Available online at www.sciencedirect.com

SQIENCE<dDIHEOTG

g A

Mass Spectrometry

ge . . S0 N
ELSEVIER International Journal of Mass Spectrometry 248 (2006) 148—154

www.elsevier.com/locate/ijms

Retro Diels—Alder and other electron ionization-induced fragmentation
reactions of 1,2,3,4-tetrahydrobenzopyran-
2,3-dicarboxylic acid derivatives

Rafat Szmigielski, Witold Danikiewicz Karolina Dolatowska, Krzysztof Wojciechowski

Institute of Organic Chemistry, Polish Academy of Sciences, Ul. Kasprzaka 44/52, 01-224 Warszawa 42, PO Box 58, Poland

Received 26 October 2005; received in revised form 9 December 2005; accepted 12 December 2005
Available online 19 January 2006

Abstract

The electron ionization-induced fragmentation paths of various substituted 9,9a-dihygh@}Banzopyrano[2,3]pyrrole-1,3-diones by use
of metastable ions mass spectrometry have been studied. It was found that two main fragmentation pathways are representative for compounds un
study. The first starts at the succinimide ring and its pattern mainly depends on the substituents in the benzene ring. The second one correspor
to the retro Diels—Alder reaction (RDA) that takes place at tetrahydropyran-type ring with charge migration.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction cycloaddition of N-substituted maleimides9 to ortho-
methylenequinone8 generated via thermal extrusion of 50
During our studies on the [4 + 2] cycloaddition of azaho-  from 3H-1,2-benzoxathiole 2,2-dioxide§ (benzosultones;
xylylenes2 (6-methylene-cyclohexa-2,4-diene imines, quinoneScheme B[2]. The latter species seem to be important inter-
methylene imines), generated viathermal extrusion offe@n  mediates in chemical and biochemical reaction pathways as it
2,1-benzisothiazoline-2,2-dioxidds we investigated in detail has been reviewed recen{Bj.
fragmentations of the obtained 1,2,3,4-tetrahydroquinoline Examination ofthe 70 eV El mass spectrum of compolzd
derivatives3 [1] (Scheme 1 showed the presence of a peak corresponding to the ion formedin
The molecular ions of the cycloaddu@&sunderwent com- the course of retro Diels—Alder (RDA) fragmentation reaction.
plex fragmentation processes, among which the important ondaterestingly, the charge was retained on the maleimide frag-
were: (i) multistep formation oN-methylenequinolinium rad- mentrather than on the heterodiene one, i.e., contradictory to the
ical cation4, and (ii) retro Diels—Alder reaction resulting in a results obtained previously for tetrahydroquinoline derivatives
formation of N-phenylmaleimidé and azasrtho-xylylene rad- 3 (Scheme P[1]. This result seemed to be important, especially
ical cation6 (Scheme 2 due to the fact that hitherto there has been little instances towards
Here, we present results of our studies towards the eledRDA processes of tetrahydropyran-type derivatives in the lit-
tron ionization-induced fragmentation of condensed benzopyerature. It is well known that RDA fragmentation is common
ranopyrrolidinodioned0a—f which can be considered as the for tetrahydronaphtalenes and theif Bnd 1A heteroanalogs
oxa-analogues of the studied earlier 1,2,3,4-tetrahydroquinoling.,4,5]. Recently a paper by Martin and co-workers provided
derivatives3. These compounds were obtained in a [4+2]some examples of retro Diels—Alder reaction in reference to
chromene-type derivatives under El, CA and ESI condit[6hs
Our preliminary results prompted us to study El-induced

¥ Do i . fragmentation of compountila and also its derivatives bear-
* Part of this work was presented during 38 Jahrestagung der Deutschen

Gesellschaftiir Massenspektrometrie (DGMS) in Rostock, Germany, 2005. ing SUbStltuentS_m the benzene and succinimide ”ﬂgb_(f)
* Corresponding author. Tel.: +48 22 3432211x2210; fax: +48 22 6326681, {0 g€t better insight into the RDA process. On the other hand,
E-mail address: witold@icho.edu.pl (W. Danikiewicz). compoundd0a—f can be viewed as the derivatives of succin-

