Mass Spectrometry

International Journal of Mass Spectrometry 218 (2002) 131-160

www.elsevier.com/locate/ijms

Gas phase ion chemistry péra substituted benzene diazonium
lons, their salt clusters and their related phenyl cations

Ana K. Vrkic, Richard A.J. O'Hait

School of Chemistry, University of Melbourne, Melbourne, Vic. 3010, Australia
Received 14 December 2001 ; accepted 30 March 2002

Abstract

Electrospray ionization of the tetrafluoroborate saltpart substituted (chloro, bromo, nitro and methoxy) benzene dia-
zonium ions (XGH4N,* where X= ClI, Br, NO, and CHO) results in the formation of the bare diazonium ion as well as the
mixed inorganic/organic salt ions [X%El4N,+(XCeH4N2TBF47),] in the positive ion mode and the bare tetrafluoroborate
anion and salt ions [BF (XCgH4N2TBF47),] in the negative ion mode. Tandem mass spectrometry (MS/MS) experi-
ments were carried out on %E84N2™, [XCeHaN2 T (XCgH4N2TBF47),] and [BF;~ (XCeH4N2TBF47),,] ions. ESI/MS and
ESI/MS/MS data are presented which provide some support for “magic number” salt clusters observed for each of the fo
diazonium salts. Collision induced dissociation of ¥GN2™ ions result in the formation of highly reactive phenyl cations,
XCgH4™ in all cases. The gas phase reactivity of bothgKgN,™ and XGH4™ ions towards nine different nucleophiles,
NuY (where NuY = H,0, CH;OH, CD;0D, CH;CN, (CHs)2CO, (CD;3),CO, CH;C(O)NHCH,CHg, pyrrole and aniline)
was examined using a quadrupole ion trap mass spectrometer. While the diazonium ions were generally unreactive towa
these nucleophiles, the phenyl cations readily react to yield the energized adduglt, & ). These energized adducts
undergo several different fragmentation reactions, including an unusual radical losparftkabstituent. The gas phase CID
reactions of stabilized adducts (¥84NuY™) were also examined and fragmented via similar types of reactions. Finally,
the unusual radical loss of thmra substituent from the adduct,®CsH4sNCCHz™ was shown to yield the distonic ion
CgH4NCCHz* ™ via its I1* and CHCHCH,* radical abstraction reactions with allyl iodide. (Int J Mass Spectrom 218 (2002)
131-160)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ions readily decompose via loss obNooth in solu-

tion and in the gas phase (Eq. (I)b—d]. Dissocia-
Interest in the reactivity of diazonium ions contin- tion of the benzene diazonium ion (% H) requires

ues, with recent work focusing on their use as chemi- only 27.3 kcal mot? in the gas phase (based upon the

cal probes of the interfacial compositions of micelles, known heats of formation of Ph (242 kcal mot 1)

microemulsions, reverse micelles and cyclodextrins and PH (269.3kcalmot!) [2], which has been

[1a]. These studies rely on the fact that diazonium confirmed by ab initio calculations (which give a
dissociation energy of 27.8 kcal md) (for ab initio

" * Corresponding author. E-mail: rohair@unimelb.edu.au studies on the structures of aryldiazonium ions see
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[3]). Understanding the mechanisms of the reactions aryldiazonium ions from solution to the gas phase
of aryl diazonium ions in solution has been a chal- and that many of these diazonium ions can undergo
lenge since they are very much dependent upon thecollision induced dissociation to yield aryl cations
reaction conditions, with some reactions proceeding via N loss (cf. Eq. (1))4e,f]. By studying the frag-
via ionic pathways while others proceed via radical mentation reactions as a function of collision energy,
pathways[1]. Reaction conditions which favor ionic  they were able to establish the relative stability order
pathways include: attack at the terminal nitrogen atom of eleven aryl diazonium iongle]. Similar investiga-
(Eq. (2)); nucleophilic substitution of the JNgroup tions involving substituted 2-nitrobenzene diazonium
(Eq. (3)); and benzyne formation (Eq. (4)). The exact cations revealed these species were less proneto N
mechanism for substitution (Eq. (3)) has been a mat- loss relative to the monosubstituted catif4f§.

ter of lively debate, but is now thought to proceed via  The gas phase reactions of free aryl cations have,
an ion—molecule complex between a phenyl cation in contrast, received more attentifi-8]. Thus, Sper-

and N\ [1a]. anza and coworkers have examined a wide array of aryl
+ CID
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Examining the gas phase reactions of aryl diazo- cation reactions under radiolytic conditiofis] while
nium ions and comparing their reactivity to the free others have examined ion—molecule reactions of aryl

aryl cations offers the opportunity to reveal their
intrinsic reactivity. The gas phase chemistry of dia-
zonium ions has received little attentip4], mainly

cations in triple quadrupole mass spectrometfk,
ion cyclotron resonance mass spectromeférsand
quadrupole ion-trap mass spectrome{8is Of most

due to a lack of methods for their gas phase synthe- relevance to the work described here are the ion-trap

sis. To date, the ion—-molecule reactions of 8L+
have been examineda], the heats of formation of
CHsN>™ [4b] and PhN™ [4c] have been determined

reactions of the phenyl catiorB) (where X = H)
with water, alcohols and amines which yield: adducts
(Eq. (5)), products arising from dissociating adducts

and CN™ has been shown to be stable in the gas (Eg. (6)), abstraction reactions (Eq. (7)), deprotona-

phas€4d]. More recently, Broxton et al. have shown

tion to yield benzyne (Eq. (8)), and electron transfer

that electrospray ionization can be used to transfer (Eq. (9))[8].
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®+ + NuX —> QX + Na° (7)

An important issue relevant to the gas phase reactiv- [9f] investigated 14 possible isomeric forms of the
ity of aryl cations B), is their initial structure and the ~ CeHs™ system and found the singlet phenylium ion
structure(s) of the resultant products arising from reac- t0 have the lowest energy, with the acyclic isomers
tions with nucleophiles (e.g.D)). Key papers which ~ Possessing much higher heats of formation.

deal with these issues are briefly discussed below. Generation of isomerically pure populations of
the phenyl cation in the gas phase has been reported

1.1. Structures of aryl cations: cyclic vs. acyclic in a number of studies, some of which include

structures spontaneous,3~ decay of suitably multitritiated

benzenes[5a], chemical ionization of haloben-

The parent phenyl cation Bj, where X = H) zenes with Brgnsted acidg¥a] and CID MS/MS
has been most extensively studied. Several theoret-of the molecular ion of chlorobenzerj@]. Ausloos
ical studies have examined the relative stabilities of et al. used ion—-molecule reactions with hydrocar-
a range of isomeric [§Hs]™ structures[9]. Early bons and polar molecules to probe the formation of
molecular orbital studie§9a—d] focused on deter-  ground-state phenyl cations in low energy processes
mining whether the phenyl cation existed in its singlet and showed that higher-energy acycliGig]* ions
state (having a vacant $prbital orthogonal to the  appeared upon high-energy electron impact frag-
7w system of the aromatic ring) or as the triplet bi- mentation of GHe and halobenzenefrb]. A re-
radical (involving transfer of ar electron from the cent study by Nelson and Kenttamaa also showed
benzene ring into the vacantZsprbital, accompanied  that both the cyclic and acyclic isomers of the re-
by spin inversion). In all instances, the molecular lated 3,5-didehydrophenyl cation could be generated,
orbital calculations predicted the ground state of the and that these isomers could be distinguished via
phenyl cation to be a singlet. A more recent study has ion—molecule reactiong10]. Schroder et al. have
involved performing ab initio molecular orbital cal- shown that a different experimental technique (charge
culations for the phenyl cation, phenyl radical and the reversal {CR™) of cations to anions) can be used
phenyl anion and once again found the ground state to structurally differentiate isomeric REis]* ions
of the phenyl cation to be a singlige]. Tasaka etal.  [11].
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1.2. Structures of aryl cations: retention of the Depletions in theortho products when X= NO;
position of the substituent relative to the charge site and OCH were attributed to intramolecular electron
transfer for X = NO; and intramolecular hydride

