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Abstract: The coupling of a simple microreactor to an atmospheric pressure ion source, such as electrospray
ionization (ESI) or atmospheric pressure chemical ionization (APCI), allows the investigation of reactions
in solution by mass spectrometry. The tris(p-bromophenyl)aminium hexachloroantimonate (1°*SbCls™)-
initiated reactions of phenylvinylsulfide (2) and cyclopentadiene (3) and of trans-anethole (5) and isoprene
(6) and the dimerization of 1,3-cyclohexadiene (8) to give the respective Diels—Alder products were studied.
These preparatively interesting reactions proceed as radical cation chain reactions via the transient radical
cations of the respective dienophiles and of the respective Diels—Alder addition products. These radical
cations could be detected directly and characterized unambiguously in the reacting solution by ESI-MS—
MS. The identity was confirmed by comparison with MS—MS spectra of the authentic radical cations obtained
by APCI-MS and by CID experiments of the corresponding molecular ions generated by EI-MS. In addition,
substrates and products could be monitored easily in the reacting solution by APCI-MS.

Introduction and Eberlin et al2 examined the Heck olefination of aryl

The recent developments of mass spectrometric ionization diazonium tetrafluoroborateg Wit.h a palla_dium catalyst by ESI-
methods at atmospheric pressure (API), such as the atmospherié!S and detected aryl palladium intermediates. In the palladium
pressure chemical ionization (AP&P and the electrospray dlchlo_rlde-catal_yzed cogpllng of vinylic teIIl_Jrlde_s W|t_h alkynes,
ionization mass spectrometry (ESI-MSgnable the investiga- cationic Pd—Te_lntermed|ates were, for the first time, intercepted
tion of liquid solutions by mass spectrometry. These ionization and characterized by ESI-M84S 12 . .
methods opened up the access to the direct investigation of The group of Arakawa used an on-line ESI-MS system in
chemical reactions in solution via mass spectrometry. In 1986, Which a flowthrough photoreaction cell was attached to an
the first real-time mass spectrometric investigation in electro- electrospray interface to detect intermediates of photochemical
chemical reactiorfswas reported. The API methods were used reactions of some transition-metal complexes, with a lifetime
to detect and examine intermediates of reactions in solution. of @ few minutes? Via direct irradiation of samples in an
The investigations were mostly performed off-line, for example, OPtically transparent tip of an ESI source, Amster et al.
with the oxidation of tetrahydropterins to radical catiértae ~ Succeeded the direct detection of short-lived iraiclopenta-
homogeneously catalyzed reactions, such as the Suzuki refiction,di€ne complexes as key intermediates of cationic photoinduced
and the palladium-catalyzed oxidative self-coupling of arenebo- Polymerization of epoxide¥.
ronic acids’ as well as the Mitsunol§tand Wittig reactions. Chen et al. used ESI-MS to generate and isolate the active
Recently, Eberlin et d detected a cyclic oxatitanium inter- ~ SPecies of homogeneously catalyzed reactions, such as Ziegler
mediate of the Petasis olefination by APCI-MS. Roglans &t al. Natta polymerizatiotf or Olefin metathesi] and studied the
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reaction with the substrate in the gas phaseHCctivation of
cationic iridium(I1l) complexe® and platinum(ll) complexe¥,

as well as the high-valent oxorhenium complex-catalyzed
aldehyde olefinatiod? was investigated. Feichtinger and Plattner
used the same technique to investigate the formation and
reactions of the active species of epoxidation catalysts (i.e.,
oxomanganesesalen complexes).

The reaction mechanism is the detailed, step-by-step descrip-

tion of a chemical reaction. Most chemical reactions take place
through a complex sequence of steps via reactive intermediates
Simple methods for their direct detection, if possible under the
conditions of the preparative reaction, are essential for elucidat-
ing and understanding the mechanisms of synthetically important
reactions in solution. We introduced a novel method to
investigate, directly, transient C radicals in preparatively
important radical chain reactions in solution by ESI-MS, coupled
to a microreactor system. The respective radicals were detecte
unambiguously and characterized by ESI-M8S .22

Recently, we reported the first investigation of an electron
transfer-initiated radical cation chain reaction in solution using
the microreactor coupled ESI-MS system. The transient radical
cations of the trigf-bromophenyl)aminium hexachloroanti-
monate {**SbCk~)-mediated [2+ 2] cycloaddition oftrans
anethole were detected and characterized directly and unam
biguously in the reacting solution by ESI-M$31S.23

Tris(p-bromophenyl)aminium hexachloroantimonate Gb-
Clg™) is a well-known, commercially available compound. It is
a deep-blue salt consisting of a tpdfromophenyl)aminium
radical cation {**) and a hexachloroantimonate anion (Sp€l
The redox behavior of bromo-substituted triarylamines, in
general, was studied systematically by Schmidt and Steckhan
by cyclic voltammetry?* thus the positive oxidation potential
was shown to be 1.30 V against NHE (normal hydrogen
electrode), indicating that*SbCk™ is a one-electron oxidant.
For this reason, it was often used as an electron-transfer initiator
in organic synthesis, for example, in electron-transfer-initiated
Diels—Alder reactions and other cycloadditions pioneered by
Bauld and co-workers, which have been recently summatfzed.