1387-3806/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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o a few poorly resolved peaks resulting from ions with the same
Me Me dN—Ph Me o nominal mass.
N 15 °C 2N Y N Fragmentation pathways were confirmed by MIKE and
@:,302 -s0, - Q/\J:Q\(N_Ph linked scan B/E=const. daughter ion spectra recorded for
X ; X, X, o metastable decomposition and, in some instances, also for the

collisionaly induced dissociation (CID) products. Both MIKE
Scheme 1. Synthesis of 1,2,3,4-tetrahydroquinoline dicarboxylic acid derivaand B/E linked scan spectra were recorded using 30 s scan time.
tives. Eight consecutive spectra were averaged to improve signal to
noise ratio. In the CID experiments helium was used as the colli-
sion gas. The pressure in the collision chamber was set to reduce

oHe the parent ion abundance by 50%.
coveral NS Kinetic energy releasel s) values were calculated for the
Me o +- steps J P p(_aak’s widths at 50% of its height and were _corrected for the
N —‘ X . width of the parent ion peak in accordance with the procedure
N—Ph described elsewhelf®]. Series of three consecutive measure-
;@/\I\z ' ments for two selected ions show that the reproducibilitfof
3+

=N values is better than 4%.
| N-Ph + @
o) X 3. Results and discussion
5 6
Scheme 2. Main El-induced fragmentation products of cycloadducts El (70 eV) mass spectra of co.mpounmaa—f are IiS_ted in.
Table 1 Compoundd0a and10b without substituents in posi-
tions 5-8 are representative for all compounds under study,

o . RZ ‘ . , so their fragmentation has been studied in detail. Daughter
o T \[:“’F‘ T afp ion spectra recorded for decomposition of molecular ion of
U@;‘Soz%oqc‘ Jzi ——J R 10b in the first field free region (B/E linked scan) and sec-

R ? A RN o ond field free region (MIKE) show rather complex, however

7af 8af toat ° clear pattern, indicating that fragmentation of this ion occurs

a R'=Ph R?=H Re=Ré=H d R'=Ph, R2=CH, R%=H, R* = 7-NO, along several pathway§ig. 1). The same measurements per-

b R'=Ph R?=CH, R*=R'=H e R'=Ph, R?=CH, R*=5-Cl. R*=7-Cl formed for the molecular ion dfda and all important fragment

¢ R'=Ph,R2=H, R®=H, R*=7-NO, f R'=CH, R2=H,R®*=R*=H

ions, together with the results of the accurate mass measure-
Scheme 3. Synthesis of condensed benzopyranopyrrolidinodiones in a cycloatients, enabled to establish the main fragmentation paths for
dition reaction obrtho-methylenequinones witN-substituted maleimides. 10a and10b.

In general, fragmentation reactions of these compounds can
imide bearing alkyl or aryl substituent at the nitrogen atom. Elbe classified in two groups. The first group covers several pro-
mass spectra of various-substituted succinimide derivatives cesses starting within the five-membered succinimide ring. The
have already been studi¢, 9], however we did not find any second group contains fragmentations initiated within the six-
reports concerning compounds with succinimide ring coupleanembered pyran ring.
with the oxygen-containing six-membered ring.

3.1. Fragmentation reactions starting within a succinimide
2. Experimental ring

Compoundd0a—f were prepared by refluxing of the mixture ~ Analysis of the 70 eV El mass spectra of studied compounds,
of corresponding benzosultongs—{ and appropriately substi- as well as daughter ion mass spectra for their molecular ions,
tuted maleimide® in chlorobenzen]. demonstrates clearly that the fragmentation of these ions takes

All mass spectra were recorded on AMD-604 (AMD Intec- place mainly within the five-membered succinimide ring and
tra GmbH, Germany) double focusing mass spectrometer withroceeds along several pathwagslieme %