An important question in any study involving aryl transfer from the methoxy group for ¥ OCHa. In

cations is “once an aryl cation is synthesized does it contrast, depletion of theneta isomer for X = OH

retain the position of charge relative to any substitue- was attributed to a bimolecular proton transfer to give

nts on the ring, or does it undergo an intramolecular a cumulene like structure.

rearrangement?” One of the simplest isomerization

reactions involves automerization in which the charge 1.3. Sructures of the products arising from

site migrates via a 1,2 hydride shift as shown in reactions between aryl cations and nucleophiles

Eq. (10). Recent theoretical estimates suggest that the

aryl cation would need to be formed with considerable  The final complication that can yield a different

excess energy in order to overcome the barrier for product isomer to that expected is that the initially

this reaction[12]. Relevant thermochemical data for formed product can undergo intramolecular isomer-

three systems is shown under Eq. (10) and in all casesization or isomerization induced by an ion—-molecule

the barrier is over 46 kcalmot. Thus in processes reaction with another neutral (e.g., via proton trans-

where the aryl cation is formed with little excess port catalysis[13]). Give the importance of the re-

energy, this automerization is unlikely to occur. activity of aryl cations, it is surprising that there are

X - x@ — X (10)

X =H; AH’ = 0 kcal mol-!; AH¥ = +47.2 kcal mol-!
X = CHjz; AH® = +1.6 kcal mol-!; AH¥ = +46.8 kcal mol-!
X = SiHz; AH® = +6.4 kcal mol-!; AH¥ = +53.8 kcal mol-!

Decay of uniformly multitritiated species yields few detailed theoretical studies of the potential en-
isomeric aryl cations XgHs*T (X = NOy, CN, Cl, ergy surfaces of their reactions with nucleophiles.
Br, OH and OCH) formed in initial 2:2:1 relative An exception is a recent detailed DFT study on the
yields of ortho:meta:para. The gas phase intramolec- reactions of the phenyl cation with methanol and
ular isomerization reactions of these aryl cations methyl fluoride[14]. These workers found that of the
can be evaluated by examining the products of their four potential ways in which the phenyl cation could
ion—molecule reactions with methanol (which yield interact with methanol (i.e., addition to the oxygen
the isomeric substituted anisoles upon deprotonation) lone pair or insertion into either the CO, CH or OH
and methyl halides (which yield the isomeric substi- bonds), theO-protonated anisole addition complex
tuted aryl halides)5b]. The only systems which give  was found to be lowest in energy. This was in con-
substantial changes from the expected 2:2:1 distribu- trast to the DFT results in the phenyl cation-methyl
tions of ortho:meta:para isomer products occur for  fluoride system, which showed that insertion into the
the aryl cations XgH4* (X = NO,, OH and OCH). CF bond was most stable. These DFT calculations
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demonstrated that addition and insertion processes are
all significantly exothermic (>33 kcal mot) and that X N=N x—© +
the initially formed products have sufficient energy

to isomerize via intramolecular H migration (which

have barrier heights in the 1-23kcal mblrange) A1) X=CI (B1) X=Cl

. . . . . . (A2) X=Br (B2) X=Br
and ChH migration (which have barrier heights in (A3) X =NO, (B3) X =NO,
the 5-28 kcal mot! range). Overall, the global min- (Ad4) X =CH;0 (B4) X =CH,0

ima were found to bepara-protonated anisole and
meta-protonatedbrtho-fluorotoluene.

As noted above, adducts of the typgHGYH* are 2. Experimental section
often less stable than their ring protonated isomers and
are thus potentially susceptible to isomerization reac-  All experiments were performed using a commer-
tions. For example, the water addu@-protonated cially available quadrupole ion trap mass spectrometer
phenol) is not as stable as tipara ring protonated (Finnigan-MAT model LCQ, San Jose, CA) equipped
isomer[15,16] This trend is also apparent in vari- with electrospray ionization (ESI) and recently mod-
ous halogenated phenols, Xs4—OH (X = H, F, ified to allow the introduction of neutral reagents via
Cl, Br, 1) since a theoretical study has shown that for the helium background gas inlet lifig8]. All reagents
the ortho andmeta halogenated phenols, the most fa- except those described below were commercially
vored site of protonation wagara to the OH sub- available and used without further purification.
stituent[15a]. Other systems in which the issue of The diazonium salts were synthesized via stan-
ring vs. substituent protonation have been discusseddard literature procedures and were isolated as their
include protonated isopropyl phenyl ethé@7a] and tetrafluoroborate salfd.c]. The diazonium salts were
N-alkylanilines[17b]. dissolved in a 50:50 mixture of GEN and CHOH

Given the inherent limitations of providing unequiv- (0.1 mg/mL) and were introduced to the mass spec-
ocal structural assignments due to the isomerization trometer at 3.@uL/min via electrospray ionization.
reactions discussed above, many of the schemes andlypical ESI conditions used were: spray voltage,
equations presented in this paper assume thaiziae 4.5-5.5kV, capillary temperature, 200, nitrogen
positional relationship between the substituent and the sheath pressure, 30 psi, and capillary voltage, 0-10 V.
diazonium group is retained for the charge site loca- The diazonium ions were very sensitive to fragmen-
tion in the aryl cation and in its ion—molecule reaction tation via loss of N in the gas phase. We found that
products. In some instances, further experiments haveoptimizing the tube lens offset voltage was one of
been carried out in an attempt to confirm structures. In the key variables to observing gas phase diazonium
other cases, such experiments have not been possibléons. Once a stable signal was obtained, the neutral
and the formation of other isomers remains a distinct reagents were introduced into the trap as a part of
possibility. the helium bath gas. A constant flow of the reagent

In this paper we discuss the: (i) formation of salt (30uL/h) was established using a syringe pump with
cluster ions of tetrafluoroborate salts of diazonium the syringe’s needle being directed into a measured
ions; (ii) the gas phase ion molecule reactions of flow of helium (100-1500 mL/min). Rapid vapor-
the diazonium ionsA1-A4); (iii) the gas phase ion ization at the needle under these conditions allows
molecule reactions of free aryl catiorB1-B4); (iv) for molar mixing ratios of~10°-1(P (He/reagent).
gas phase fragmentation reactions of some of the The majority of the gas exits through a flowmeter,
adducts formed via Eg. (5); (v) ion—molecule reac- whereas a small amount-{ mL/min) is drawn into
tions as a probe of the formation of novel aryl distonic the trap. The LCQ uses a constriction capillary to
ions of the type @H4sNCCHz™. control the helium flow and is designed to maintain
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1.75mTorr in the trap when 3 psi of He pressure is (3) EI/MS (70eV, direct insertion probe, Shimadzu
applied to the capillary. In the stock system, the 3 psi GCMS-QP5050A) had ionsm{z 50 and above) at
is maintained by an internal regulator that steps down m/z 241/243 (M) (27%), 199/201 (MT—COCHs)
the 40 psi of He that is delivered at the external port. (31%), 184/186 (MT™—COCH-CH3) (100%), 70
To avoid the dead volume in the internal regulator, we (CH3CH;NCCHz ') (34%). (4) ESI/MS (Finnigan
bypass it and deliver the He mixture (3 psi) directly LCQ, 50:50 CHOH:CHzCN) gave the major ion at
to the capillary. This greatly decreases the lag time m/z 242/244 [(M+ H)*] (100%). (5) High resolution

after changes in reagent concentratjbf). data (Bruker BioApex 47e FT-ICR ESI/MS, 100%
CH3OH, direct infusion at J.L min—1) showed abun-
2.1. Synthesis of p-bromo-N-ethyl-acetanilide dant ions at 263.9991'%Br) (264.0000 theoretical)