The reaction of phenylvinylsulfide2] and cyclopentadiene
(3) to give 5-(phenylthio)norbornend); mediated by aminium
salt 1°*SbCk™, is a very interesting example of an electron-
transfer-initiated Diels Alder reaction which proceeds via a
radical cation chain mechanism, as was shown by kinetic
investigationg>26The following reaction mechanism has gener-
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Scheme 1. Tris(p-bromophenyl)aminium Hexachloroantimonate
(1e7ShClg™)-Initiated Radical Cation Chain Reaction of
Phenylvinylsulfide (2) and Cyclopentadiene (3) To Give the
Diels—Alder Product 5-(Phenylthio)norbornene (4) via the Reactive
Intermediates, 2°* and 4**
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ally been accepted (Scheme 1). The stable radical cation
oxidizes dienophile to radical catior2*™ which adds to diene

3, resulting in radical catiod**, which is reduced by substrate
2 to give the Diels-Alder cycloaddition product4. The
occurring reactive intermediates were indirectly established by
kinetic investigations. However, both transient radical cations
27 and 4" have not been directly detected in the reacting
solution (e.g., by ESR or UV spectroscopy). Preparatively, this
reaction experiment was carried out by the addition of a 30
mol % solution of1**SbCk~ in dichloromethane to a solution
of 2 with 14 equiv of3 at 0°C; the Diels-Alder cycloaddition
product, 5-(phenylthio)norbornend)( was obtained in 30%
yield with anenddexoratio of 3:1 after a few minute%.

In chemical textbooks, electron-transfer (ET) processes are
classified as outer sphere ETs, involving no significant covalent
interactions between donor and acceptor, or inner sphere ETs,
involving significant weak to strong covalent interactions
between donor and accept§iSome years ago, Bauld postulated
a further mechanism for the electron transfer of the pris(
bromophenyl)aminium radical cation to phenylvinylsulfide.
Evidence for such a mechanism was found by kinetic investiga-
tions combined with substituent effect studies, which support
an electron-transfer process involving an electrophilic attack by
the aminium salt to the neutral phenylvinylsulfide, thus forming
a distonic radical cation intermediate followed by homolysis
of the newly formed covalent bond to give the amine and the
phenylvinylsulfide radical catio®2° Furthermore, Bauld dis-
cussed the position of the electrophilic attack and differentiated
between the attack at the unsubstituted vinyl carbon and the
nucleophilic sulfur atom (Scheme 2). Stereochemical studies
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Chem. Soc1987, 109, 1157-1160.

(27) Bauld, N. L.; Aplin, J. T.; Yueh, W.; Loinaz, Al. Am. Chem. S0d.997,
119 11381+-11389.

(28) Huheey, J.; Keiter, E.; Keiter, Rnorganic Chemistry: Principles of
Structure and Reaatity, 4th ed.; HarperCollins: New York, 1993.

(29) (a) Aplin, J. T.; Bauld, N. LJ. Chem. Sog¢Perkin Trans. 21997 853—
855. (b) Bauld, N. L.; Aplin, J. T.; Yueh, W.; Endo, S.; Loving, A.
Phys. Org. Chem1998 11, 15-24. (c) Bauld, N. L.; Aplin, J. T.; Yueh,
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Scheme 2. Possible Structures of the Distonic Radical Cation phenylvinylsulfide 2 and
Intermediate in the Two-Stage Polar Electron Transfer from cyclopentadiene 3 (1:5)
Tris(p-bromophenyl)aminium Radical Cation (1*") to in dichloromethane
Phenylvinylsulfide (2) (refs 27 and 29)

O Y

Pl
Carbon-Attack Sulfur-Attack in dichloromethane
Figure 1. The microreactor allows for the effective mixing of the reactants
of deuterated compounds suggested the attack was at the sulfuin solution (e.g., o2 and3 with 1**ShCk~) and the transfer to the mass
atom. spectrometer.

