to have a simple method available to
study a reaction by monitoring substrates and all intermedi-
ates and final products formed, and especially to detect and
characterize simultaneously and directly the reactive inter-
mediates. Such a method could give new and important
insights in our understanding of reactions and their mecha-
nisms. Furthermore, the method should be applicable to micro
amounts of substrates and should allow a high throughput,
thus contributing to a sustainable development.[’!

Recently, electrospray ionization mass spectrometry
(ESIMS)®] has been successfully applied to the investigation
of some chemical reactions in solution. The investigations
were mostly performed offline, for example, with the oxida-
tion of tetrahydropterins to radical cations,/”) homogeneously
catalyzed reactions such as the Suzuki reaction,l'” and the
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palladium-catalyzed oxidative self-coupling of aryl boronic
acids.''! Arakawa et al. used an online ESIMS system in which
a flow-through photoreaction cell was attached to an electro-
spray interface. They detected intermediates of photochem-
ical reactions of some transition-metal complexes that have a
lifetime of a few minutes.'” The oxidation of iron(IT)
bleomycin with iodosylbenzene was studied online and some
intermediate species could be detected.'® Chen and co-
workers used ESIMS to generate and isolate the active species
of homogeneously catalyzed reactions such as Ziegler — Natta
polymerization! or olefin metathesis!™ and studied the
reaction with the substrate in the gas phase. Feichtinger and
Plattner used the same technique to investigate the forma-
tion and reactions of the active species of epoxidation
catalysts, for example, oxomanganese—salen complexes.['’]
We described the possibility of detecting stable radicals
in solution by ESIMS!'”) and we now report herein our results
on the detection of transient radicals in radical chain
reactions.

There are many synthetically important radical chain
reactions in solution.'! However, there is no method
available to detect and to study directly the transient radicals
in these reactions. Radicals are neutral species and neutral
species can normally not be detected by ESIMS. However, it
is well known that radical reactions can be mediated by Lewis
acids if the substrate is a Lewis base that can chelate the metal
atom of the Lewis acid in solution.'”) We have recently shown
that dialkyl glutarates form complexes with Lewis acids such
as LiClO,, MgBr,, and Sc(OTf); in solution in diethyl ether.?%
We thought that these complexes, for example, of Sc(OTf),
should dissociate to form a chelate complex cation and a
triflate anion, thus allowing the detection of the complexed
ester by ESIMS.PU This detection was possible: diethyl
2-iodoadipate (1; Scheme 1) was mixed with Sc(OTf),
(1.2 equiv) in diethyl ether and very intense ESI mass spectra
were obtained which showed monomeric and dimeric com-
plex ions of adipate 1 (Figure 1a).?2 The fact that in addition
to monomeric also dimeric complex ions [1,- Sc,(OTf)s]" are
observed, which provides evidence for the respective dimeric
complexes in solution, is already an important and new result,
because up to now dimeric complexes in Sc(OTf);-mediated
radical reactions have not been considered. In the presence of

BuzSnAllyl

EtsB/O,

| o) Bu,Sn*
~© o
o) 3
BusSnAllyl
2 0
~OL A

\”/\/\)\0/\

le) 4

Sc(OTf);, adipate 1 reacts with allyltributyltin (2) in diethyl
ether to give diethyl 2-allyladipate (3) via the radical
intermediate 4 (Scheme 1).

For the investigation by ESIMS, this reaction was per-
formed by mixing a solution of iodoester 1 and Sc(OTf); in
diethyl ether saturated with air and a solution of 2 and Et;B
under argon. The solutions were mixed by using an effective
micromixer, which was coupled online to the ESI mass
spectrometer.”! The reaction times could be varied by the
flow rate and/or the length of the transfer capillary between
the mixer and the ion source.?* Substrate 1 and product 3
could easily be detected and monitored by ESIMS. Most
remarkably, a heterodimer complex ion of substrate and
product [1-3-Sc,(OTf)s]* (m/z 1405) was detected. However,
an intermediate radical complex ion [4-Sc(OTf),]* with an
expected mass of m/z 544 could not be observed unambigu-
ously because of chemical noise®®! in the mass spectrum
(Figure 1b). That can easily be understood because the quasi-
stationary concentration of the radical in the radical chain
reaction is estimated to be approximately 10~"M, four orders
of magnitude lower than the concentration of the substrate 1
and of the product 3. The signal of the intermediate radical ion
is expected to disappear in the chemical noise. However, the
intermediate radical 4 could be detected as a monomeric
complex ion [4-Sc(OTf),]* by using the MS/MS techniquel®!
to filter out the signal of interest from baseline noise
(Figure 1¢).° From this observation, we deduced that 4 also
should occur in the reaction solution as a heterodimer
complex with substrate 1 and the respective ion should be
detectable by MS/MS, which would thus provide additional,
independent, and unambiguous evidence for the intermediate
radical. The MS/MS spectrum of the heterodimer complex
ion of substrate and radical [1-4-Sc,(OTf)s]* (m/z 1364)
was indeed observed (Figure 1d). Two main and charac-
teristic fragmentations of this ion are evident: dissociation
by loss of the neutral radical complex 4-Sc(OTf); gives
the substrate complex ion [1-Sc(OTf),|" (m/z 671) and,
complementarily, loss of the neutral substrate complex 1-
Sc(OTf); gives the radical complex ion [4-Sc(OTf),]* (m/z
544).