and 265.99688Br) (265.9979 theoretical) for the
Since this appears to be the first literature report of [M + NaJ* ion corresponding to {gH12NaNOB.
this compound, we describe its synthesis and charac-
terization vialH and3C NMR and EI/MS, ESI/MS
and High resolution MS below. A bromine solution
(5.3mL in 25mL of glacial acetic acid) was added 3.1. ES/MS of diazonium ionsin the positive and
slowly and with constant shaking to a cooled (ice-bath) negative ion mode
mixture of finely powdered-ethylacetanilide (16.3 g,
0.1 mol) in 45mL of glacial acetic acid. Once all the Electrospray ionization of tetrafluoroborate salts
bromine was added, the solution remained an orangeof aryl diazonium ions not only yields the diazo-
color due to a slight excess of bromine and a precipi- nium ion (-XCgH4N2T) in the positive ion mode
tate was observed. The final reaction mixture was al- and the tetrafluoroborate anion in the negative ion
lowed to stand at room temperature for 30 min with mode, but also yields charged salt clusters. In the
occasional shaking, and was then poured in 400 mL positive ion mode these consist gb-XCgH4N2™
of water. The resultant mixture was stirred well and BF47),XCgH4N>™T clusters while in the negative ion
sodium metabisulphite solution was added until the mode, they consist of ptXCgHsN2TBF4™),BF4~
orange color disappeared. The product was extractedclusters. We can only find one previous report
with dichloromethane and upon evaporation of the sol- on the formation of related clusters of the type
vent, yielded an oil. Thertho- andpara- substituted ~ (ArN>*X7),ArN>* (n = 1, 2) via FAB/MS [20].
products were separated by distillation, with boiling Fig. 1shows the positive clusters formed for (A)=X
points of 114 and 121C/2 mmHg, respectively. The CI; (B) X = Br; (C) X = NO; and (D) X = CH3O,
para-substituted product yielded crude crystals upon while Fig. 2 shows the negative clusters formed for
cooling which were recrystallized from ethanol, to (A) X = CI; (B) X = Br; (C) X = NO; and (D)
yield red/brown crystals (3.5 g, 15%, m.p., 35=&j. X = CH30. lt is interesting to note that much larger
The spectroscopic data fop-bromoN-ethyl- sized clusters are observed in these ESI experiments
acetanilide are: (1)'H NMR spectrum (CDG, than those reported via FAB/MRO].
300 MHz, Varian Unity-300) which showed signals There has been considerable recent interest in
até§ 1.08 (t, 2H, G1,CHs), 1.81 (s, 3H, C(O)H3), cluster ions formed via ESI, including those formed
3.70 (g, 3H, CHCH3), 7.05 (d, Ar 2H), 7.52 (d, Ar  from simple inorganic saltf2la—c]and simple zwit-
2H). (2) 13C NMR spectrum (CDGJ, 300 MHz, Var- terionic specieq21c—f]. Apart from potential uses

3. Results and discussion

ian Unity-300) showed signals 4t12.99 (CHCHj3), such as calibration ions for mass spectromefi2?$,
22.74 (C(OLHgz), 43.77 CH2CHs3), 121.62 (Ar several studies have examined the fragmentation be-
C-Br), 129.87 CH ortho to N), 132.85 CH or- havior of such systems and have looked for “magic

tho to Br), 141.92 (ArC-N), 169.58 C(O)CHg). numbers” which might provide indirect information
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Fig. 1. ESI/MS of the para-X-phenyl diazonium tetrafluroroborate salt in the positive ion mode where X = (A) Cl, (B) Br, (C) NO, and (D) OCHs.
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Fig. 2. ESI/MS of the para-X-phenyl diazonium tetrafluroroborate salt in the negative ion mode where X = (A) Cl, (B) Br, (C) NO, and (D) OCH3.
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on the gas phase structures of these cluster ions.whether the clusters formed in this gas phase study re-
Recently, Zhang and Cooks reported magic num- flect the types of structures observed in the solid state,
bers for doubly charged sodium chloride cluster ions the published X-ray structures ofgBsNoTBF4~,

[NaCl),,(Nay+]?>t atm = 11, 12, 17, 20, 21, 26, 30,

p-BI’CGH4N2+BF4_ and p-OzNC6H4N2+BF4_ were

34, 36, 44, 54 and 61, while Ince et al. observed magic viewed[23a—c] In all three instances, the distribution

numbers for (NaF)Nat and (NaF),Na?t clusters
atn =4,7, 13, 22, 28, 31 and 37 andmat= 11, 12,
17, 20, 21, 30, 34 and 36, respectiv§iia,b] Both

of the tetrafluoroborate salts corresponded to close
packed molecular chains and differed only by the
number of cation interactions with surrounding an-

suggested these clusters ions take on the properties ofons. The distribution of the molecules in the crystal

close-packed cuboidal lattice structures, eng= 4,
7 may assume I 3 x 1 and 3x 5 x 1 structures.

lattice of GGHsN,TBF4~ showed both nitrogens from
the benzene diazonium cations in contact with one

These studies also examined the influence of sam-fluorine atom from each of four surrounding BFan-
ple concentration and ESI conditions on the ion in- ions (<3.1A). Packing withinp-OoNCgH4N>+BF4~
tensities/distributions of clusters. It was shown that was hampered by disordering of the anion. Nonethe-
low salt concentrations and high heated capillary tem- less, there appeared to be interactions between each
peratures (>200C) favored singly charged sodium of the Nb groups and three fluorine atoms from each
chloride cluster ions. Thus, at high capillary temper- of three surrounding Bfanions. The crystal struc-
atures, doubly charged sodium fluoride clusters were ture of p-BrCgH4N>+TBF4~ revealed the molecules
not favored and only stable sodium fluoride clusters conformed to molecular close packing, with the an-
which were not susceptible to decomposition after ions connected to surrounding cations by van der
complete desolvation were observed. In our work, we Waals forces. One very close contact between the azo
have employed low salt concentrations and a “high” nitrogens and a fluorine from the surrounding anion
capillary temperature of 20, resulting in the for- suggested it could be a weak ionic bond (2.81 A for
mation of the abundant singly charged cluster ions as both). Given this evidence for weak ionic bonding be-
shown inFigs. 1 and 2 tween the N group and the BF ion, we are able to

Figs. 1 and Zeveal some evidence of “magic num- suggest some possible structures (1-2), for the forma-
bers,” i.e., clusters whose ion intensities are greater tion of the stable clusters at= 1 for (p-XCgH4N2™
than those of neighboring clusters, suggesting a greaterBF; ™), XCgH4N2T and -XCgHaN21TBF4™),,BF4™

degree of stability. In the case gEKCgH4N2TBF47),
XC6H4N2+ and @-XC6H4N2+BF4_)HBF4_ where
X = CI, Br and NQ the key cluster ions were at
n = 1 and 4, while for X= CHzO, the most impor-
tant cluster ions were at = 1 and 6. To determine

@
"_< >“‘_“EN,

|\-‘\ =~ ArNy* core ion

where X= Br and NQ. A possible structure of the
cluster ions ak = 4 may arise from two of either of
the dimeric subunits 3 and 4 surrounding a core ion
such ag-XCgH4N>* or BF4~. Positions for the core
ions are indicated by arrows on structures 3 and 4.
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Table 1
LCQ CID MS/MS of (4-BrGH4N2TBF47), 4-BrCsHaNo+
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Table 3
LCQ CID MS/MS of (4-BrGHsN2"BF47),,BF4~

Species Activation  CID products () Species Activation  CID products f)
selected enert selected ener
0 ¥ o 1 2 3 4 s ) Yoo 1 2 3 a4 5

1 0.64 100 - - - - - 1 0.9 100 - - - - -
2 0.7 0 100 - - - - 2 0.6 0 100 - - - -
3 0.8 0 100 3 - - - 3 0.65 0 100 29 - - -
4 0.96 0 32 15 100 - = 4 0.85 0 14 95 100 - -
5 0.85 0 0O 0O 16 100 - 5 0.9 0 0 2 50 100 -
6 0.95 0 0 O 2 100 11 6 0.98 0 0o 1 2 100 43

The difference between structures 3 and 4 is that
only in structure 4 is there weak ionic bonding between
the F and thepara carbon atom. This type of interac-
tion may become more important for electron with-
drawing (X) substituents. To gain further information
on the stability and fragmentation behavior of cluster
ions, we have carried out CID on a limited range of
these systems i.e.p{XCgH4N2TBF47),XCgHsNo™
(Tables 1 and )Zand b-XC6H4N2+BF47)nBF47
(Tables 3 and ¥ clusters ions where X= Br and
CH30.