BE geometry. Standard EI spectra were obtained under the fol- These reactions result in a stepwise loss of the PhN{CO)
lowing conditions: electron energy, 70eV; cathode emissiorfragmentaccompanied by the loss of one ortwo hydrogen atoms.
current, 0.5 mA; acceleration voltage, 8 kV; ion source tempernder metastable conditions two decomposition channels dis-
ature, 200C. Samples were introduced using direct insertiontinctly predominate: (i) elimination of £4sNO fragment, most
probe heated from 30 to 10C. likely phenylisocyanate molecule (Ri= C = O) giving peaks at

Accurate mass measurements for all significant peaks werne/z 160 for10a andm/z 174 for10b as well as, (ii) net loss of
performed by the narrow range high voltage scanning techniquaniline yielding peaks at/z 186 for10a andm/z 200 for10b, as
at a 10,000 resolving power (10% valley definition) using per-it was shown irig. 1 In our regard the driving force for both of
fluorokerosene (PFK) as the reference compound. The accuratlyese reactions lies in the formation of the cyclic benzoxonium
of mass measurements was better than 10 ppm with exception chtions. Propositions of mechanisms for both reactions along
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Table 1
70 eV mass spectra of 9,9a-dihydrakBfL Jbenzopyrano[2,23]pyrrole-1,3-dioned 0a—f [m/z (relative intensity, %)]
10a 10b 10c 10d 10e 10f
M 279(100) 293(66) 324(100) 338(100) 361(100) 217(56)
[M — OHI* - 276(2) 307(5) 321(8) 344.(4) 200(5)
[M—H,0]™* 261(2) 275(1) 306 (5) - 343(1) 199(2)
[M—COl'* 251(5) 265(4) 296 (4) 310(2) - 189(2)
[M — RINH]* 187(7) 201(11) 232(4) 246 (2) - 187(3)
[M— R!NH,]"* 186 (13) 200(28) 231(2) 245(5) 268(14) 186 (23)
[M — RINCOJ™* 160 (27) 174(50) 205 (18) 219(25) 242 (23) 160(32)
[M — RINHCOJ* 159(12) 173(14) 204(7) 218(3) 241 (5) 159 (4)
[M — RINH,COJ"* - 172(13) - - 240(2) 158(3)
[M — RIN(COY] "™ 132 (36) 146 (24) 177 (54) 191 (16) 214(13) 132(30)
[M — RINH(COY]* 131(82) 145 (84) 176 (79) 190(28) 213(26) 131(100)
[M — RIN(COH),] ™ 130(2) 144(11) 175(2) 189(2) 212(2) 130(6)
[M — RIN(CO)]"*
—OH - 129(3) 160 (11) 174(9) - 115(3)
-R? - 131(100) - 176 (72) 199 (40) -
-NO, - - 131(12) 145 (6) - -
—(NO +OH) - - 130(27) 144(17) - -
3
R 0
- X
R ~c H,
173(7) 187(18) 173(5) 187 (14) 187 (61) 111(7)
Remaining peaks 145(2) 248(3) 294(3) 308(5) 346 (3) 149(3)
113(3) 236(2) 279(5) 293(6) 326(4) 148(4)
104 (6) 220(2) 278(3) 292(2) 290(2) 141 (3)
103(7) 159 (5) 249(2) 220(3) 179(6) 106 (4)
93(43) 119(13) 219(2) 177(7) 159(3) 104(7)
91(3) 118(9) 188(2) 150(10) 143(7) 103(12)
78(5) 117(9) 147 (5) 119(4) 130(2) 102 (6)
77(12) 116 (7) 119 (20) 115(6) 115(6) 91 (4)
115(13) 103(9) 93(18) 93(30) 78(27)
107 (15) 102 (6) 81(4) 77(7) 77(29)
91(26) 93(89) 51(3) 75(6) 52(10)
78(18) 77(20) 68(6) 51(23)
R _| 3
- PhNCO
[M - PhNCO]* N—Ph
m/z 160 (174) H
H o
10aR=H m/z279 - PhNH,
_co 10b R=CH; m/z283
— PhNH
/ l— CcO
[M - PhN(CO),]*  [M - PhNH]* [M-CO+ [M - PhNH,]*
m/z 132 (146) m/z 18? (201) m/z 251 (265) m/z 186 (200)
—co - W w l- co
CHy M - PhANHCO]* [M - PhNH,COJ*
(for R = CH,) [ iz 159 173)] m/z 158 (172)
lco
—-H
[M - PANCH,(CO),l*  [M- PhNH (CO))» --=-=--=----- = [M - PhNH,(CO),]*
m/z 131 (145) m/z 130 (144)