The tributyltin hydride or tris(trimethylsilyl)silane-medi-
ated addition of alkyl iodides to alkenes is another syntheti-

BusSnl

Scheme 1. Triethylborane/oxygen-initiated radical chain reaction of 2 with 1 to give adipate 3 via radical 4.
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Figure 1. a) Positive-mode ESI mass spectrum of a solution of 1 in the
presence of Sc(OTf); in diethyl ether. Monomeric [1-Sc(OTf),|* (m/z 671)
and dimeric [1,-Sc,(OTf)s]" (m/z 1491) complex ions are observed.
b) Positive-mode ESI mass spectrum of the reaction solution of 1 and 2
in the presence of Sc(OTf); in diethyl ether; new signals (compare with
Figure 1a) are observed and assigned to the product 3: [3- Sc(OTf),|" (m/z
585), [3,- Sc,(OTf)s]* (m/z 1319), and the heterodimer complex ion [1-3-
Sc,(OTf)s]* (m/z 1405). c) The MS/MS spectrum of the radical complex ion
[4-Sc(OTY),]*" (m/z 544) of the same reaction solution shows the character-
istic fragmentation of CF,SO; (— 130 Th (Thomson)) to give fragment ion
m/z 414 accompanied by adduct ions with H,O (m/z 432) and diethyl ether
(m/z 488), which are formed by ion—molecule reactions in the ion trap.?”)
d) The MS/MS spectrum of the substrate—radical complex ion [1-4-
Sc,(OTf)s|" (m/z 1364) of the same reaction solution shows fragmentation
to give the substrate complex ion [1-Sc(OTf),]" (m/z 671) and the radical
complex ion [4-Sc(OTY),]" (m/z 544).
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cally important radical reaction.?® 2l The addition of zert-
butyl iodide (5) to dimethyl 2-cyclohexyl-4-methylenegluta-
rate (6) mediated by (Me;Si);SiH gives the addition product 7
in good yields (Scheme 2).2") We studied this reaction by
ESIMS and could easily monitor substrate 6 and product 7
(Figure 2a). We could also detect the intermediate
adduct radical 8 by MS/MS as complex ion [8-Sc(OTf),|"
and independently as heterodimer [6-8-Sc,(OTf)s]* (Fig-
ure 2b,c).B

((CHa)gSi)sSiH

Initiator
e O Bul
© 7 © ((CHg)sSi)sST 5
((CH3)3Si);Sil
((CHa)sSi)sSiH By’
O A O
O 8 O Py O
O ¢ O

Scheme 2. Tris(trimethylsilyl)silane-mediated addition of fert-butyl iodide
(5) to glutarate 6 to give stereoselectively 7 via adduct radical 8.2%

The detection of the heterodimer radical complex ions in
Sc(OTf);-mediated radical reactions provides information
that can not be obtained by other techniques and may be
important for the stereochemical outcome, for example, of the
hydrogen transfer to radical 8.%°1 This information can only be
obtained by ESIMS because this technique allows all ionic
species in solution to be detected and characterized by their
MS/MS spectrum.

In conclusion, we have shown for the first time that
transient radicals in radical chain reactions can be detected
unambiguously by ESIMS. Furthermore, substrates and
products can easily be monitored. New insights have been
obtained in the mechanism of Sc(OTf);-mediated radical
chain reactions. The method seems to be generally applicable
to the investigation of reactions in solution and to the
detection of intermediates, and most importantly, of reactive
intermediates. For example, we have been studying
the dissociation of carbon-heteroatom bonds as the rate-
determining step of Syl and El reactions. All significant
effects described in textbooks of organic chemistry could
easily be demonstrated by direct measurement of the
carbocations and the respective anions formed in the disso-
ciation equilibrium. The method can be applied to all
reactions in solution, as long as the species of interest are
ionic species or can be ionized.['"]
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Figure 2. a) Positive-mode ESI mass spectrum of the tris(trimethylsilyl)si-
lane-mediated addition of tert-butyl iodide to 6 in the presence of Sc(OTf);
in diethyl ether to give the addition product 7 (see Supporting Informa-
tion). Monomeric and dimeric complex ions of substrate 6 (m/z 597, 851,
1343), product 7 (m/z 655, 729, 1457), and heterodimer complex ions of 6
and 7 (m/z 909, 1401) are observed. A signal of the intermediate radical
complex ion (m/z 654) is not evident. b) The MS/MS of the ion at m/z 654
shows the fragmentation of the radical complex ion [8 - Sc(OTf),]|*. The loss
of CF,SO; (—130Th) and the attachment of H,O and diethyl ether to
the complex ions is characteristic.*!! ¢) The MS/MS spectrum of the ion at
mlz 1400 shows the loss of 8-Sc(OTf); (803 Th) to give [6-Sc(OTf),]*
(mlz 597) (see Figure2a), and loss of 6-Sc(OTf); (746 Th) to give
[8-Sc(OTH),]* (m/z 654) (see Figure 2b).
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MS/MS spectrum of m/z 654 ([8-Sc(OTf),|*, Figure 2b) and of m/z