Turning our attention toTable 1 we see that
while there can be more than one fragmentation
pathway for p-BrCgHsN2TBF47),BrCeHaNo™,
the principal dissociation pathway involves loss of
(p-BrCgHsNo™BF4 7)1 for n = 1, 2, 4, 5 and loss
of (p-BrCe¢H4N2T™BF47), for n = 3 and 6. Upon
closer examination we see that generally,
abundant dissociation products consist of a magic
number cluster composition, e.g., CID of= 5, 6
yield n = 4 while CID ofn = 2, 3 given = 1. The

Table 2
LCQ CID MS/MS of (4-MeOGH4N2"BF47), 4-MeOGH4No+

activation energies can also provide an insight into
the relative stabilities of the magic numbers. The ac-
tivation energy, activatiolQ and activation time are
three parameters within the software which allow us
to specify collision processes. In these experiments,
the activationQ/time were kept constant (i.e., 0.25
and 100 ms, respectively), while only the activation
energy (which is a measure of the amplitude of the
resonance excitation RF voltage applied to the end-
caps (in volts)) was altered. While = 4, 6 require
activation energies of 0.96 and 0.95, respectively, to
fragment,n = 5 only requires 0.85 to generate the
magic number ofi = 4. Similar analysis of the CID
pathways of f-MeOCsH4No>TBF4 ™), MeOCsH4N, ™
shows that while there is no obvious major trend
in the activation energies, the magic number clus-
ter ions ofrn = 1 and 6 do seem to be the most

the most abundant product ions closely followed by= 3, 4

and 5. Examination of gtBrCgH4NoTBF4™),BF4~
and P-MeOGsH4N2TBF47),BF4~ (Tables 3 and ¥
yield similar results to those observed in the positive

Species selected) Activation energy CID productsnf

0 1 2 3 4 5 6 7
1 0.65 100 - - - - - - -
2 0.7 0 100 - - - - - -
3 1.03 0 100 3 - - - - -
4 0.8 0 1 5 100 - - - -
5 1.3 0 2 2 54 100 - - -
6 1.05 0 0 0 6 35 100 - -
7 1.05 0 0 0 1 1 9 100 -
8 13 0 0 0 1 5 10 100 95
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Table 4
LCQ CID MS/MS of (4-MeOGH4N2tBF;4~),BF4~
Species selected) Activation energy CID productsnf

0 1 2 3 4 5 6 7
1 0.6 100 - - - - - - -
2 0.65 0 100 - - - - - -
3 0.65 0 0 10 - - - - -
4 0.73 0 0 77 10 - - - -
5 0.85 0 0 16 75 10 - - -
6 0.97 0 0 16 20 68 100 - -
7 1.15 0 0 1 8 7 25 100 -
8 1.2 0 <1 2 2 10 12 54 100
mode. CID of p-BrCgH4N>1TBF47),,BF4~ results in Although these are the first experimental results on

preferential formation of cluster speciesnat 1 and the gas phase ion—molecule reactions of aromatic dia-
4, while CID of (p-MeOGCsH4NoTBF47),,BF4~ gives zonium ions, Foster and Beauchamp have shown that

magic numbers at = 6, closely followed by: = 2, the methyl diazonium ion readily undergoes substitu-
3, 5 and 7, respectively. tion [4a)]. The stark contrast between the reactivity of
aromatic and aliphatic diazonium ions reflects the dif-
3.2. lon—molecule reactions of aryl diazoniumions, ference in nucleophilic substitution at azép/brldlzed
p-XCgH4NoT (where X = Cl, Br, NOo, OCH3) vs. a sp hybridized carbon atoms. Furthermore, our

results are entirely consistent with some recent DFT
In order to determine the types of ion—molecule calculations on the reaction between water and the

reactions that aryl diazonium ions undergo in the Phenyldiazonium ion which showed that even though
gas phase, we have examined the reactions ofthe substitution reaction (Eq. (3)) is exothermic by
p-XCgHaN2>T (Where X= ClI, Br, NO,, OCHg) with some 7.3kcalmoil at room temperature, there is
neutral nucleophiles ranging in basicity from water to @ significant barrier of 28.5kcalnot relative to
aniline. The results of these experiments are shown in Separated reactan{g4]. Moreover, an initial com-
Table 5 In no case do any of these species undergo Plex of the type [Phi"(H20)] is formed which is
nucleophilic substitution (Eq. (3)) or benzyne forma- 11.8kcal mot! more stable than the separated reac-
tion (Eq. (4)). In some instances adduct formation tants. Thus if the systems studied here have similar
is observed, however, assigning a structure for thesebarriers to reaction, they would not be expected to
adduct ions is difficult. In principle, they could be due undergo reaction under the near thermal conditions of
to diazo formation (Eq. (2)) or they may simply be the ion trap[19]. At best they might form stabilized
loosely bound ion—molecule complexes of the tyje (  complexes of typel{ instead.
Attempts to mass select these ions and subject them
to CID often proved difficult, and required a mass 3.3. CID reactions of aryl diazoniumions,
window of 10 Th. In those cases where CID was suc- p-XCgHaN2" in the presence of nucleophiles, and
cessful, only diazonium ion formation was observed. ion—molecule reactions of the resulting aryl

cations, p-XCgH4™ (where X = Cl, Br, NOy,

X—Q—K{EN OCHg3) following Ny loss

) We have found the diazonium ions readily fragment
NuX via loss of N in the gas phase, which is consistent
@ with previous studie¢4e,f]. This fragmentation can
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Table 5

lon—molecule reactions gfara substituted diazonium 4-X-¢El4N2" ions in the presence of nucleophiles

X Neutral reagents, nucleophile Products

Substitution reactich Adduct formatiof

Cl H,O - -
CH3OH - -
CD30D - -
CH3CN - -
(CH3)2CO - 9
(CD3)2,CO - <1
CH3C(O)NHCH,CH3 - 24
Pyrrole - <1
CgHsNH2 - <1

Br H,O - <1
CH30OH — -
CD30OD - -
CH3CN — _
(CH3)2CO - <1
(CDs3)2CO - <1
CH3C(O)NHCH,CHs - 21
Pyrrole - <1
CgHsNH» - -

NO, H,O - -
CH30OH - -
CDsOD - -
CH3CN - <1
(CH3).CO - <1
(CD3),CO - <1
CH3C(O)NHCH,CH3s - 100
Pyrrole - <1
CgHsNH; - -

OCH;z H>O - -
CH3OH - -
CD30D — -
CH3CN - <1
(CH3)2CO - <1
(CD3),CO - <1
CH3C(O)NHCH,CH3 - <1
Pyrrole - -
CgHsNH2 - <1

aEqg. (1).

b Abundance relative to parent diazonium ion.

be induced either in the tube lens region (i.e., before mass spectrometry (MS/MS) in the presence sOH
the diazonium ions are injected into the ion trap) CHzOH, CD;OD, CHzCN, (CH3)2CO, (CD3)2CO,
by raising the tube lens offset voltage, or within the CH3C(O)NHCH,CHgs, pyrrole and aniline Table §.
trap itself using standard excitation techniques. The Initial source CID involving the diazonium ions
resultant phenyl cations are highly reactive, readily (p-XCgH4-N>T) was followed by mass selection of
intercepting any nucleophiles present. In order to ex- the substituted phenyl cationg-KCgHa™).

