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It is often found in mass spectrometry that when a molecule is protonated at the thermodynamically
most favorable site, no fragmentation occurs, but a major reaction is observed when the proton migrates
to a different position. For benzophenones, acetophenones, and dibenzyl ether, which are all preferentially
protonated at the oxygen, deacylation or dealkylation was observed in the collision-induced dissociation
of the protonated molecules. For para-monosubstituted benzophenones, electron-withdrawing substituents
favor the formation of RgH,CO" (R = substituent), whereas electron-releasing groups favor the competing
reaction leading to §4sCO". The In[(RGH4CO")/(CsHsCO")] values are well-correlated with the*
substituent constants. In the fragmentation of protonated acetophenones, deacetylation proceeds to give
an intermediate proton-bound dimeric complex of ketene and benzene. The distribution of the product
ions was found to depend on the proton affinities of ketene and substituted benzenes, and the kinetic
method was applied in identifying the reaction intermediate. Protonated dibenzyl ether loses formaldehyde
upon dealkylation, via an ionneutral complex of the benzyloxymethyl cation and neutral benzene. These
gas-phase retro-FriedeCrafts reactions occurred as a result of the attack of the proton at the carbon
atom to which the carbonyl or the methylene group is attached on the aromatic ring, which is described
as the dissociative protonation site.

Introduction sites resulting in different forms of protonated molecules (MH
Binding of a proton at the thermodynamically most favorable

Protonation is an elementary reaction involved in proton o gives rise to the most stable MHons from which the

transfet and hydrogen bondifgin various chemical and
biological systems. Over the past four decades, a tremendous @@ 1B, Ros, Fheor, Chim. ACtA871, 21, 165-209. ()
H H a) Jansen, H. b.; ROS, eor. im. Act , .
amount of effort has been devoted to the determination of the summers, N. L. Tyrrell, JTheor. Chim. Actal978 47, 223-231. (c)
site of protonation for molecules from those as small as carbon pixon, D. A.: Komornicki, A.; Kraemer, W. PJ. Chem. Phys1984 81,
monoxidé to large ones such as peptides and protéiRer 3603-3611. (d) Rodriquez, C. F.; Cunje, A.; Hopkinson, ATEIEOCHEM

multifunctional molecules, protonation may occur at different 1998 430 149-159.

P y (4) For example: (a) Cox, K. A.; Gaskell, S. J.; Morris, M.; Whiting,
A. J. Am. Soc. Mass Spectrofr®96 7, 522-531. (b) Nair, H.; Wysocki,
(1) (a) Kresge, A. JAcc. Chem. Red975 8, 354-360. (b) Scheiner, V. H. Int. J. Mass Spectrom. lon Procesd@®98 174, 95-100. (c) Pesaresi,

S. Acc. Chem. Red985 18, 174-180. P.; Sandona, D.; Giuffra, E.; Bassi, REBS Lett.1997 402 151-156.

(2) (a) Legon, A. CChem. Soc. Re 1993 22, 153-163. (b) Chan, B.; (d) Dillet, V.; Van Etten, R. L.; Bashford, Dl. Phys. Chem. R00Q 104,
Del Bene, J. E.; Elguero, J.; Radom,d..Phys. Chem. 2005 109 5509— 11321-11333. (e) Cummins, P. L.; Gready, J.EAm. Chem. So2001,
5517. 123 3418-3428.
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intrinsic physicochemical properties of molecules, e.g., the to the proposal of a “mobile proton modéll416 which
proton affinity (PA)® can be measured in the gas phase by mass describes the mobility of the protacrossthe MH" ion, and
spectrometry.Under given conditions, the site of protonation is now widely used in the mass spectrometry of peptides and
can be determined by using various techniques, such as UV,proteins.

NMR, and mass spectrometry. However, it has been shown that  The amide is not only the elementary unit of peptides but
in some cases a molecule may have a different “preferred” site also an important functional group of many drug molecules.
of protonation in solutiorfsthan in the gas phase when the penicillins, for example, contain two amide bonds. In ESI-MS,
solvent effect is involved It is also interesting that when studied fragmentation of the MH ions of penicillins is dominated by
by different methods of mass spectrometry, a molecule can becleavage of thgg-lactam bond which requires protonation at
found to be protonated at sites that are not energetically favored, the lactam nitrogen. For the,-unsaturated amides, another
reflecting the thermodynamically vs kinetically controlled nature fragmentation reaction prevails that requires protonation at the
of the protonation process. . . o-carbon atom. Atorvastatin, a new drug for the treatment of
Mass spectrometry plays an important role in the fundamental high serum cholesterol, has a phenylamido moiety conjugated
studies of protonation of molecules in the gas phase. On thewith the central pyrrole ring. In the collision-induced dissociation
other hand, protonation is also important in the application of (CID) mass spectrum of its MHion (nm/z 559), the base peak
mass spectrometry to structural elucidation, since the moleculesis observet at m/z 440, corresponding to loss of phenyl
of interest are often ionized by protonation to offer structural jsocyanate (8:C=NCgHs). By using a series of benzamides,
information. To begin interpretation of the fragmentation of a which is similar to atorvastatin in view of the,8-unsaturated
protonated molecule, one might first want to tackle where the amide moiety, we have confirm&dthat loss of isocyanates
proton goes in the molecule because it is common that cleavagesequires a configuration where the-carbon is protonated.