- (131)

Scheme 4. Important fragmentation pathways of compodfidst. Main pathways are marked with bold arrows. Some of these channels are observed only for

certain derivatives, depending on the substituents at benzene ring. Numbers in parenthesesavaltes of the fragment ions of compoub@b.
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Int(Volts), CHSO ‘|+. M - PhNH, 293 Table 2
7.0 03 MIKE 200 / To 5 values for RNH; elimination under metastable fragmentation conditions
: L NP from molecular ions of compound$a-f.
6.0 H o
E m/z293
5.0 M - PhNCO
E 174
4.0
E To5 (MeV)
3-0—4 10aR1=Ph,RZ:H,R3:R4:H 104
204 10b R =Ph, R=CH;, R®*=R*=H 92
] 10c R'=Ph, R=H, R®=H, R*=7-NO? 33
1.04 10d R*=Ph, R=CHg, R®=H, R*=7-NC? 56
] 10e R*=Ph, R=CHs, R®=5-Cl, R =7-C 63
3 10f R'=CHz, RZ2=H, R*=R*=H 43

80 100 120 140 160 180 200 220 240 260 280 300

m/z
Some suggestions concerning the mechanism proposed can
Int(Volts) - M - PhNH, 003 be found in our previous paper concerning the fragmentation
0.45 o S i 200 / of the tetrahydroquinoline derivativég1]. The fragmentation
] MN—% e pattern of succinimidic core discussed in this work turned to
0'40_5 AN be in accordance with our recent observations. Further frag-
0.35 /2293 mentation of the/y — PANCO]* ion, i.e., loss of CO molecule
0.30 accompanied by subsequent elimination oflelads to the stable
0.257 chromenylium cationg4 or 15, for 10b and10a, respectively,
0_20_5 which are one of the most abundant ions in El specti®afind
3 10b. In addition, in the case of compoun@b, chromenylium
°'15_g RDA 065 cation15 is formed ly a H shift followed by the elimination of
0.103 ¢ | the methyl radical$cheme } giving rise to the base peakfz
0.057 . ) 2ag P22 131) in the EI spectrum of0b. It was proved by the daughter
et e ittt Mt ion spectra that the structures of thé; 131 ions derived from
80 100 120 140 160 180 200 220 240 260 280 300 compoundgoa and10b are identical.
m/z Molecular ions ofl0a and10b undergo also the loss of the
Fig. 1. MIKE and B/E spectra of the molecular ion of compouf. PhNH fragment, i.e., formally an aniline molecule, as it was

confirmed by daughter ion mass spectfig( 1). The process
with the most possible structure of the resulting fragment ionseems to be much more complicated than it looks at first sight

are presented i8chemes 5 and, Bespectively. and is accompanied by kinetic energy release (KER) of elevated
It seems reasonable to assume that the elimination ofalues able 29, as for a direct bond cleavage.
phenylisocyanate molecule from the molecular ion1@0b is For instance, in the sequence of reactith* — [M —

preceded by a cleavage of C-3—C-11a bond in the succinimidehNH]"* the highestTy s value was observed for the least
ring, giving rise to the formation of the stable distonic benzox-substituted model compoundta R? = R®=R*=H) while the
onium radical catiorl1 (Scheme h smallest one was found for that bearing N@oup in a ben-