amine the reactions of the phenyl cations, the parent The MS/MS spectra show peaks from addition re-
diazonium ions were subjected to CID via tandem actions of NuY (introduced through the helium line)
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Table 6
CID reactions ofpara substituted diazonium 4-X-gEi4—N" ions in presence of nucleophiles
X Nucleophile (Nu) PA(NW IE(Nu)? Product8
cle H,0 691 12.621 B(58); J(100); K(17); L(24); O(11); 93(57)
CH3OH 754.3 10.84 B(8); K(1); L(11); O(100)
CH3CN 779.2 12.2 B(1); L(100)
(CH3)2,CO 812 9.703 B(4); D(38); J(12); L(20); (N H)™ (34); O(11);
141(100); 151(7); 199(9)
(CD3)2,CO e 9.695 B(7); D(100); J(4); L(32); (Nu D)™ (7); (Nu
+ H)* (20); O(15); 143/145(48); 144/146(82);
157(10); 207(4); 208(7)
CH3C(O)NHCH;CHs 898 8.71 B(7); C(6); D(23); D+ Nu(24); L(23); (Nu+ H)*
(40); (2Nu+ H)* (100); 70(68)
Pyrrole 875.4 8.207 B(9); C(2); D(7); J(2); L(13); Nu (13); (Nu + H)*
(4); O(1); R(100); 160(5)
CesHsNH, 882.5 7.72 B(14); D(31); L(29); Nu (100); (Nu+ H)* (27);
R(92); 186(2)
Br, IE = 9.04 HO 691 12.621 B(6); J(53); K(100); L(19); O(11)
CH3zOH 754.3 10.84 B(6); K(8); L(13); O(100); P(13)
CH3CN 779.2 12.2 B(1); J(1); K(3); L(100); O(2)
(CH3)2.CO 812 9.703 B(5); D(1); K(6); L(9); (Nu+ H)T (2); O(5); R(100);
R + Nu(6)
(CD3)2CO - 9.695 B(4); D(4); K(7); L(10); (Nu+ H)* (2); O@3);
R(100); R+ Nu(8)
CHzC(O)NHCH,CHs 898 8.71 B(8); C(11); D(26); D+ Nu(30); L(30); (Nu-+ H)*
(49); (2Nu+ H)*™ (100); 70(66)
Pyrrole 875.4 8.207 B(6); D(2); K(2); L(13); NU (21); (Nu+ H)™ (4);
R(100)
CeHsNH, 882.5 7.72 B(13); D(31); J(2); L(29); NG (100); (Nu+ H)*+
(30); O(1); R(92); 186(4)
NO,, IE =9.06 HO 691 12.621 B&1); J(100); K(13); L(4); 123(2)
CH3zOH 754.3 10.84 B(2); J(47); K(6); L(18); N(64); O(100); © Nu(9);
P(85); 137(15); 180(4)
CH3CN 779.2 12.2 B&1); J(9); K(1); L(100); M(22); P(2); 133(11)
(CH3)2.CO 812 9.703 B(4); D(13); J(17); 4 Nu (2); K(2); M(4); P(5);
R(100); R+ Nu(6); (Nu+ H)* (13); 133(29); 163(23)
(CD3)2CO - 9.695 B(<1); D(23); K(2); L(13); M(1); (Nu+ H)* (9);
P(4); R/J(100); R/t Nu(9); 138(28); 169(7)
CHzC(O)NHCH,CHs 898 8.71 Bk1); C(15); D(23); D+ Nu(60); J(2); (Nu+ H)*
(31); (2Nu+ H)*™ (100); 70(19); 163(13); 250(4)
Pyrrole 875.4 8.207 B(6); J(8); L(21); MU (100); (Nu+ H)™ (31); P
(2); R(65); R+ Nu(19); 131(8)
CgHsNH; 882.5 7.72 B(2); D(10); D+ Nu(6); J(11); L(13); Na+ (100);
(Nu + H)™ (48); R(23)
OCHs, IE =8.32 HO 691 12.621 B&1); J(100); L(6); O(5)
CH3OH 754.3 10.84 B(4); J(24); L(8); O(100)
CD30D - 11 B(2); 110(2); 111(2); 124(49); 125(100); 126(9); L(7)
CH3CN 779.2 12.2 B(1); J(9); L(100); O(4)
(CHa)2CO 812 9.703 B(6); D(100); Br Nu(2); J(30); J+ Nu(2); L(16);
(Nu + H)t (2); O(11); 105(23); 109(2); 137(23)
(CD3)2CO - 9.695 B(2); D(100); J(21); ¥ Nu(2); L(13); (Nu+ H)*t
(1); O(11); 139(30); 143(13)
CH3C(O)NHCH,CHs 898 8.71 B(2); D(100); D+ Nu(52); L(37); (Nu+ H)* (13);

(2Nu + H)* (35); O(4); O+ Nu(19); 70(75)
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Table 6 Continued)

X Nucleophile (Nu) PA(NW IE(Nu)? Product8
Pyrrole 875.4 8.207 B(4); D(100); J(15); L(12); (NuH)* (2); O(10);

159(13)
CeHsNH> 882.5 7.72 B(3); D(100); D+ Nu(5); J(4); L(11); Nat (17);

(Nu + H)t (14); O(2); 168(4); 185(2)

aEnergetics from NIST: PAs in kJ mot and IEs in eV[2].

b Only products with 1% or greater relative abundance are listed.

CIE is unknown.

4 PA is unknown, but is likely to be close to that of the unlabelled species.

as well as from the background gasesg(H CH;CN, interesting reaction arises from cleavage of paea
CH30H (possible structures of ions which arise X-C bond (Eg. (11)) which may result in the forma-
from the background gases includ&-Q), although tion of a distonic ion. Although such a reaction has not
other isomeric structures cannot be ruled out). Note been reported for substituted aryl cations bef{éid,
that previous studies have shown that the LCQ has the exothermicity of addition must be greater than the
a significant background of water and ESI solvent homolytic bond dissociation energies of the Ar-Br and
molecules[18,25] Not only are adducts observed Ar-NO, bonds (these are 80.5 and 71.3 kcalm™ol
(cf. Eq. (5)), but products due to fragmenting adducts for the neutral bromo and nitro benzene derivatives
are also observed (cf. Eqg. (6)). This is entirely con- [26]). Related “charged phenyl radicals” have been
sistent with previous experimental studies on phenyl synthesized (via CID on even electron precursor ions)
cations [5-8], as well as recent DFT calculations and studied in the gas pha§&7] and a search of

on the reaction betweenglBs™ and methano[14], the older chemical ionization mass spectrometry lit-
which have show that the high exothermicity of addi- erature reveals that highly exothermic protonation of
tion (—61.4 kcal mot? [14], —72.1 kcal mot? [8]) is disubstituted benzene derivatives also yields related

sufficient to overcome many barriers for subsequent distonic ions[28]. Further studies aimed at providing
reactions of the energized adducts. Perhaps the mostevidence for distonic ions formation are discussed in

Section 3.5
,CH
SHZ 5H2 x—@—ﬁccHs ﬁCCHa x—@-& H °
) (K) (L) (™) (N)
+. +,CH3 ..
)8 X))o
(0) (P) (Q)

x—®+ +  NuY rfiuv + X (1)

(R)
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As noted previously, loss of Nin the gas phase
is the principal dissociation pathway for the parent
diazonium ions, resulting in highly reactive phenyl
cations Table §. For the following reactions, only the

145

abundant adduct formation atz 152/154 Fig. 3A),
196/198 Fig. 3B), 163 (Fig. 30 and 148 Fig. 3D)
for XCgHa™ where X= CI, Br, NO, and CHO, re-
spectively. The most likely site of attack is the nitro-

most abundant product ions will be discussed and ions gen lone pair of CHCN [29]. In addition to various

due to background reactions (withh&, CH;OH and
CH3CN) will not be included.

Reaction of the aryl cationp{XCgH4 ™), with H,O
resulted in adduct formation for X% CI, NO, and
CH30 (Eq. (5)), while for X= Br, adduct formation
was followed by loss of Br to yield a distonic ion as
the major product (Eqg. (11)). To verify that these were

other ion—molecule reactions with background gases,
losses of NOEq. (12) and NG (cf. Eq. (11)) from
the GNCgH4sNCCHs™ adduct were also observed.