Many more Diels-Alder reactions of electron-rich alkenes,

such as dienophile, with electron-rich 1,3-dienes initiated by
the aminium saltl**SbCk~ have been studied, namely, the

HPLC fittings

- ES| spray capillary

micro reactor

we can cover reaction times from 0.7 to 28 s. Longer reaction times
can easily be realized using a fused silica transfer capillary of variable

. . . length between the microreactor and the spray capillary. Via a fused
0 30
reaction of anetholes] and isopreneq) (22% yield); as well silica transfer capillary, the microreactor was connected to the LCQ-

i i ati i iald)31
as the Q|mer|;atlon Qf 1,3-cyclohexadier® (70% yield): ) APCI source. APCI mass spectra of the reacting solution can be
Me.Chan'St'C d!agnOSIS methods for the operation of radical 45cquired by this method in a reaction time range of approximately 1 s
cation mechanisms have been develoff¢dowever, up to now, to a few minutes.

it has not been possible to detect directly in the reacting solution ) gperation conditions of a spray voltagede kV and a heated

the transient radical cations of this important type of reaction. capillary temperature of 156C were utilized, whereas in the APCI

We decided to study some important examples of this reaction mode, a vaporizer temperature set to 300 a corona discharge of 3
by microreactor-coupled API-MS, focusing on the direct detec- uA, and a capillary temperature of 13C were employed. Collision-
tion and mass spectrometric characterization of the transientinduced dissociation (CID, collision gas helium) was performed in the
radical cations involved. Because the ESI method, in contrastion trap region. The effective isolation width for CID experiments was
to APCI, normally releases ions preformed in solution, it can setat 1.0 u, with a collection time up to 500 ms. Data acquisition and
be expected that the transient radical cations should be detectabl@nalysis were done with the Xcalibur (version 1.2, Thermoquest
by ESI-MS-MS in the reacting solution under quasi-stationary Finnigan) software package. Additionally, ESI-MS experiments have
conditions, despite the presence of other species as was showneen carn_ed out on the quadrupole tlr_ne—of_—ﬂlght instruments (Ultima
in the example of the [2- 2] cycloaddition of anetholé First, Q-ToF, M'Crom"_’lss_) ar_]d Q'Star_ (Applied Biosystems). o
we decided to study the APCI-MS spectra of substrates and The electron ionization experiments were performed using Finnigan
products to obtain MSMS spectra of the authentic radical MAT 95 (Ther.mo. Finnigan MAT) with an ion source temperature of

. . . . 220°C, an emission of 0.1 mA, and an electron energy of 70 eV. The
cations we wanted to detect and to investigate the respective . : : . X .

. . . CID spectra in the first free-field region were taken using a B/E-linked

reactions by APCI-MS to measure a reacting solution. For can
comparison, the MSMS spectra of the radical cations formed '

Lo - Reaction of Phenylvinylsulfide and CyclopentadieneA solution
_by _ele_ctron lonlzatlon_ (El) should be Smdled_’ as well. The of tris(p-bromophenyl)aminium hexachloroantimonate*§bCk™), 1
intriguing results obtained are presented in this paper.

x 1074 mol L7, and a solution of phenylvinylsulfide?), 1 x 1072

Experimental Section mol L%, with cyclopentadiene3), 5 x 10°° mol L%, both in
) o ] . ~ dichloromethane, were mixed using a dual syringe pump feeding the
Tris(p-bromophenyl)aminium hexachloroantimonate*8bCh ), microreactor that was coupled directly to the ion source of the mass
trans-anethole %), isoprene §), and 1,3-cyclohexadieneB)( were spectrometer (Figure 1). The reacting solution was fed continuously

obtained from Aldrich (Steinheim, Germany). Phenylvinylsulfi@g, ( into the MS and investigated by APCI-MS and ESI-MS, as described
dicyclopentadiene, and dichloromethane were purchased from Fluka e