1400 ([6- 8- Sc,(OTf)s]*, Figure 2¢) were obtained. Control measure-

ments of substrate 6 and product 7 in the presence of Sc(OTf); showed

no signals that can be assigned to the monomeric and heterodimeric
radical complex ions.

[31] The shape of the peak at m/z 597 provides unambiguous evidence for
the addition of diethyl ether to the complex ion with m/z 524; see also
ref. [27].

[30

2,3,5,6-Tetrafluorophenylnitren-4-yl: A
Quartet-Ground-State Nitrene Radical**
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The interaction of unpaired electrons coupled by conju-
gated m-systems has been studied intensively during the last
decade.l'31 Also, a few heterospin systems combining differ-
ent spin-carrying units within one molecule have been
described. As these studies were aimed at the development
of molecular magnets, stable organic radicals were utilized,
which were coupled to photochemically generated nitrenel® °
or carbenel™ units through m- or p-phenylene linkers.
Systems containing highly reactive radicals (e.g. the phenyl
radical) in addition to a nitrene or carbene have not been
investigated so far. A molecule of this type is 2,3.5,6-
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tetrafluorophenylnitren-4-yl (1), which is formally generated
by substituting a nitrogen atom for an oxygen atom in
tetrafluorooxocyclohexadienylidene (2).

Ne Ne
F: ﬁ :F F: i :F
F7F F7Y
1A 1B
T o 0.
F F F F
F7NF F F
2A 2B

For compound 2, a triplet ground state has been determined
experimentally by using ESRI and IR spectroscopy'l, as
well as theoretically based on quantum-chemical calculations.
The electronic structure of 2 can be described by the
resonance structures 2 A (carbene) and 2B (phenyl/phenoxyl
diradical). For the nitrene radical 1, which bears an additional
unpaired electron, DFT calculations predict a quartet ground
state 2.7 kcalmol~! below the lowest doublet state (UB3LYP/
6-311G(d,p) + ZPE). The electronic structure of 1 is also
qualitatively represented by two resonance structures: struc-
ture 1A corresponds to a combination of a carbene with an
iminyl radical, structure 1B to that of a nitrene and a phenyl
radical. Two electrons are localized in the o plane, one at the
nitrogen atom (iminyl radical), the other at the C4 atom of the
phenyl ring (phenyl radical). The third unpaired electron is
delocalized over the m system and exhibits high spin densities
at the nitrogen atom as well as at the C4 atom. Thus, 1 can be
represented by the electronic structure of a delocalized
carbene (1A) and a delocalized nitrene (1B), which share a
common 7 electron. Both carbenes and nitrenes have similar
structures: open-shell systems with triplet ground states, and
thus the parallel alignment of the spins of all three electrons is
energetically most favorable; this leads to a quartet ground
state.

Photolysis of aryl azides in cryogenic matrices is a well-
established method for the generation of triplet aryl ni-
trenes.'>41 Short-wavelength irradiation of aryl iodides has
recently been applied to generate various fluorinated phenyl
radicals and didehydrobenzenes, which were studied by
matrix-isolation spectroscopy.’> ' Therefore, 4-iodo-2,3,5,6-
tetrafluoroazidobenzene (7; see Scheme 2) was used as a
precursor for 1. The perfluorinated system was chosen
because, in contrast to the unsubstituted phenylnitrene
(3),1217 for 2,6-difluorinated phenylnitrene derivatives the
irreversible ring expansion to the corresponding didehydroa-
zepine (4; Scheme 1) was not observed under the conditions
of matrix isolation.['> % 8] Instead, 2,6-difluorophenylnitrene
and pentafluorophenylnitrene (5) react reversibly to the
azirine derivatives (6) upon irradiation with light of wave-
length 444 nm.['

The IR spectrum of 7, matrix isolated in solid argon at 3 K,
exhibits the characteristic v(NN) vibration of the azido group
at 2131 cm™! (Figure 1a). The absorptions of 7 disappear upon
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