C6H402N+ + CH3CN — C3H7ON'+ + NO
m/z122 m/z133

(12)

A different mode of reactivity was observed in

adducts Table 7. CID of protonatedo-chlorophenol
resulted in water loss, thereby regenerating the origi-
nal aryl cation, while the other energized adducts also
yielded fragmentation products consistent with oxy-
gen protonation. These CID results will be explained
in greater detail irSection 3.4

Reaction of the substituted phenyl cations gkiz 1)
with methanol (where %= CI, Br, NO, and CHO),
resulted in elimination of CkP by cleavage of the O-C
bond from the energized adduct Xsd5OH(CHg)™*
as the predominant pathway (Eqg. (6)). In the case
of X = CHzO, deuterium labeling was employed to
distinguish whether Cklloss was occurring from the
para substituted CHO group or from addition of
CH3OH to the phenyl cation. In agreement with the
above observations, loss of @hvas found to occur
from the X—GHsOH(CHg)™ species. Other workers
[6,7b,8] have also observed this type of hydroxyla-
tion reaction in which the phenol molecular ion is
formed, and have concluded it is the result of the
phenyl cation reacting with the lone electron pair on
oxygen to formO-protonated anisole.

mz 77

+

Almost exclusive adduct formation was observed
when the substituted phenyl cations were allowed to
react with CHCN (Eqg. (5)) as seen ifrig. 3. The
MS/MS spectra of all four compounds clearly shows

phenyl cations and (C$)>CO, consistent with a pre-
vious study in which the phenyl cation was reacted
with (CH3z),CO to yield GH;O" as the primary
product[7b] (Eqg. (13)). Although a mechanism was
not given for this reaction, the product is derived from
loss of GH4 from the initial adduct. In our experi-
ments, abundant adduct formation is observed when
XCgH4™ reacted with (CH)>,CO (Eq. (5)) but the re-
action paths of the decomposing adducts differed and
were dependent upon the nature of the substituent.
For example, when )X CHzO the collisionally stabi-
lized adduct was most prominent, followed by loss of
C,H4 from the energized adduct (cf. Eq. (13)), while
for X = ClI, the most abundant ion was due to loss of
C2Hg4 from the adduct (cf. Eq. (13)). In contrast, when
X = Br and NQ, the most abundant product ions
were due to Br and N@loss from the adduct (which
may lead to distonic ion formation cf. Eq. (11)).
These results highlight the weaker bond strengths in
Br—Ar and QN-Ar bonds[26]. Further investigation
with (CD3)2CO as the nucleophile yielded identical
product ions with the appropriate mass shifts.

+

+ (CHg)oCO CHL* CHy  (13)

m/z 107

Reactions of aryl cations with peptide bonds have
recently been investigated as a means of trapping
peptides[1la]. Thus we were interested in examining
the gas phase behavior of the substituted phenyl
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Table 7
CID reactions of adducts gfara substituted phenyl cations in the presence of nucleophiles
X Nucleophile (Nu) Products
Cl H2,O B(100); J(17); K(32); O(79); 65(2); 93(66); 125(19); 134(23)
CH3OH 0(9); P(100); 72(15); 107(19); 124(6); 132(9)
CD30D D + Nu(9); D 4+ 2Nu(11); O(8); 111(21); 112(30); 126(21); 129/131(9); 144(38);
146/148(100)
CHsCN A(26); B(100); J(21); M(23); O(43); 125(19); 125 Nu(8); 134(30)
(CH3)2CO (Nu + H)* (7); 141/143(100); 141/143 Nu(15); 158/160(9)
(CD3)2CO (Nu+ H)* (5); (Nu+ D)™ (2); 143/145(79); 144/146(100); 144/146Nu(21)
CH3C(O)NHCH,CHj3 B(10); D + Nu(56); (2Nu+ H)* (7); 70(100); 156/158(2); 156/158 Nu(6)
Pyrrole (Nu+ H)™ (4); R(100)
CeHsNH D + Nu(6); (Nu+ H)* (23); Nuwrt (8); R(100)
Br H,0 K(100)
CH3OH D + Nu(17); P(100); 138(6); 157/159(49); 176/178(15); 179(15); 191(42); 191
+ Nu(6); 200(11); 210(4)
CD30D 110(49); 111(36); 112(100); 113(15); 159(9); 173/175(5); 191/498u(34); 196/198
+ Nu(17); 201(11)
CH3CN A(11); B(15); D+ Nu(7); J(10); K(25); M(17); O(22); P(6)
(CH3)2CO R(100); R+ Nu(10); 141(8); 185/187(11); 185/18% Nu(4)
(CD3),CO R(100); R+ Nu(9); 188/190(8); 188/196- Nu(2)
CH3C(O)NHCH,CH;3 D + Nu(100); (2Nu+ H)™ (1); R(1); 70(27); 121(1); 200/202(2); 200/262 Nu(6)
Pyrrole (Nu+ H)™ (4); R(100)
CeHsNH; D + Nu(4); (Nu+ H)* (23); Nu** (9); R(100); 199(1); 199+ Nu(13); 230(2); 230
+ Nu(2); 265(6); 265+ Nu(11)
NO; H2,O K(49); 109(5); 123(100)
CH3OH P(8); 137(100)
CD30D 112(6); 140(100)
CH3CN M(100); 133(42)
(CHg)2CO D + Nu(6); R(100); R+ Nu(8); 163(11)
(CD3),CO R(100); R+ Nu(8); 138(25); 169(6)
CH3C(O)NHCH,CHjs D + Nu(100); (Nu+ H)* (1); (2Nu + H)* (4); R(7); R+ Nu(11); 70(74); 121(2)
Pyrrole B(8); D+ Nu(75); (Nu+ H)* (3); R(100); R+ Nu(34); 116(6); 131(68);
151(4);157(26);159(19);172(6);183(13)
CeHsNH» D + Nu(19); (Nu+ H)* (19); R(21); 198(100); 230(4); 23¢ Nu(9)
OCHz H.O 65(5); 93(100); 110(58); 111(99); 134(22)
CH3OH B(32); O(100); 109(9); 128(6)
CD30D D + Nu(21); 101(15); 110(36); 116- Nu(13); 125(100); 128(96)
CHsCN B(6); N(6); 118(100); 125(60); 133(10); 135(13)
(CHg)2CO J(13); 133(25); 137(100); 13¥% Nu(6)
(CD3),CO 138(11); 139(85); 140(100); 140 Nu(8); 141(47); 142(9); 143(32)
CH3C(O)NHCH,CH3 B(1); D + Nu(25); (2Nu+ H)* (2); 70(100); 152(2); 152 Nu(6)
Pyrrole B(2); (Nu+ H)* (2); R(13); R+ Nu(19); 159(100)
CsHsNH; B(4); D + Nu(2); (Nu + H)™ (100); 123(27); 168(96); 168 Nu(4); 169(36); 185(88); 215(10)

20nly products with 1% or greater relative abundance are listed.

cations with a model systenN-ethylacetamide. For
p-XCgHa(Nu)* where X = Cl, Br and NQ, the
most dominant peak in the spectra was (NuH +
Nu)™, while for X = CH3O direct adduct formation

we were interested in determining the regioselectiv-
ity of these arylation reactions. Under these experi-
mental conditionsO-arylation seems to be favored

over N-arylation due to the presence of an abundant

was most abundant (Eq. (5)). Due to the presence fragmentation product ion (G}H3NCCHg)™ atm/z
of two nucleophilic sites (i.e., nitrogen and oxygen) 70 (Eqg. (14)) in all four cases. There were, however,
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Fig. 3. CID MS? of p-X-CgH4N, ™" in the presence of acetonitrile, where X = (A) Cl, (B) Br, (C) NO, and (D) OCHj.
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minor product ions due tN-arylation (loss of CHCO The final neutral reagent studied was aniline. In the
from the adduct) (Eq. (15)). case of the electron withdrawing substituents (i.e., Cl,
The thermodynamic preference f@-alkylation Br, NO2) electron transfer dominated the spectra, in

over N-alkylation has been noted from ab initio addition to relatively abundant distonic ions (Eq. (11)).
calculations on HC(O)NH [30]. Furthermore, ex-  Proton transfer to aniline also occurred but was mi-
periments in both the condensed ph@ke ,31ajand nor in comparison. For the electron donating 4CH
the gas phasg1b] support a kinetic preference for substituent, formation of the adduct was the main fea-
O-alkylation. CID experiments on the adducts are ture of the spectrum with relatively minor product ion
discussed in greater detail iBection 3.4 The ap- contributions from both electron and proton transfer.
pearance of the (Nu- H)* and (Nu+ H + Nu)*

product ions were attributed to proton transfer re- 3.4. CID reactions of adducts of para substituted

action pathways resulting in benzyne formation (cf. Phenyl cations, p-XCgHa-Nu™ (where X = Cl, Br,

Eq. (8)). NO2,0CH3)

H 14 +
4@__0 NCHzC s (4 X—QOH + CHCH,N=CCH

m/z 70
(15) +
x—@—*n—c—cm X—@—'NHZCHZCH;, + CH,CO

CH,CHy

The gas phase behavior of the substituted phenyl
cations ions towards pyrrole were also examined.
For p-XCgH4N>* where X = MeO, adduct forma-
tion was observed as the most abundant product ion
(Eq. (5)), while for X= CI, Br and NQ, initial adduct
formation was followed by loss of the substituents,
presumably yielding distonic ions (Eqg. (11)). In ad-
dition to adduct formation, proton transfer to pyrrole
(and subsequent benzyne formation) was a feature
in all of the spectra, while electron transfer from the
nucleophile was more prominent, particularly when
X = NOs. The observation of electron transfer may
support previously proposed mechanisms for adduct
formation in heteroarenes, in which single-electron
transfer (SET) from the heteroarene to the electrophile
is followed by recombination of the of the radicals to
yield a sigma bonded intermediate (Eq. (132].