(Deisenhofen, Germany). CyclopentadieBewas freshly distilled from . . . _
dicyclopentadiene. Dichloromethane was distilled after refluxing over Reacilon oftrin sAnethole af‘d Isoprene.The solution 021 +SbCEl’
calcium hydride, and cyclohexadiene was distilled over sodium. The l_X _10 mol L™, and a350|ut|0r110f an_etholéx 1> 107 mol L .
other chemicals were used without further purificatiemddexo5- W'th Isoprene ©). 5x 107 mol L N dlchlpromethane, were mixed
(Phenylthio)norbornenet andtrans-1,5-dimethyl-4-(4methoxyphe- in the microreactor and fed continuously into the MS system.
nyl)cyclohexene 7) were synthesized according to published proce- ~ Reaction of 1,3-Cyclohexadiene Analogously, the solution of
dure€”® and characterized biH and3C NMR. 1*ShCk™, 1 x 10~ mol L%, was mixed in the microreactor with a
API-MS experiments were performed using a Finnigan LCQ solution of 1,3-cyclohexadiene8), 5 x 103 mol L™* in dichlo-
(Thermo Finnigan, San Jas8A) quadrupole ion trap mass spectrom- romethane, and the reacting solutions were examined by MS.
eter equipped with a standard ESI and APCI ion source. The standard Control Experiments. Solutions of substrate® 2 with 3, 5, 5 with
ESI source of the LCQ was used with a stainless steel metal capillary 6, and8, as well as productand?, each in dichloromethane, however
(110 um i.d., 240um o.d., 120.5 mm of length, Metal Needle Kit,  without 1"*SbCk~, were investigated in the same way by ESI-MS
Thermo Finnigan), with a volume of 1.14.. Sample solutions were MS. Radical cation&t, 4+, 5+, 7+, 8"+, and9"* could not be observed
infused using the dual syringe pump of the LCQ by varying the flow in these experiments. Solutions of produgts, and9, in the presence
rate in a range of 2:5100 uL/min. By connecting a microreactor  of 1+*SpCk~, were studied in the same way. Radical catidris 7,
(ALLTECH, PEEK mixing tee; see Figure 1) to the ESI spray capillary, and9* could not be detected. A solution of substratand product
was mixed in the microreactor with a solution Bf SbCk~ and was
g% E{mﬁﬁsbpj_vai?ﬁ“g’ DN_'; g:&lrg’hﬁ‘_jrﬁ?l%?_ é%fé?g;%géi 103 investigated by ESI-MSMS. Cation2"" was detected unambiguously;
718-720. 4-*could not be detected.

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14487
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Figure 2. Positive APCI mass spectrum of the reacting solution of )
phenylvinylsulfide @), cyclopentadiene 3], and trisp-bromophenyl)- 100 1732
aminium hexachloroantimonatd*tSbCk~) in dichloromethane after a 1871
reaction time of approximately 20 s. | -60u

42 u @—h
| -
Results i i
| -33u

rel. intensity

1. Reaction of Phenylvinylsulfide (2) and Cyclopentadiene
(3): APCI-MS Measurement. The separate measurements of

/9

-29u

202.3

substrate? and3 and product by APCI-MS were the starting 154
point of the investigations. In the APCI mass spectrum of a J MJ
solution of2 in dichloromethane, an intensive ionratz 137, [P ESUURONRNPURY VU 1 W G ORI WO ¥ OV WY SR 1 1 S
due to the protonated molecul2  H]*, an ion atm/z 136, 120 1“0 W, 20
due to the radical catiofr*, and an ion atw/z 185, which can  Figure 3. (a) APCI-MS-MS spectrum of the molecular ion of phenylvi-
be identified via the characteristic isotopic pattern to become a nylsulfide 2+ (m'z 136). (b) APCI-MS-MS spectrum of the molecular
cationized moleculeZ + CH,CI]*, are detected. This chlo- o of 5-(phenylthio)norbornend™ (m/z 202).
romethylen adduct ion was found as a typical ion formed in
the APCI spray process using dichloromethane as the solvent. 40
Product4 was measured analogously. The spectrum shows the
protonated molecule4[+ H]* (m/z 203), the 5-(phenylthio)- :
norbornene radical catiod*(") atnmyz 202, and, in addition, the
chloromethylen adduct iom[+ CH,CI]* at m/z 251. In both
cases, the protonated molecules and the radical cations are
generated in the APCI process. Cylopentadignas examined
analoguously. Remarkably, there were no characteristic signals
of 3 to observe directly in the APCI-MS experiment. Thas,
was not ionized in the APCI process using dichloromethane as U S —
the solvent. 85 95 s 118 125 135
To investigate the DielsAlder reaction, a solution of
1**SbCk~ and a solution of with 3, both in dichloromethane,
were efficiently mixed in the microreaction system and fed
continuously into the APCI-MS. In Figure 2, the mass spectrum
of the reacting solution after a reaction time of approximately
20 s is presented. Atz 479-486, signals derived from
1**SbCk~ are observed. The signals of substrateand of
product4 can be recognized, as well, thus pointing out that a
solution with an ongoing reaction is being investigated. Some
additional ions were observed in the APCI mass spectrum of
the reacting solution, giving evidence for the formation of minor
byproducts. 0
APCI-MS —MS of Radical Cations 2t and 4". Radical mz
cations2't and4** are formed in the APCI process, allowing Fiélwfié- 253) %Dln;gsszspemgm tOf glé%e?;f?ﬁed parent ior;;fi%ginylw-
the characterization of authengt” and4** by MS—-MS (Figure %g.u(t;)%lD gnazs sp)éctl?ljc’nTﬁf Ilzr:—ge(ner;teg paﬁ’g?sis;%?%—(phenylthio)—
3a,b). norbornenedt (m/z 202). Zoomed into (20-fold) the mass rangenaf
EI-MS —MS of the Molecular lons of Phenylvinylsulfide 115-195.
(2) and 5-(Phenylthio)norbornene (4)Radical cation®* and
4t can also be generated by the El ionization of substtate
and product, respectively. The high-energy CID mass spectrum APCI-MS—MS (Figure 3b), an intensive retro-Dieté\lder
of the parent ion of phenylvinylsulfid2 (Figure 4a) shows the  fragmentation to give the product ionz 136. It seems to be
same fragmentations as the APCI-MS-MS spectrum (Figure 3a).remarkable that the latter fragmentation cannot be observed in
The CID mass spectrum of the 5-(phenylthio)norbornene the low-energy CID in the ion trap.