R20_|

+
N—Ph ac\eavage \. R® ntcleavage H

: N"Ph —PhNCO

H o

10aR2=H m/z 279 11a, b :2; nm:f‘z 11672
10b R?=CH, m/z 293 z

aromatizatiol

O. _R {for =4 CH3)
-co @;\[ 1 m/z145
———
13a m/iz132 _H: (for R2= H) ~

136 M2l ffor Ry = CHy) /
H

H
15 m/z 131

Scheme 5. Mechanistic proposal for an elimination of phenylisocyanate from molecular ion of compounds under study.
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+
]

2 0 —‘+ 2 0 ¥
R - R
(ONg o) = o R //O
N—Ph ——— . 40—3. =
g N“Ph [1,4])-H shift . 0
H H

10a R2=H m/z 279 NHPh

10b R2=CHy; miz 293

17
2 + 2 + +
o0 o7 o S
~ PhNH, -2€C0 =
—_— e —— —_—
[1,3]-H shift . @K\‘:( @;;
= o
major path A =0
H H H
18 20
R _o +
o | # o, R
— PhNH' -2C0 =
—_— —_—
minor path B
P H = H
H o) H
19

14 R?=CH,
15 R2=H

16

Scheme 6. Possible mechanism of PhNFath A) and PhNFH (Path B) elimination from the molecular ions of compounds under study.

zene ring {0c). Assuming that KER values reflect mostly the ~ Comparison of all data mentioned above suggests that in the
reverse reaction activation energy and that in all cases the samase of compoundia—f methylene group of pyran ring is the
neutral fragment is eliminated, the conclusion can be drawn thahost likely source of a proton during an initial [1,4]-H shift step
the obtained results could be accounted for the stability of thef the molecular ion. Examination of molecular models shows
reaction ionic products. Moreover, the KER data suggest thahat such proton shift is geometrically possible.

the skeletal rearrangement must take place before the formation

of [M — PhNH,]"™* ion. Most likely the process starts with C- 3.2 Unimolecular fragmentation starting within a pyran

3—-N-2 bond cleavage and is followed by a [1,4]-H shift from the,ing

methylene group of pyran ring to the N-2 nitrogen atom, that

finally leads to the distonic ioh7 (Scheme & N Screening of mass spectra acquired for all compounds under
Analysis of the daughter ion mass spectra presentBiirl  study revealed the presence of the important peak correspond-
indicates that the rearranged i@f undergoes predominantly jng to the ion withm/z 173 and a formula @H7NO, for
the loss of PhNK molecule (Path A) with simultaneous minor 194 (R2 = H) or m/z 187 (Gi1HgNO,) for 10b (R2=CHg). The
elimination of PhNH radical (Path B). The latter process results pjKE spectrum recorded for the molecular ions of compounds
in the formation of the cation9 structure of which is diffi-  10a-f (see representative MIKE spectrum ftob in Fig. 1)
cult to propose. One of the possibilities is showrSitheme 6 demonstrated that they are formed directly from the molecu-
Inasmuch as the elimination of PhNFadical does not predom-  |ar jons. The same outcome concerning the origin of these ions
inate under metastable conditions it must be accompanied Byas also confirmed by parent ion mass spectrdEBinked
the high activation barrier. In our opinion the main dissociationscan) acquired for the ions of interest. These data suggest that
channel observed fdo yields the J/ — PhNH] ™ fragmention  poth fragment ions may have the structure of the corresponding
18, structure of which can be depicted by the valence isomerig;_phenylmaleimides21 (for R2=H) and22 (for R2=CHg),
forms Scheme § Most likely, fragmentiori8 is formed inthe  respectively Scheme R To prove this assumption CID-MIKE
course of [1,3]-H shift which is followed by a subsequent elim-anq CID-B/E linked scan spectra were recordedifar1 73 ion
ination of two CO molecules leading to distonic benzoxoniumgerived from the molecular ion of compoubka and that of the

odd-electron ior20. ~ model compounal (Fig. 2).
First hint supporting the proposed scheme of fragmentation

was given in our earlier papgt], where there was also observed

the loss of PhNH fragment, however from molecular ions of o _‘f — = M — COH ]*
compounds$ (Scheme P On the basis of the daughter ion spec- R2 L

tra, as well as deuterium labeling experiments, we proposed the [ N—R ] r +
mechanism according to which the molecular ion rearranges by | M — CO, }

the C-1-N-2 bond breakage followed by fast hydrogen (deu- R )

terium) atom transfer from C#(CDs) group at N-4 atom to 0 % M— R NH ]+
N-2 one. On the other hand well-documented fragmentation R’ =alkyl, aryl . ?
pattern of succinimide ring alorié,8] demonstrates that elim- R?=R3=H, alkyl