I o fem . H
@ [E N J @E (19

To further investigate the reaction pathways de-
scribed inSection 3.3 CID experiments were per-
formed on the adducis-XCgH4-Nut. These adducts
were formed via ion—molecule reactions between
non-mass selected aryl cations formed via in source
CID on their diazonium precursor ions and the neu-
tral nucleophiles during the ion accumulation period
(typically 100 ms). The results of these experiments
are listed inTable ‘&nd shown irFigs. 4 and 5

Collisional activation of the stablp-XCgH4OH,™
adducts resulted in either,® or X loss. When X=
Cl, regeneration of the phenyl cation was observed as
the primary fragmentation pathway (i.e., the reverse
of Eq. (5)), closely followed by Cl loss. In the cases
where X= Br and NQ, loss of X was also seen. Loss
of HO from the p-O,NCgH4OH,™* adduct was also
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Scheme 1.

observed. The exact mechanisms for all of these reac-
tions are uncertain. While it is tempting to speculate

that loss of X results in the formation of distonic ions

(cf. EqQ. (11)), the formation of other isomers such as
the conventional radical cations of phenols is possible.
A number of interesting dissociation product ions

were observed when X CHzO. Scheme 1shows

the initial adduct can be subject to proton transport

where either thgoara substituent or the attached nu-
cleophile may be protonated (Eq. (11)3]. Upon
CID of p-H3COGsH4OH,™ two possible fragmenta-

The stabilized-XCgH4OH(CHs)™ adducts arising
from reactions between methanol and the aryl cations
were also subjected to CID. When % Cl and Br
loss of X was the primary fragmentation pathway (cf.
Eqg. (11)), while for X= NO2, OH loss yielded the
most predominant ion. Once again, the precise mech-
anisms of these reactions are uncertain. AszGM
bond homolysis was observed to occur almost exclu-
sively for X = CH30, CD3OD was employed to as-
certain whether Cklloss was occurring from thgara
substituent or from the addition of methanol to the

tion pathways exist i.e., regeneration of the phenyl phenyl cation Fig. 4 andScheme 2

cation (Eq. (18)) or loss of C#1 to give a product ion

The issue of isomerization of adduct ions can

atm/z 110 (Eq. (19)). Our experimental data suggests be addressed by comparing the fragmentation re-
the reaction most likely occurs when the proton resides actions of the energized adducts with their long
on the methoxy substituent as abundant ions are seerived collisionally stabilized adduct. Thus, the en-

atm/z93, 111, 134 and 110, respectively (Eq. 20-23).

Loss of CO from the product ion a¥z93 was also ob-

ergized adducts formed in the reactions of {CID
with CID generated aryl cationg=ig. 4A) fragment

served and can be attributed to ring protonation, which via loss of C}* as do the adducts formed from
accounts for a small fraction of the protonated phenol mass selected aryl cationBig. 4B). In contrast, the
ions. (The mechanism for CO loss from the radical long lived p-CH3OCsH4OD(CD3)™ adduct ion frag-

cation of phenol has been discussed—[$&3.)

ments via loss of both CP and CH* (Fig. 40.
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These observations can be rationalized by examining in relatively equal abundances. When=XNO,, NO

Scheme 2 Upon initial dediazoniation (Eq. (24)),
the phenyl cation can readily react with gDD(H)
(Eq. (25)) resulting in an energized adduct (Eqg. (26)),
which can either undergo collisional stabilization
(Eq. (26)) or fragmentation via exclusive loss of €D
(Eq. (27)). Subsequent GMloss from the ion atv/z
125 also occurs but to a minor extent (Eg. (31)). CID
of the collisionally stabilized adductig. 40 how-
ever, reveals two processes: (a) loss 06CEQ. (28))
and (b) CH* loss (Eq. (30)). The most likely expla-

loss Eg. (12) in addition to distonic ion formation
were observed, while for X= CH30, distonic ion for-
mation was most prominent (Eqg. (11)). Further stud-
ies aimed at providing evidence for the formation
of distonic ions when X= NO, are discussed in
Section 3.5

The manner in which the collisionally stabilized
p-XCgH4OC(CHs),* adducts fragmented was quite
interesting. In the case of X Cl and CHO, GHa
loss was followed by loss of 28, while for X Br

nation of these competitive losses is that there are two and NQ, distonic ion formation was followed by the

populations of adduct ions, G@®CsH4O(D)CDs™
and CHO(D)CsH4OCDs™, which can intercon-
vert via proton catalyzed transfer (Eq. 29). Sub-
sequent losses of G® (Eq. (31) and CH*
(Eqg. (31)) are both responsible for the product ion at
m/z 110.

The stablep-XCgH4sNCCHs* adducts were also
subjected to CID. When X= ClI, the para substi-
tuted phenyl cation was regenerated, while for=X
Br, the distonic ion (Eqg. (11)) and phenyl cation were

stepwise loss of Ckt and 28. To determine whether
CO or GH4 loss was occurring, OC(CG), was used

to generate thp-XCgH4OC(CDs),* adducts. CID of
these adducts showedsH loss followed by loss of
28 for X = Cl and CHO (Eq. (32), while for X =

Br and NQ, distonic ion formation was followed by
CDs3 and 28 lossEq. (33). Thus, from these obser-
vations it was clear that CO loss (from the ring) was
occurring. Due to the presence of H-D scrambling it
was difficult to ascertain the exact mechanism(s) for
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each of these reactions.

<X-c6H4OC<cog>z>+‘(§j”<X-c7H3030)+
(X=Cl, CH30)
~S9(X-CeH3D3)* (32)
CID
<X-caH4OC<coa>z>+;7X3<<:6H4OC<CD3>2>'+
(X=Br, NOy)
—CD3 -CO
H4D30)** HaD3)**
o (CgH4D30) J;(C7 4D3) (33)

In order to gain a better understanding of the
fragmentation behavior of the-XCgH4OHC(CHs)N
(CH3CH)* adducts, they were subjected to CID
(Fig. 5. Upon examination oFig. 5, O-arylation was
clearly preferred with the product ion (GBH2NC
CHs™ (m/z 70) (Eg. 4)) dominating. Minor frag-
ments due toN-arylation were also present in all
spectra (Eq. (15)). To further investigate the ap-
pearance of botiN- and O-arylation product ions,

153

(Eq. (35)) followed by fragmentation (Eq. (36)). (The
radical cations of amides undergo a similar rearrange-
ment sedq34].) Several other product ions were also
observed including Br los$1{z 163) followed by loss

of CHaCH3 (mV/z 135) and the combined losses of Br
and CHCO (m/z 121).

Loss of X was the major fragmentation pathway
for XCgHa(pyrrole)™ where X = Cl, Br and NQ,
while X = CH3O fragmented via Cklloss. There
was also some minor product ions due to the for-
mation of protonated pyrrole, which are likely to
arise from proton transfer and subsequent benzyne
formation.