are directed by the charge brought in by protonatidn. either Benzamides are known to be protonated preferentially at the
the traditional chemical ionization or the contemporary elec- carbonyl oxyger® Since the proton affinity of a simple amide
trospray ionization mass spectrometry (ESI-MS), the Méh is at least 17 kcal/mol higher than that of benzeisemerization

population is often predominated by one structure in which the of the O-protonated MH ion to the C,-protonated species is
external proton is attached to a specific position of the molecule. an endothermic procedsNevertheless, this proton transfer still
However, the major fragmentation reaction mat take place  takes place prior to loss of the isocyanate. We are interested in
from this dominant structure unless the ionizing proton migrates characterizing these “hot spots”, i.e., positions similar to the
to a different position. As a typical example, protonation of the amide nitrogen in the cleavage of the amide bond or the
amide has been repeatedly shown to occur at the carbonylg-carbon of ana,S-unsaturated amide in the loss of an
oxygen:2In contrast, the major fragmentation of the Mibns isocyanate, which we would like to describe as the dissociative
of amides, i.e., loss of the amine (or ammonia), takes @abe  protonation sites. Protonation at these sites resultgantive
when the amide nitrogen is protonated, even though the configurations from which a fragmentation reaction takes place
N-protonated species is 14.3 kcal/mol higher in energy than the without further isomerization. They am®t necessarily the most
O-protonated isomer, in the case of formamide, and there is abasic sites but truly crevices (reactive centers) in thetNthhs

high energy barrier between the two structuif€$his has led leading to fragmentation in mass spectrometry.
i 14-16 § i

(5) Hunter, E. P. L Lias, S, GJ. Phys. Chem. Ref. Dats09§ 27, T_he mob|l_e proton mod#! is applicable not only to the
413-656. flexible peptides but also to rigid molecules. As a matter of

(6) (@) Cooks, R. G.; Patrick, J.; Kotiaho, T.; McLuckey, S.Mass fact, the mobile feature of the ionizing proton was first observed
Spectrom Re 1994 13, 287—339. (b) Cooks, R. G.; Wong, P. S. Acc. i i _
Chem. Res199§ 31, 379-386. (c) Harrison, A. GMass Spectrom Re and ungzquwoca”y Char%oterlzed by Grutzmacher and co
1997 16, 201-217. workers?? In many aromatic molecules, such as the terphenyls,

(7) (a) Hotokka, M.; Loennberg, HHHEOCHEM1996 363, 191—201. with a carbonyl group on one end and a methoxymethyl on the

(b) Raczynska, E. D.; Darowska, M.; Cyranski, M. K.; Makowski, M.;  other, they made the carbonyl oxygen protonated unambiguously

Rudka, T.; Gal, J.-F.; Maria, P.-Q. Phys. Org. Chem003 16, 783— : -
796. () Raczynska, E. D.. Makowski, M.. Gornicka, E.. Darowska, M. (by loss of an alkyl from a tertiary alcohol precursor in electron

Int. J. Mol. Sci.2005 6, 143—156. impact ionization) and observed that the proton migrates from

(8) (&) Riand, J.; Chenon, M. T.; Lumbroso-BaderJNAm. Chem. Soc.  the carbonyl oxygen to the methoxy oxygen, leading to loss of
1977,99, 6838-6845. (b) Kallies, B.; Mitzner, RTHEOCHEM1998 428
267—282. (c) Hilal, R.; Elroby, S. A. Kint. J. Quantum Chen2005 103

449-459. (14) (@) Mueller, D. R.; Eckersley, M.; Richter, W. @rg. Mass
(9) For example, the protonation of anilines. (a) Smith, R. L.; Chyall, L. Spectrom1988 23, 217—222. (b) Johnson, R. S.; Krylov, D.; Walsh, K.

J.; Beaseley, B. J.; Kenttamaa, HJI.Am. Chem. Sod.995 117, 7971~ A. J. Mass Spectroml995 30, 386-387.