T x25

136.0

Intensitat

91.1

rel.

1 921 135.0

b) f x20 )

100 136.1 202.1

rel. Intensitéat

1731

142.2 187.1

1341 169.1

I I
UL L N

A
L L L B B s B B

molecular iond** (Figure 4b) shows, in comparison to that of
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Figure 5. Positive ESI mass spectrum of the reacting solution of b) me
phenylvinylsulfide ), cyclopentadiene 3], and trisp-bromophenyl)- 100+ 202.3
aminium hexachloroantimonatd*{SbCk~) in dichloromethane after a "
reaction time of approximately 14 s. -60u @\—I
S
ESI-MS Investigation of the Diels-Alder Reaction of > | ' -42u / @
Phenylvinylsulfide (2) and Cyclopentadiene (3)The reacting ';.”, -334 4
solution of thel**SbCk-initiated Diels-Alder reaction of2 3 187.1
and 3 was examined by ESI-MS. The mass spectrum, after a | _29u
reaction time of 14 s, is depicted in Figure 5, showing the '
. . . . . K 142.0 1733 -15u
intensive signal of radical catiolt* atm/z 479-485, with the 1342 1600 16“ \‘—
characteristic isotopic cluster of three bromine atoms. Substrate ob———— b I
2 and product are not ionized in the ESI process. The transient ' 140 e 20

radical cations2*™ (m/z 136) and4't (myz 202) cannot be Figure 6. (a) ESI-MS-MS spectrum of iomvz 136 of the reacting solution

unambiguously detected in the spectrum directly. Zooming into ©f phenylzinylsmﬁllﬁde 2), CVC|0Fée€é%C(‘:izn)e_30,d§nrﬂ tfiS@-bgomOPhﬁnyl)-
. : aminium hexachloroantimonaté® ) in dichloromethane, showing
the chemical underground, we observe recognizable very Weakidentical fragmentations compared to those in the APCHWES spectrum

signals at the expected values of the radical catiofEs136 of the authentic radical catio2r* (Figure 3a). (b) ESI-MSMS spectrum
and 202, respectively. Remarkably, signals of similar intensity of ion m/z 202 of the same reacting solution, showing identical fragmenta-

were observed atvz 135 and 137. as well as at¥'z 201 and tions compared to those in the APCI-M#S spectrum of the authentic
203 ’ radical catiordt (Figure 3b).

Using the MS-MS technique”, which allows the separation Scheme 3. Tris(p-bromophenyl)aminium Hexachloroantimonate

: . . . (1**ShClg™)-Initiated Diels—Alder Reaction of trans-Anethole (5)
of the ions of interest from all other ions and, by CID, their ;4 Isoprene (6) To Give

mass spectrometric characterization, we could detect and identifytrans-1,5-Dimethyl-4-(4'-methoxyphenyl)cyclohexene (7) via the
both radical cations2** (Figure 6a) and4* (Figure 6b)  Reactive Intermediates, 5" and 7** (ref 30)

unambiguously in the reacting solution, using the ion trap as \O@_//— 5
well as the Q-Tof instrument. This is confirmed by comparison

with the APCI-MS-MS spectra of the authentic ions af* ‘ 1"t
(Figure 3a) andi*™ (Figure 3b). The obtained spectra are nearly

identical. A cyclopentadiene radical cation could not be \ D ‘o
observed. The ions atvz 135, 137, 201, and 203 were 0@""Q © *
7 5