CID of XCgHga(aniline)* for X = Cl and Br gave
abundant loss of X, while this was a minor channel
for X = NO, where OH loss dominated instead. The
fragmentation pattern of the adduct where=XCH3O
was slightly more complicated and was dominated by
the formation of protonated aniline. For the adducts
derived from X= CI, Br and NQ, proton transfer to
aniline was also observed in addition to some electron

and to determine whether these adducts can isomer-transfer.

ize, p-Br-N-ethyl-acetanilide [-BrCsH4N(CH2CHz)

(COCHg)) was independently synthesized and the 3.5. Probing regioselectivity in N2 loss from

fragmentation behavior of its [M- H]* ion was ex-
amined by CID. The resultant spectrum is shown in

Fig. 6 and can be compared to the adduct formed via

ion—molecule reactions{g. 5B). The base peak at
m/z 200 and 202 is consistent with decomposition of
the N-protonated ion via CBCO loss (Eq. (34)). The
very small peak am/z 70 (1% abundance), suggests
that the N-protonated ion undergoes isomerization

isomeric diazonium ions and distonic ion formation

In order to examine the issues of isomerization
of XCgHst aryl cations and their XgHsNuY™
adduct ions, theortho and meta derivatives of
0O2NCgH4N2BF4~ were synthesized, and the frag-
mentation reactions of their free diazonium ions were
compared to thepara isomer. We were particularly

he (34) .
Br—@-fﬂ—C-CHs B NH,CH,CH; + CH,CO
CH,CHj
m/z 242/244 m/z 2000202

q(35)

m/z 242/244

|
NCH,CH;  (36)

B.—O&c\

H
B.—O-OH + GHACHN=COH

m/z 70

CH,
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Fig. 6. CID M of p-Br—CsH4NH(C(O)CHs)(CH2CHg)™* .

interested in using ion—molecule reactions with allyl between the CID spectra of timeta andpara diazo-
iodide to address whether true distonic ions were nium was due to minor product ions (1%, relative to
formed. This requires the adducts to be synthesized base peak) atVz 110 form-O,NCgH4N2T and atnvz
in a separate step, and so we decided to form these79 and 117 fop-O2NCgH4N, .
via in source CID from solutions of the appropriate Given that aryl cations and their adducts with ace-
diazonium ion in either pure acetonitrile or methanol. tonitrile were only observed for theneta and para
This approach also gave us an opportunity to exam- isomers, we next studied the CID of source gener-
ine CID of the diazonium ions in the ion trap in the atedmeta and para O;NCgH4sNCCHsz™ adduct ions.
absence of a mixture of ESI solvent gases. The resultant spectra are given kig. 8 and show
When CID of the diazonium ions generated from that both isomers fragment via abundant NIOss.
ESI of their salts in pure acetonitrile were carried out The only subtle difference between the two spectra
in the ion trap, the spectra shown kig. 7 resulted. is that thepara isomer gives a minor ion atVz 105
The major difference between the CID of thera iso- (Fig. 8A) which is absent for theneta isomer, while
mer under these condition&i¢. 70 and when ace-  themeta isomer in turn gives an unique minor ion at
tonitrile was added to the bath gasid. 30 is that m/z 92 (Fig. 8B). To provide evidence that the ions
the arylcation is formed in much higher abundance to due to NQ loss are distonic ions, they were mass
its ion—molecule reaction products. Nonetheless, prod- selected and allowed to react with allyl iodif&7].
ucts due to ion—molecule reactions with background Fig. 9shows that the ions aw/z 117 originating from
gases (mainly water and acetonitrile) are still observed. the para (Fig. 9A) andmeta (Fig. 9B) diazonium ions
An examination ofrig. 7 reveals that there are signifi- both react via iodine abstraction as the main reaction
cant differences between the CID spectra ofdhéo pathway Wz 244), with a small amount of allyl rad-
isomer relative to theneta andpara isomers. Perhaps ical transfer preseninfz 158). These results suggest
the most dramatic difference is that the aryl cations are that these ions do have a distonic ion structure.
the base peak in the CID spectra of theta andpara The same types of experiments were repeated with
isomers Fig. 7B and @ but are virtually non-existent  ESI solutions of the diazonium salts in pure methanol.
in the ortho isomer Fig. 7A). The only difference Once again, there was a dramatic difference in the CID
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spectra ofo-O,NCgH4N>* (Fig. 10A) relative to the (Fig. 7B and §. The spectra for theneta and para
meta (Fig. 10B) and para (Fig. 10Q isomers. Inter- isomers are very similar, with a water adduat£140)
estingly, the CID spectra for thertho isomer formed being the most abundant ion in both cases. Only sub-
from the methanol ESI solvenEig. 10A) is similar tle differences between theeta andpara isomers are

to that obtained when acetonitrile is used as the sol- observed in their formation of minor ions at'’z 79,
vent (Fig. 7A). In contrast the abundances of the aryl 110, 122 and 123.

cations observed in the CID spectra of tineta and The CID of the source formed adduct ions were
para isomers formed from the methanol ESI solvent also examined (data not shown). ForO,NCgH4
(Fig. 10B and ¢ are significantly diminished to those  (CH3zOH)*, we observed loss of NQ(m/z 108) as the
obtained when acetonitrile was used as the solvent sole fragment ion, while fop-O,NCgH4 (CH3OH)™,
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and (B) distonic ion formed fronm-O,N-CgH4NCCHz ™.

OH loss Wz 137) gave the base peak (100%) along react with the allyl iodide, with ions corresponding to
with product ions at/z 108 (51%) and 113 (8%). In  iodine abstractionnfyz 235) and allyl radical trans-
an attempt to determine whether the observed lossesfer (m/z 149) present in only trace amounts1%).

of NO; yielded the distonic ions for theneta and One possibility for this dramatic difference is that
para systems, ion—molecule reactions with allyl io- the methoxy distonic ions are inherently less reactive.
dide were once again employed (data not shown). In An alternative explanation is that they rearrange via
contrast to the distonic ion derived from acetonitrile intramolecular or bimolecular catalyzed H transfer to
(Fig. 9), both product ions atvz 108 did not readily ~ the conventional radical cations of anisole.



158 AK. Vrkic, RAJ. O'Hair/International Journal of Mass Spectrometry 218 (2002) 131-160
100 CH, 0" 920
94.0 C;H,OH,* )
50.9 ® 150
$CID
78.0 ©
*
149.9 0-O,NC(H,N,*
66.0
A A
S I B O I B D N
60 80 100 120 140 160 180 200
100 O,NC,H,OH,* 140.0
(B)
Q
Q
=
o]
e
3 ® 150
< $CID
[} @]
2 *
—
_4_'“ OZNC6H4+ 149.9 m'OZNC6H4N2+
Q
a4
-NO
C.H,OH,* 94.1
j 110.1 122.0
0 A 1
1T T T 1T 11T T 1 1T 1T T 1T
60 80 100 120 140 160 180 200
100 140.0 (J)
()
® 150
$CID
e}
(X) #
94.1 149.9 p-O,NC.H,N,*
—OH 2 642
79.0 123.1
0 1 l
T T 17T T T 717 17 17 1T 17T 7T 1777
60 80 100 120 140 160 180 200
m/z

Fig. 10. CID MZ of isomers of nitrobenzenediazonium ions dissolved in purg@Ht (A) 0-O,N—-CgHsNot, (B) m-OoN—-CeHaNot,

(C) p-NO2—-CsHaN2 ™.
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4. Conclusions

Electrospray ionization of the tetrafluoroborate salts
of para substituted (chloro, bromo, nitro and methoxy)
benzene diazonium ions (§E4N>* where X= Cl,

Br, NO2 and CHO) results in the formation of the bare
diazonium ion as well as the mixed inorganic/organic
salt ion clusters in both the positive and negative
mode. Evidence of “magic numbers” were observed
in the case of -XCgHaN2TBF47),XCgH4N2* and
(p-XCgH4N2TBF47),BF4~ where X = ClI, Br and
NO; in which the key cluster ions wereat= 1 and 4,
while for X = CH30, the most abundant cluster
ions were att = 1 and 6. The diazonium ions were
generally found to be unreactive towards the nucle-
ophiles, while the opposite trend emerged for the
substituted phenyl cations. These were found to read-
ily form energized adducts (X§Ei4sNuY™), which
underwent several different fragmentation reactions,
including radical loss of thpara substituent. The gas
phase CID reactions of the adducts @GNuY™)
were also examined, and similar types of reactions
were observed. lon—molecule reactions with allyl
iodide provided evidence for distonic ion formation
via loss of NQ from the meta and para aryl cation
adducts GNCgH4NCCHs™.
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