7973. (b) Nold, M. J.; Wesdemiotis, . Mass Spectroni996 31, 1169- (15) Dongre, A. R.; Jones, J. L.; Somogyi, A.; Wysocki, V. H.Am.

1172. (c) Roy, R. K.; de Proft, F.; Geerlings, R.Phys. Chem. A998 Chem. Soc1996 118 8365-8374 and references therein.

102, 7035-7040. (d) Harrison, A. G.; Tu, Y.-FAnt. J. Mass Spectrom (16) (a) Csonka, I. P.; Paizs, B.; Lendvay, G.; SuhaR&id Commun.

200Q 195196, 33-43. Mass Spectron200Q 14, 417—-431. (b) Paizs, B.; Suhai, $lass Spectrom.
(10) (a) Weisz, A.; Cojocaru, M.; Mandelbaum, A.Chem. SocChem. Rev. 2005 24, 508-548.

Commun1989 331-332. (b) Vais, V.; Etinger, A.; Mandelbaum, &ur. (17) (a) Daeseleire, E.; De Ruyck H.; Van Renterghem Rapid

Mass Spectronl999 5, 449-454. (c) Vais, V.; Etinger, A.; Mandelbaum, Commun. Mass Spectror@00Q 14, 1404-1409. (b) Fagerquist, C. K.;
A. J. Mass Spectron1999 34, 755-760. (d) Denekamp, C.; Mandelbaum, Lightfield, A. R.; Lehotay, S. JAnal. Chem2005 77, 1473-1482.

A. J. Mass Spectron2001, 36, 422—429. (18) (a) Bullen, W. W.; Miller, R. A.; Hayes, R. Nl. Am. Soc. Mass
(11) Wysocki, V. H.; Tsaprailis, G.; Smith, L. L.; Breci, L. A. Mass Spectrom1999 10, 55-66. (b) Jemal, M.; Ouyang, Z.; Chen, B. C.; Teitz,
Spectrom200Q 35, 1399-1406. D. Rapid Commun. Mass Spectroh®99 13, 1003-1015.
(12) (a) Homer, R. B.; Johnson, C. D.Tine Chemistry of AmideRatai, (19) Tu, Y.-P.Rapid Commun. Mass Spectrop@04 18, 1345-1351.
S., Ed.; John Wiley: Chichester, UK, 1970; pp 1886. (b) Perrin, C. L. (20) (a) Catalan, J.; Yanez, M.etrahedron198Q 36, 665-667. (b)

Acc. Chem. Resl989 22, 268-275. (c) Brown, R. S.; Bennet, A. J,; Grutzmacher, H.-F.; Caltapanides, A.Am. Soc. Mass Spectrof®94 5,
Slebocka-Tilk, HAcc. Chem. Re4.992 25, 481-488. (d) Cox, C.; Lectka, 826—-836.

T. Acc. Chem. Re®00Q 33, 849-858. (21) The PA values of formamide and benzene are 196.5 and 179.3 kcal/
(13) Lin, H. Y.; Ridge, D. P.; Uggerud, E.; Vulpius, J. Am. Chem. mol, respectively. An electron-withdrawing group decreases the PA of
Soc 1994 116, 2996-3004. benzene further, especially at thEso-position.
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methanoP Clearly, a fragmentation reaction occurs upon the 5.0 5
arrival of the proton at a “dissociative” position. In this paper
we describe the mass spectrometry of compounds for which
major fragmentation reactions are observed only when the proton
migrates from the thermodynamically favored position to a
nonfavored position. In such a reaction, the moiety of the
molecule that retains the ionizing proton could be either lost as
the neutral species or found as the fragment ion. It is
demonstrated that the dissociative protonation sites of thé MH
ions are the reactive centers for fragmentation in mass spec-
trometry.

I
3]
|

Experimental Section

An API-US hybrid quadrupole/time-of-flight (Q-TOF) mass
spectrometer with a Z-spray source (Waters/Micromass, Manches-
ter, UK) and a Sciex API 4000 triple quadrupole mass spectrometer
with an orthogonal turbo V-spray source (MDS Sciex, Toronto,
Ontario, Canada) were used. Both instruments were operated at a
source temperature of 30C and an electrospray voltage of3
kV. On the Q-TOF instrument, nitrogen was used as the desolvating
and nebulizing gases, and argon as the collision gas, which was
adjusted to result in a pressure ofx510°3 Pa on the analyzer 20 10 0.0 10
Penning gauge unless otherwise indicated. On the Sciex instrument, - o P ’
zero air was used as the desolvating gas, and nitrogen served as
both the curtain gas and the collision gas. The pressure in the