investigated by ESI-MSMS and identified by comparison of

the those of the spectra obtained by APCI-M8S as R — 6
H]™, [2 + H]T, [4 — H]T, and B + H]™, respectively.
To rule out that2’™ and4*™ are generated in small amounts ~ \ / o
o—< >—/
by the ESI process itself, control experiments in the absence of % Q _l
1°*SbCk~ were performed. Solutions o2, 3, and 4 in 5
dichloromethane were examined by ESI-ME®S. In the ot

appropriate MSMS experiments2:™ and 4" could not be
observed, giving clear evidence that the ESI process neithernvz 615-624. Experiments to detect this intermediate directly
oxidizes substrat® to 2*" nor product4 to 4**. Thus, radical by MS—MS, as described for radical catioBs and4**, were
cations2't and4'* are not formed during the mass spectrometric not successful using the ion trap as well as the Q-ToF
ionization process in the ESI source, pointing out that transient instruments.

radical cation®'* and4** (Figure 6b,c) were detected directly 2. Reaction oftrans-Anethole (5) and Isoprene (6).The

in the reacting solution. Finally, to rule out thétt" is formed Diels—Alder reaction oftrans-anethole $) and isoprenef) to
by oxidation of produc# under reaction conditions, or in the give trans-1,5-dimethyl-4-(4methoxyphenyl)cyclohexen&)(
ion source, solutions of produdtand 1°*SbCk~ were mixed initiated by aminium salt**ShCk~ (Scheme 3) was investigated
in the microreactor and investigated as described above for theanalogously®

reacting solution. Catiod** could not be detected. Substrates, product?, and the respective reacting solution

The postulated distonic radical cation of the two-stage polar of the Diels-Alder reaction were studied by APCI-MS. The
mechanism of electron transfer (Scheme 2) is to be expected afprotonated molecule and the radical cation of subst&tand
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Figure 8. (a) ESI-MS-MS spectrum of ionm/z 80: radical catior8'* of
the reacting solution of cyclohexadien8) (and 1**SbCk~ in dichlo-
8 romethane. (b) ESI-MSMS spectrum of ionm/z 160: radical catior®+
in the same reacting solution.

@ I solution of8 in dichloromethane was examined by APCI-MS.

8 @@ Remarkably,8 could be ionized; however, it did show a
o+ relatively low signal-to-noise ratio, giving evidence that the

ionization is not very efficient. The APCI mass spectrum shows

1,5-dimethyl-4-(4methoxyphenyl)cyclohexen&)( respectively, the protonated molecul@ [+ H]* atmyz 81, the radical cation
could be observed in the APCI mass spectra, allowing the 8" atm/z 80, the protonated molecul® f+ H]* at m/z 161,
characterization of authentic radical catiem by APCI-MS— and the9** atm/z 160. The APCI investigation of the chemical
MS. Isoprene ) was not ionized and thus not observed in the reaction by mixing the substrate solution with a solution of
mass spectrum of the reacting solution. Remarkably, the minor aminium saltl**SbCk~ shows the protonated produét+ H]*
formation of 1,2-bis(4-methoxyphenyl)-3,4-dimethylcyclobu- With a higher intensity and substrat® f H]* with a lower
tane, the product of the [2 2] cycloaddition of anethole5], intensity compared to the measurement of the solutioB. of
was observed in the reacting solution as a protonated moleculeAuthentic radical cation8'* and9"* could be characterized in
atmyz 297 and a radical cation at'z 29623 The high-energy the reacting solution as well as in the solution8oby APCI-
CID mass spectrum of the molecular ion of Dielsider product MS—MS.
7 shows the RDA fragmentationm(z 148) in addition to the The ESI mass spectrum of the same reacting solution showed
fragmentations observed in the APCI-M8IS spectrum. the intensive ion of radical catidh™ atnm/z 479-485. Zooming

The ESI mass spectrum of the reacting solution shows the into the chemical underground, we observed and investigated
intensive ion ofl** and the very low intensity signals near the ions of m/'z 80 and 160 by MSMS. The obtained ESI-MS
chemical noise atvz 148 and 216 analogously to those shown MS spectra of'z 80 and 160 (Figure 8) are nearly identical to
in Figure 5. Transient radical catidst™ (m/z 148) could be those in the APCI-MSMS of the authentic radical cations of
detected by MSMS in the reacting solution. The MSVS 8 and 9", respectively, giving unambiguous evidence that
spectrum is in perfect agreement with that of ref 23. The secondtransients8** and9'* are present in the reacting solution.
reactive intermediate/**, of the radical cation chain reaction
could also be detected by M3AS (Figure 7). Both transient
radical cations were detected using the ion trap as well as the Steady-state conditions are necessary for the detection of the
Q-Tof instrument. The obtained ESI-M$/S spectrum of7*™ transient radical cations in the radical cation chain reactions
is nearly identical to the APCI-MSMS spectrum of the (Schemes 1, 3, and 4) by ESI-MS. Therefore, when the solution
authentic radical catioi@**. A radical cation of isoprenes(t) containing the substrates and the solution with the initiator
could not be detected by MSVIS in the reacting solution. 1°*SbCk~ are mixed in the efficient micromixer, the chain