?nation of PhNH fragment does not occur from its molecular scheme 7. Main fragmentation pathways for radical cations of the succinimide
ions (SchemeY. derivatives bearing alkyl or aryl substituents at nitrogen atom.
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g9 —|f Rz Q Rz 9
0 0, o-cleavage 0.5
[ N—Ph —— | N-ph| —— o~ NP [ ——
H 3 H :
°R H R L) °R H o
tcreavage j:(( g
CHAHGE
MIGRATION
RDA 21 H) miz=173
22 (Hz ;) m/z=187

2 cieavage
CHAFIGE E ;
RETENTION

Scheme 8. Retro Diels—Alder type fragmentation reaction (RDA) of compolids with charge migration.

Very high similarity of these spectra strongly supports thetype fragmentation with a charge migratioBcheme B It is
hypothesis stated above. Slight differences in the intensities afuite important to note that this outcome is opposite to that
some peaks corresponding to the appropriate productions can bbtained previously for the structural analog@gScheme P,
rationalized in terms of different energyafz 173 ions to have in which the oxygen atom in a six-membered heterocyclic ring
not been compensated fully by collision-induced dissociationwas replaced by N-Cgifragment. In that case the charge was
This result can be rationalized by the retro Diels—Alder (RDA)retained on the azadiene RDA fragmerjf].

Int(Volts) _ 3.3. Fragmentation channels of 7-nitro derivatives 10c and
0.22 . +._CID-MIKE 129\ 173 10d
1 [10a - C,HO " ————
0204  mzis A
0.18 In general, the fragmentation patterns of compounds with a
0.16 - nitro group in position 7{0c and10d) are similar to the frag-
0.14 mentation of unsubstituted compound®g and10b) and thus
0.12 follow the same routes as presente@&cheme 4However, the
0.10 4 144 presence of a nitro group causes some important changes. In
0.08 the mass spectra of compountlic and 10d the presence of
0.06 4 peaks due tolff — 30] ions were observed. Accurate mass mea-
0.04 surements revealed that their composition does not correspond
0.024 , to the elimination of NO but rather to théf[— 20 + 2H]* ion
] (C17H14N203 for 10c¢ or CgH16N203 for 10d). This result can
60 80 100 120 140 160 180 be rationalized by reduction of the nitro group to the amino onein
m/z the ion source of mass spectrometer. Such process is quite com-
Int(Volts) 173 mon for electro_n ior_li;ation of the_ aromatic nitro_compoun(_js,
o It 129 however often is misinterpreted in terms of a nitrogen oxide
0.3% HﬁN_% CID-MIKE 3 elimination[10-12]
030 7% Itis interesting to note that unlike the primary fragmentation
21 miz173 of unsubstituted compound®a and10b, significant loss of OH

0.25 radical from molecular ions is observed in the case of nitro ana-

logues, botH0c and10d. This reaction proceeds roughly in the
same rate for both nitro analogues, differing by the substituent
at 11a position. This result indicates that the presence of 11la
substituent does not affect the OH elimination reaction. In our
regard the driving force for reaction discussed is an increased
acidity of protons at 10 position fafdc—d when compared to
10a-b due to the presence of strong electron withdrawing nitro
60 80 100 120 140 160 180 group in the benzene ring. This in turn makes it possible to open
miz the more favorable reaction channel of [1,5]-H shift from methy-

Fig. 2. CID-MIKE spectra of the RDA fragment obtained from the molecular |EN€ mMoiety to the oxygen atom of the carbonyl group followed
ion of compound0a and molecular ion olN-phenylmaleimideX1). by the loss of OH radical.

0.20

0.15

0.10

0.05
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