- 3 I .
collision cell was 4x 107 Pa as indicated by an ion gauge attached constants for the collision-induced fragmentation of the Mbhs of

to the cell. . enzophenones monosubstituted at the para position. Collision energy
Benzophenones, acetophenones, and the dibenzyl ether were a = 2.5 eV (argon)
m= 2. .

commercial products, and were used without further purification.
The compounds were dissolved in acetonitrile first and diluted with . . N
water containing 0.1% formic acid to a final concentrationdf thﬁ CIB mass tspectra} oftthe|r l\_/trrljdons..What IS |nterest(|)ng IS
ug/mL. The solutions were infused for electrospray ionization witn WNEN R IS & Strong €lectron-withdrawing group (emNOy),
a syringe pump at a flow rate of 2L/min. Data reported here the intensity of the REH4CO™ ion is significantlyhigherthan

were taken from the combined spectra acquired over a few minutesthat of the GHsCO™ ion; whereas when R is a strong electron-

In [(R-Ph-CO") / (Ph-CO")]

o
o
|

FIGURE 1. Plot of In[(R-Ph-CO)/(Ph-CO)] vs theo," substituent

for all compounds. donating group (e.gp-N(CHjy)y), the intensity of the RgH,4-
CO" ion is considerablyower than that of the gHsCO™ ion.
Results and Discussion Obviously, the stability of the product ion it the key factor

governing the reaction.

The compounds selected in this study are expected to have  The reaction must be triggered by protonation attfearbon
no or only minor fragmentatiodirectly from the MH* ions in to which the carbonyl is attached, resulting in loss of a neutral
which the proton is attached to the thermodynamically favored penzene that captured the added proton. However, in view of
site; a major fragmentation reaction occurs when the proton the protonation site, the unsubstitituted benzophenone would
migrates to the key dissociative protonation site. The reactions pe similar to benzaldehyde for which Keb&fland Harriso?*
are categorized to show that the moiety of the molecule that have concluded that the carbonyl oxygen is the preferred site
retains the external proton may be (1) lost as the neutral speciesfor protonation. Therefore, for benzophenones, a proton transfer
(2) observed as the fragment ion, or (3) either the neutral or from the oxygen to the carbon is required prior to the
the ionic product in a dual mode. The compounds in the three fragmentation, and the reaction mechanism could be further
groups are benzophenones, the dibenzyl ether, and acetopheexplored by studying the substituent effects on the distribution
nones, respectively. of the product ions. For various benzophenones monosubstituted

As the Neutral SpeciesIn this group, the ionizing proton  on the para position, the variation of the intensities gHg
and the moiety of the molecule retaining the proton are CO" and RGH.CO" was well correlated with the nature of
eliminated as the neutral species in the fragmentation. For thethe sustituents. A plot of the intensity ratios of these two ions
unsubstituted benzophenone, the CID mass spectrum of theys the substituent constarffsg,*, was obtained as shown in

MH* ion (m/z 183) showed only one product ion @z 105, Figure 1. Generally, all electron-attracting groupsg*(> 0)
which is the phenylcarbonyl cation. For monosubstituted ben- favor the formation of the Rg1,CO* ion, and electron-releasing
zophenones, generally two competing product ion}sCO* groups ¢,* < 0) favor the other channel to formgBsCO*

and RGH4CO" (where R is the substituent), were observed in jnstead.

In view of the proton transfer, as shown in Scheme 1, from
(22) (a) Filges U.; Grutzmacher, H.-Rrg. Mass Spectroni986 21, the carbonyl oxygen, the proton can migrate todhearbon of

673-680. (b) Filges U.; Grutzmacher, H.-Brg. Mass Spectroml987, ; ; i
22, 444-450. (c) Filges U.. Grutzmacher, H.-Rt. J. Mass Spectrom. lon either ring through transition states TS1 and TS2 to generate

Processes1988 83, 93—109 and 11%+133. (d) Grutzmacher, H.-F;

Thielking, G.Org. Mass Spectrom.988 23, 397—405. (e) Grutzmacher, (23) Lau, Y. K.; Kebarle, PJ. Am. Chem. S0d.976 98, 7452-7453.
H.-F.; Thielking, G.; Wittneben, D.; Eikenberg, Int. J. Mass Spectrom. (24) Benoit, F. M.; Harrison, A. GJ. Am. Chem. Sod977, 99, 3980~
lon Processe99Q 98, 259-268. (f) Thielking, G.; Filges U.; Grutzmacher, 3984.