3. Dimerization of 1,3-Cyclohexadiene (8)The 1*"SbCk - reaction is started and steady-state conditions are established.
initiated dimerization of cyclohexadien8)(via radical cations Thus, pumping the reacting solution continuously in the ESI
8" and 9" to give the Diels-Alder dimerization produc® source, a quasi-stationary concentration of the radical cations,
(enddexq 5:1F! was studied analogously (Scheme 4). First, a the reactive intermediates of the chain reactions, will be

9

Discussion
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transferred in the mass spectrometer. Because the ESI method Radical cation®'*, 4+, 5, 7°*, 8'F, and9"* could not be
normally releases ions preformed in solution, it can be expectedobserved in the performed control experiments in the absence
that these radical cations should be detectable by ES-MS of 1°*SbCk~. These findings led to the conclusion that the ESI
MS in the reacting solution, despite the presence of other process oxidizes neither substrates nor products to the respective
species. The quasi-stationary concentration is estimated to beradical cations and pointed out that the transient radical cations
approximately 1x 1077 mol L™1, assuming a diffusion-  were detected directly in the reacting solution. Furthermore,
controlled termination reaction. This concentration is 3 orders oxidation experiments by mixing products 7, and 9 with

of magnitude lower than the concentration of radical catign 1*SbCk~ showed no respective radical cations, thus excluding
Thus, the ions of the transient radical cations are expected tothe possibility of their formation in the in the gas phase during
disappear in the chemical noise and will not be unambiguously ESI by the in-source reaction of products with. Additionally,
detected in the normal ESI mass spectrum. However, their when substrat@ and produc#é were mixed with a solution of
concentration is high enough to allow the detection and 1°*SbCk~, we detected radical catia®t* but not4**, giving
characterization by ESI-MSMS, considering the fact that the  clear evidence that radical catieit” was not formed by the
reacting solution is continuously fed in the mass spectrometer in-source reaction o2** and product.

and many spectra may be accumulated. Therefore, it is of It may be mentioned that we observed the formation of the
essential importance that the reaction is not completed at the[2 + 2] cycloaddition product 05, in the reacting solution by
moment of the electrospray ionization to enable the detection APCI, as a minor byproduct. This was also reported to be
of the intermediates. To verify that a solution with an ongoing formed in preparative reactions using a 5-fold excess of dfne.
chain reaction is being studied, it is also important to be able Thus, the [2+ 2] cycloaddition of5 seems to be faster than

to follow the reaction by measuring the decrease of the substratethe Diels-Alder addition to isoprene.

and the corresponding increase of the product. Unfortunately, Bauld?”?*presented convincing evidence of a two-stage polar
the neutral substrates are normally not present as preformedmechanism of the oxidation of sulfideby the aminium radical
ions and will not be ionized by the ESI process. However, this cation1*", giving a distonic radical cation (Scheme 2). We could
was shown to be possible by using APCI-MS. In the APCI not detect this ion directly in the reacting solution. This may
mode, neutral molecules are transferred from the liquid phasehave different reasons. An explanation could be that the
into the gas phase and are ionized at atmospheric pressure viglissociation step is very fast, and thus the lifetime will be too
either protonation, deprotonation, or charge excharigenus, short for the detection by the long collecting ion trap. However,
the APCI spectrum of the reacting solution (Figure 2) showed investigations using a Q-TeRMS with a much shorter collec-
signals of substrat® and product4, and the ESI spectrum tion time failed, as well, to detect this intermediate. Thus, this
showed the intensive signal of the initiatbr", giving clear distonic radical cation may have a very short lifetime, possibly
evidence that the radical cation chain reaction was not yet being, more likely, a transition state.

finished at the moment of ionization. At the moment of  The termination reaction is an important part of a chain
ionization by ESI, as well as by APCI, the reaction in solution reaction. Bauld found a bimolecular chain-termination step by
is being stopped and the mass spectrum will give a picture of kinetic investigations for the DieisAlder dimerization of

the state of the reaction in solution because, in the gas phasecyclohexadiene (Scheme 4) and assumed a bimolecular coupling
bimolecular reactions can be excluded. However, low-energy of radical cation8"* to produce a dicatio?® An alternative
monomolecular reactions of the formed ions, such as rearrange-bimolecular termination reaction could be a disproportion of
ments, are possible and can be expected. Thus, we will observdwo radical cations to give two alkyl cations. The respective
the thermodynamically most-stable isomer. ions were observed in the ESI mass spectrum and characterized
by MS—MS, which may possibly be an indication for such a

Our experimental results give clear evidence that aminium =
termination step (eq 1).

salt-initiated Diels-Alder reactions can be studied successfully
by microreactor-coupled API-MS. It may be mentioned that up ot | oot + +
to now we did not observe any special effects in the microre- & +8 [8-H]" +[8+H] (1)
actor. We us_ed it as efficient micrpmixing system of two On the basis of ab initio calculations, the Dielslder reaction
solutions having a very low flow. This system allowed us to of the 1,3-butadiene radical cation with ethene to give the
detect and to characterize the transient radical cations of cyclohexene radical cationsB15°+ was described as a concerted,
dienophiles3, 5, and8 and adduct radical catiods 5, and9 of nonsynchronous, activationless cycloaddifiéRecent DFT and

the radlc_al cation chain reactions investigated (Schemes 1, 3,high-correlated MO calculations of the Dielalder reaction

and 4) directly and unambiguously by ESI-M®IS. On the  of the 1,3-butadiene radical cation with ethene found a stepwise
other side, it could be demonstrated that radical cations of dienesaddition involving open-chain intermediates and leading to the
3 ands5 are not formed. This was to be expected because thecyclohexene radical caticti.Similar intermediates were found
oxidation potential of cyclopentadieng) (s approximately 0.4 in comparable quantum-mechanical calculations of the radical
V higher than the respective oxidation potential of phenylvi- cation Diels-Alder reactions of 1,3-cyclohexadien8) (and
nylsulfide @), which is oxidized by radical catiofr+.27:32 In indole 36

the case of the DietsAlder reaction oftrans-anethole §) and
H H H H 34) (a) Bauld, N. L.; Bellville, D. J.; Harirchian, B.; Lorenz, K. L.; Pabon, R.
Isoprene 6)’ 5 has an OXIdatlon_ p_OthU&PO.55 v Iower than (34 /E\.;)Reynolds, W. W.; Wirth, D. D.; Chiou, H.-S.; Marsh, B. Kcc. Chem.
that of 6, and thereforé was oxidized by radical catiotr*.33 Res.1987, 20, 371—378. (b) Bauld, N. L Tetrahedron1989 45, 5307~

5363. (c) Bauld, N. LJ. Am. Chem. S0d.992 114, 5800-5804.
(35) (a) Hofmann, M.; ScHar, H. F., lll.J. Am. Chem. Sod999 121, 6719~

(32) Baltes, H.; Steckhan, E.; Sdbg H. J.Chem. Ber1978 111, 1294-1314. 6729. (b) Haberl, U.; Wiest, O.; Steckhan, E.Am. Chem. Sod 999
(33) Bauld, N. L.; Harirchian, B.; Reynolds, D. W.; White, J.LZAm. Chem. 121, 6730-6736. (c) Hofmann, M.; Scifer, H. F., lll. J. Phys. Chem. A
So0c.1988 110 8111-8117. 1999 103 8895-8905.
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Thus, in the radical cation chain reactions studied, radical reaction. The reaction process could be followed easily by APCI.
cations 4**, 7°t, and 9" could be formed by a stepwise For the first time, the transients of these radical cation chain
mechanism, which proceeds via a distonic open-chain radical reactions were detected and characterized unambiguously under
cation followed by ring closure to give the Dielélder radical steady-state conditions in the reacting solution by ESFVS
cation. The MS-MS spectra of4"" (Figures 3b and 6b)7** MS. The detection was confirmed by comparison with APCI-
(Figure 7), and9"* (Figure 8b) give clear evidence that the MS—MS and E-CID MS spectra of the respective authentic
closed Diels-Alder radical cations were observed exclusively radical cations. The microreactor-coupled APl mass spectrom-
under our experimental conditions. The distonic open-chain etry is of importance since it can be genera”y app“ed to all
radical cations can be excluded due to the missing strong chemical reactions in solution. Transient intermediates can be

fragmentation of#**, 7°*, and9"* to m/z 136 "), 148 &), detected, presuming that the species of interest are ionic or can
and 80 @), respectively. Obviously, the ring closure of the g jonized.

possible initially formed distonic ion to give the cyclohexene

radical cations has to be much faster than our long collecting  Acknowledgment. We thank the German Research Associa-
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