H.-F. J. Am. Soc. Mass Spectrod92 3, 417-426. (25) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195.
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SCHEME 1 TABLE 1. Thermochemical Data for the Species Generated in the
+ Fragmentation of Protonated Methoxybenzophenone, Dibenzyl
OH Ether, and Acetophenone (kcal/mol)
species PA AH° ref/note
O O CH,O 170.4 —27.7 5,27
| R CHCO 197.3 —-11.4 5, 27
CHsCO* 156 27
l l CeHs 179.3 19.8 5
CeHe-H 206 5,27
Ho+ +/H CeHsCO™ 168 27
L9 o7 : CeHsCHz* 215 27
: : CgHsOCHg 16.2 27
‘ O ‘ O (CeHs)2CHz 191.7 39.4 5,27
(CeHs)2CHorH™ 213 5,27
TSt R TS2 R CeHsCH,0OH 192.4 —-22.6 5,27
p-CH30CsH4CO* 115 estimatet

a Calculated from the heat of formation and PA of the neutral molecule.
b Estimated from that of g4sCO* by using an increment of53 kcal/

H Q Q H mol, see the text.
o
1 R 2 R :
TS1

OCH; &
TS2

H
ol 1
D0, OO
R R
[e]
two C,-protonated ions,1 and 2. The subsequent simple ©)*+ O\
cleavage of the £-CO bond leads to the final phenylcarbonyl oCH,
cations. By this mechanism, briefly, if R is an electron-
withdrawing group, the ¢ site in TS1 ismore capable of o
accepting the proton than that in TS2 due to the destabilizing N
effect of the substituent, and the reaction through TS1 is more@ * k©\ocn
favorable. In contrast, when R is an electron-donating group, ’
the local PA&S at the G site in TS2 (para to the R group) is

higherthan that at the corresponding position in TS1, and the [ }
reaction through TS2 is favored. This is really similar to the "
scenario of comparing the reactivity of Bds (R = NO,, i
N(CHjs),, for example) in electrophilic substitution on the para
OCH;

position. The reaction is actually governed by the energy of

. . . FIGURE 2. An illustrative potential energy profile for the fragmenta-
To further understand the energetics of the reaction, the yon of the MH* ion of p-methoxybenzophenone.

thermochemical dat&’ of the fragmentation products for

methoxybenzophenone are presented in Table 1ATHe/alue  paricular, they found that loss of benzene from the Mbin

of p-CH;OCsH,CO" is estimated to be 115 kcal/mol, assuming  f the unsubstituted benzophenone gives rise to a broad peak,

that the increment from R H io CH,0 in RGH,CO" is the with a kinetic energy release of 192 meV, which is much larger
same as that in REI,CH=OH" (the MH" ions of benzalde- 31 4 simple bond cleavage. The kinetic energy ref@dse

hydes):” However, the thermochemistry leads to a conjecture jngicative of the existence of a reverse activation energy created
that formation ofp-CH;OGH,CO™ (M2 135) is more favorable, by 3 |arge energy barrier. Therefore, based on the mass spectral
by 17 keal/mol, than the formation ofeBsCO™ (m/z 105). In data, along with the thermochemical and the kinetic energy
fact, the observed intensity @iz 135 is everlowerthan that  rgjease information, an illustrative potential energy profile
of m/z 105, and the In(135105") value is negative as shown (rig e 2) is created for the reactions of methoxybenzophenone.
in Figure 1 for the CHO substituent. We believe that the 1,3-H The proton transfer involved in the reaction is highly
transfer described in Scheme 1 has a signjficant energy barrierendothermic The PA is 210.9 kcal/mol for benzophenone (on
for b charnl o ke e ot 0 8 ol L oo oer o e

. . ' .. substituent) and 179.3 kcal/mol for benzene (which should be
machef® studied the fragmentation of the benzophenones; in

lower at the G position when substituted with a carbonyl

(26) (a) Devlin, J. L.; Wolf, J. F.; Taft, R. W.; Hehre, W.Jl.Am. Chem.

So0c.1976 98, 1990-1992. (b) Kuck, D.Mass Spectrom. Re199Q 9, (28) Sun, J.; Grutzmacher, H.-Brg. Mass Spectrom1991, 26, 1045~
583-630. 1051.

(27) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, (29) Holmes, J. L.; Terlouw, J. KOrg. Mass Spectron198Q 15, 383~
R. D.; Mallard, W. GJ. Phys. Chem. Ref. Dail®88 17 (Suppl. 1), 1-861. 396.
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FIGURE 3. Dependence of the product ion intensities on (a) collision
energy and (b) collision gas (argon) pressure in CID reactions of
p-methoxybenzophenone.

group). Furthermore, the proton transfer from O tpi€ this
reaction, also a 1,3-H shift, is similar to that from O to N in
protonated amides where the existence of a significant energy
barrier is prover? Although an alternative 1,4-H migration to
the 8-position followed by a low-energy 1,2-hydride transfer
(the hydrogen ring-wafé? might be more plausible in terms
of energy requirement, that pathway would cause hydrogen
scrambling. With isotope labeling in benzophenone, e gsC-
(=0OD")CeHs and GHsC(=OH")CgDs, Sun and Grutzmachisr
have shown that only minor H/D exchange occurred in the
fragmentation. Therefore, the direct 1,3-H shift is the dominant
pathway.

The reactions from ionsl and 2 to the corresponding
phenylcarbonyl cations (Scheme 1) are simple bond cleavages
which do not involve major reverse activation energies.
Therefore, iond and2 should reside in very shallow wells on
the potential energy diagram (not shown in Figure 2). Alter-
natively, the proton transfer from O tq,@nd the G—CO bond
cleavage may take place simultaneously in a concerted faghion.
High-level theoretical calculations would be required to provide
a definitive description of the reaction mechanisms in detail.
Nevertheless, it is clear that the fragmentations are triggered
by protonation on the £atoms of the phenyl groups.

It should be noted that the unsubstituted benzophenone (R
= H, not shown in Figure 1) is far off the curve because the
CegHsCO™ cation from one side or the other is the same ion and
the logarithmic value of the intensity ratio used in the plot is
always 0 ¢, for H is also 0). For the monosubstituted

Tu

of the ion intensities on the collision energy and on the collision
gas pressure, as shown in Figure 3, also indicates that the
reaction leading to thevz 135 ion requires higher activation
energy than the other channel/g 105), consistent with the
proposed potential energy profile (Figure 2).

In the Product lon. Protonated molecules in this category
dissociate so that the ionizing proton and the moiety that
captures the proton remain in the product ion. In routine analysis
we often found that compounds containing an allyl ether£CH
CH—CH,OR) group may lose formaldehyde, which is an
interesting fragmentation reaction that involves rearrangement.
Dibenzyl ether may be viewed as one of those compounds
although its methylene is conjugated with an aromatic ring rather
than with a simple olefin. The CID mass spectrum of the MH
ion of dibenzyl ether is shown in Figure 4. Note that the collision
energy is very lowE., = 0.3 eV), indicating that the molecular
ion is rather “fragile”. The base peakmtz 169 corresponds to
loss of formaldehyde, with an error in accurate mass measure-
ment of only 1.8 ppm. In light of the fact that the PA values of
ethers are usually higher than those of benzenes, it should be
acceptable to assume that dibenzyl ether is preferably protonated
on the oxygen. Protonation at the oxygen induces-@teavage
to form the benzyl cationn/z 91) with loss of a neutral benzyl
alcohol (therefore, the oxygen is obviously also a dissociative
protonation site). However, we are more interested in the major
fragmentation, the loss of formaldehyde. Other reactions,
including water los$? are not discussed here.

In the elimination of formaldehyde, the PIEH, bond is first
ruptured while the Ck-0O bond is kept intact. This certainly
requires proton transfer from O to thg-Position, as shown in
Scheme 2, to form an iemneutral complex,3. In mass
spectrometry, it is well-documented in the past two decades that
fragmentation in the gas phase may take place by way of an
ion—neutral complex intermediaf&-3° Upon loss of formal-
dehyde, the resulting benzyl cation attacks the neutral partner
(benzene) to give thevz 169 ion. When this ion was selected
for CID, it decomposed to form the benzyl cation'£ 91) easily,
which is expected for protonated diphenylmethane. The-ion
neutral complex3 can also simply separate to eliminate the
neutral benzene. The resulting benzyloxymethyl catiove (
121), which is evidence in support of the mechanism, is
observed (Figure 4).

In the chemical ionization mass spectrum of dibenzyl ether,
Shannon et & also observed the same fragmentation. In the
reaction mechanism they proposed, formation of the-Cy

benzophenones, however, the prominence of a fragmentationbond between the two phenyl rings might be too difficult;

channel varies as the experimental conditions change. In the
case of methoxybenzophenone, for example, as the collision
energy decreases, the relative intensity o;08:H,CO" (m/z

135) decreases whereas that @HgCO' (m/z 105) increases,
resulting in descending 13B.05" ratios. In addition, at a fixed
collision energy, the 139105" ratio also decreases as the
pressure in the collision cell goes down. As shown in Figure 3,
the 135/105" ratio could be much lower when extrapolated to
where the effects of collision energy and collision gas pressure
are negligible. In fact, the 13%105" ratio in the metastable
ion spectrum was report&tto be only 20:100. By using this
value the curve in Figure 1 could shift downward so much that
R = H would nicely fit in. More importantly, the dependence

(30) Mason, R.; Fernandez, M. T.; Jennings, K. R.Chem. Soc.
Faraday Trans. 21987 83, 89—109.
(31) The concerted mechanism was suggested by a reviewer.

5486 J. Org. Chem.Vol. 71, No. 15, 2006

however, it is agreeable that the reaction is initiated by
protonation at the Eposition. Compelling evidence for the,C
protonation was obtained from isotope labelfgwith the
methylene on one side labeled, the Migns of p-RCsH4-CH,-
OCD,-CgHs lose both CHO and CBO, and the ratios of CyD
over CDO losses were 0.8, 4, and 99 for=R Br, CHs, and

(32) Kingston, E. E.; Shannon, J. S.; Diakiw, V.; Lacey, MOdg. Mass
Spectrom1981, 16, 428—-440.

(33) Williams, D. H.Acc. Chem. Red.977, 10, 280—-286.

(34) (a) Morton, T. H.Tetrahedron1982 38, 3195-3243. (b) Morton,
T. H. Org. Mass Spectroml992 27, 353—-368.

(35) (&) McAdoo, D. JMass Spectrom. Re 1988 7, 363-393. (b)
McAdoo D. J.; Morton, T. HAcc. Chem. Red.993 26, 295-302.

(36) Bowen, R. DAcc. Chem. Red.991, 24, 364-371.

(37) Longevialle, PMass Spectrom. Re1992 11, 157-192.

(38) Chalk, A. J.; Radom, L1. Am. Chem. S0d998 120, 8430-8437.

(39) Tu, Y.-P.; He, L.; Fitch, W.; Lam, MJ. Org. Chem.2005 70,
5111-5118.
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FIGURE 4. CID mass spectrum of the MHion (m/z199) of dibenzyl ether &.» = 0.3 eV acquired on the Q-TOF mass spectrometer with the

exact mass measured for each ion.
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CH;30, respectively? This strongly suggests that an electron-
donating group on the ring bearingHgO enhances &
protonation on this ring (see Scheme 2) to facilitate loss of the

forming them/z 169 ion); however, this process has a significant
energy barrier (67.8 kcal/mol) as revealed in a recent theoretical
study#! Furthermore, Holmes et & have even demonstrated
that “pure” benzyl cation can be generated from benzyl
derivatives at low energies.

Dual Mode. In some cases, the fragmentation reaction
undergoes an intermediate proton-bound complex, from which
the moiety of the molecule that gets the proton may either be
lost as the neutral species or detected as the fragment ion.
Previously, we have showtthat G,-protonation of benzamides
and other,S-unsaturated amides leads to cleavage of the C
C(O) bond to form a proton-bound dimeric complex of
isocyanate and benzene (or olefin). From the complex, benzene
(or olefin), which keeps the original ionizing proton, may leave
as a neutral species or get the proton shared in the complex.
The kinetic methot? was applied in the identification of the
complex, and we were inspired to further explore the applica-
tions of the kinetic method to the studies of reaction mechanism
including fragmentation reactions initiated by protonation.

In the CID mass spectrum of the MHon of acetophenone

nonlabeled formaldehyde. The substituent effect on this reaction(m/Z 121), a dominant product ion avz 43 was found along

is similar to that observed in the fragmentation of benzophenones,

described earlier.
When dibenzyl ether is initially protonated at the oxygen, a

simple bond cleavage occurs to form the benzyl cation and the

neutral benzyl alcohol; upon transfer of the proton to the C

position, loss of formaldehyde takes place. With the thermo-
chemical data for the related species given in Table 1, it is found
that loss of formaldehyde is overall more favorable in energy.

We noted that as the collision energy increases, the relative

intensity of them/z 169 iondecreasesnd that of thanz 91

ion increases. This is consistent with the fact that the intermedi-

ate, ion—neutral complex3, collapses more readily when the
collision energy is higher and thus the reaction via the complex
becomes less competitive. However, it is worthwhile to mention
that conversion of the benzyl cation, formed upon expulsion of
formaldehyde from compleg, to the tropyl ion is unlikely to
occur at the collision energy employeB ., = 0.3 eV, Figure

4) even though multiple collisioA% may be involved. The

conversion would result in the observed changes in intensity of

the product ions (since the tropyl ion may not be active in

with a minor one atm/z 79. Obviously, they are formed as a
result of the breakage of the,€C(O) bond. As discussed
earlier, aromatic carbonyl compour@éé* are preferentially
protonated at the oxygen. To trigger the,~C(O) bond
cleavage, an intraionic proton transfer to thg-fdsition is
required although the proton transfer and bond cleavage may
take place in either a stepwise or a concerted manner. As shown
in Scheme 3, the incipient acetyl cation and the neutral benzene
are associated as iemeutral complexd, which subsequently

(40) Laskin, J.; Futrell, J. HMass Spectrom. Re2003 22, 158-181.
Laskin, J.; Futrell, J. HMass Spectrom. Re2005 24, 135-167.

(41) Shin, C.-H.; Kim, S.-JJ. Korean Chem. So005 49, 247-254.

(42) Buschek, J. M.; Ridal, J. J.; Holmes, J.@rg. Mass Spectrom.
1988 23, 543-549.

(43) (a) Cooks, R. G.; Patrick, J..S.; Kotiaho, T.; McLuckey, SMass
Spectrom. Re 1994 13, 287—-339. (b) Cooks, R. G.; Wong, P. S. Acc.
Chem. Res1998 31, 379-386.

(44) (a) Hegedus-Vajda, J.; Harrison, A. [@t. J. Mass Spectrom. lon
Phys 1979 30, 293-306. (b) Bouchoux, G.; Djazi, F.; Houriet, R.; Rolli,
E. J. Org. Chem1988 53, 3498-3501. (c) Wolf, R.; Grutzmacher, H.-F.
New J. Chem199Q 4, 379-382.
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isomerizes to afford speci@sa complex of ketene and benzene

bound together by a proton. When=RH, the reaction channel 604

giving CH;CO* (m/z 43) is almost 19 kcal/mol more favorable

than the other leading tovz 79 as suggested by the thermo-

chemical data in Table 1. This reaction is similar to the ‘ ‘ ‘ ‘

fragmentation of benzamid¥sand the kinetic method should 25 15 5 5 15 25 35

be applicable to probe the intermediacy of the proton-bound

complex in this reaction and, therefore, confirm the “dual mode”

in relation to the fate of the external proton and its capturer. f,Gure 5. Kinetic method plot for the fragmentation of the MH
The kinetic methotf is a convenient approach in determining  jons of para-monosubstituted acetophenones. Collision erggy:

the PA (and other thermochemical properties) of organic 2.5 eV (nitrogen).

molecules. Briefly, to evaluate the PA of moleculg B series

of reference molecules gBis used to generate proton-bound molecule, becomes a crevice after thg-@om is protonated.

dimers [B---H*-+-B;], which dissociate to give both;Bl™ and In addition, it shows, once again, that the kinetic method can

BoH* competitively. The intensity of individual protonated be applied in identifying a proton-bound dimeric intermediate

monomers is so dependent on their proton affinities that the in the fragmentation of molecular ions.

In[B,H*/B;H™] values yield a linear relationship with the

differences in PA of Band B. To apply the kinetic method  Conclusions

here, acetophenones bearing various substituents were subjected )
to collision-induced fragmentation. The acetyl cation and !N the ESI-MS of benzophenones, acetophenones, and diben-

protonated benzenes were observed in all cases, but theiZy! €ther, we have observed deacylation and dealkylation, which
intensities varied dramatically depending on how the substituent@ré the retro-FriedeiCrafts reactions in the gas phase. These
changes the PA of benzenes. A kinetic method plot was obtainegmolecules are all preferentially protonated at the oxygen atom.
as presented in Figure 5. The product ion intensity correlates For the two types of carbonyl compounds, no reactions take
well with the proton affinity of the related neutral fragments; a Place when the proton is bound at the oxygen; for the ether
higher PA of the (substituted) benzene results in a higher Molecule, only a minoa-cleavage is observed when the oxygen
intensity of the molecular ion of that benzene. Clearly, the IS protonated. I'n both cases, however,.when the proton migrates
fragmentation of thenolecular ions[RCsHsCOCH;H*, takes to the aromatic c_arbon atom to whl_ch the c_arbonyl or the
place as if the dissociating ions were the proton-bound methylene group is attached,_ the major reaction (deacylation
complexe§RCgHs*++H*++-CH,CO]. Each of the two partners  OF dealkylgtlon) is observed. It is demonstrated that afragmenta—
in the intermediate complex can either leave as a neutral speciedion reaction occurs when the proton reachedissociatve
or obtain the shared proton and form the final product jon. ~ Protonation site, WhICh |aotnece§sar|ly the thermodynamically
This result offers strong experimental evidence that the Most favorable site for protonation.
dimeric complex of ketene and benzene is the intermediate
involved in this reaction, which explicates the fact that proto-
nation at the § position triggers the fragmentation even though
the local PA at this position iBwer than that at the carbonyl
oxygen. The @—C(O) bond, which is strong in the neutral J0O060439V

PA (R-Ph) - PA(ketene) (kcal/mol)
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