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mational flexibility of the CPA method is that the best fit may
be obtained with conformers that do not represent energetic
minima. By constraining their search to just two Gaussian dis-
tributions, Noggle et al. obtain better matches of torsion angles
between force field and NOE results but poorer populations.

IV. Summary

Conformer population analysis is a method for the elucidation
of solution structures from NOE data that is an alternative to
building structures from interproton distance constraint matrices.
Compared with distance-constrained methods, CPA has the ad-
vantage of permitting multiple conformations in the fitting solution
and, hence, is capable of removing biases inherent in the as-
sumption of a single structure. Another advantage is that the
method directly works with NOE intensities, an important dis-
tinction because NOE experiments produce intensity data, not
distances.

The most significant disadvantage of the CPA technique is that
it does not direct the construction of a molecular structure; a group
of predefined conformations is required. Although molecular
modeling techniques are capable of generating large sets of en-
ergetically reasonable conformations, it is obvious that the
structures produced will reflect the inaccuracies of the force fields
utilized (this is true of constrained methods as well, although the
constraints commonly are less rigid). For large molecules (e.g.
protons) the CPA method may be impractical because the gen-
eration of adequate trial structures using internal coordinate
randomization techniques alone is unreasonable. However, other
techniques, such as homology modeling, could be used to generate
trial structures for proteins.

Because large sets of trial structures are required to sample
conformational space thoroughly, data reduction techniques are
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needed. The clustering algorithms used in CPA accomplish data
reduction by sifting through large data sets and identifying a
smaller subset of representative structures. Refinement occurs
by identifying clusters that are promising and focusing the fitting
procedures on the members of those clusters. Convergence in this
process is not assured, but in practice the NOE is sufficiently
sensitive to structure that the method readily compresses its search
to a small number of conformers, A final phase of significance
testing produces the most parsimonious solution justified by the
data itself.

Perhaps the most useful application of a multiconformational
technique is in concert with molecular construction methods based
on the one cross-relaxation:one distance approximation. A rea-
sonable procedure may be to use the structure built by a molecular
construction technique as a starting point for conformation
searching by modeling techniques.

In the current implementation, the CPA technique is deficient
in not considering the influence of conformer exchange and rapid
internal motions, such as methyl group rotation. However, these
limitations are imposed principally by the numerical integration
schemes employed; a subsequent version will use more versatile
matrix methods and will include the influence of conformer ex-
change and internal rotation kinetics. Future work will focus on
the inclusion of symmetry and torsional information into the fitting
procedure and on the experimental examination of solution
structures of molecules having multiple conformations.
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Abstract; Four C,H,** isomers yield characteristic mass spectra by neutralization, dissociation of these neutrals, and product
reionization to both positive ("NR* spectra) and negative (*NR~ spectra) ions. Such measurements show that a wide variety
of unsaturated /cyclic hydrocarbon ions, and of jonized 2,4,6-cycloheptatrien-1-one, yield C4H,** of the composition ~68%
methylenecyclopropene (¢**) and ~32% vinylacetylene (a**). This appears to result from the dissociation of a common
intermediate, the excited benzene ion; for the CgHg** precursors, this is consistent with an early proposal of Franklin. This
most stable ¢™* isomer can also be formed in even higher purity from jonized 6,7-benzo-3-methylenetricyclo[3.2,2.0**]nona-6,8-diene,
while the isomer a** can also be formed by loss of H,O from ionized 3-butyn-1-ol. Butatriene ions (b**) are formed by Br,
loss from jonized 1,4-dibromo-2-butyne, but in addition the C4H,* products contain ~44% cyclobutadiene ions (d**). The
d** ions also result from dissociation of ionized 7,8-benzotricyclo[4.2.2.0%5]deca-3,7,9-triene and 3,4-diiodocyclobutene, and
d** is the main C4H,** product from 1,2- and |,4-benzoquinone; with both, d** is accompanied by ~ 14% a**, suggesting a
common cyclopentadienone** intermediate. For each of 13 precursors the values for the *NR* and *NR~ measurements differ
from their average by 1.8 £ 2.6% (absolute), consistent with relatively high accuracy for NR isomeric analysis of gaseous
ions.

A wide variety of studies over the past two decades'® have
sought the isomeric identity of the C;H,** radical cations found
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as a common product of the unimolecular dissociation of ionized
unsaturated/cyclic hydrocarbons such as benzene.®®® Although
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445-449. (e) Ray, J. C., Jr.; Danis, P. O.; McLafferty, F. W.; Carpenter, B.
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Table I. *NR* and *NR~ Mass Spectra for C,;H,** lons from Various Precursors?
precursors 26% 27t 36* 36 38" 48" 49% 51% 51 52* structure?
vinylacetylene 12.4 4.7 13.9 28 8. 50 51 55 94 31 a*t
butalricne 9.9 2.1 15.8 31 28 48 54 55 31 23 b
1 19.9 1.2 23 38 14.3 50 66 48 40 15.5 c*t
2 52 1.8 56 36 4.0 64 92 31 13 9.6 dat
benzene 16.0 3.6 18.6 32 10.5 48 58 51 63 23 a*t 33, 38; ¢** 67, 62
benzene (20 c¢V)© 15.9 3.6 18.4 58 51 23 a*t 32, - ¢t 68, -
benzenc (C1)? 18.9 3.0 21 35 13.1 49 63 49 45 18.6 a*t 13, ]5 c** 87, 85
1,5-hexadiync 15.0 3.2 16.5 33 10.4 49 55 52 56 23 a*t 32, 31; ¢** 68, 69
2,4-hexadiync 14.5 33 15.3 33 11.6 49 54 52 54 23 a** 30, 30; ¢** 70, 70
1,4-cyclohexadiene 14.0 34 15.3 31 10.8 48 54 52 62 23 a** 29, 40; ¢** 71, 60
1,3-cyclohexadiene 154 3.6 18.6 33 9.8 50 58 50 54 22 a** 28, 29; ¢** 72, 71
1,3,5-hexatricne 14.2 34 16.0 33 10.9 50 56 53 64 23 a*t 29, 39; ¢** 71, 61
cyclooctatetracne 14.5 3.7 15.8 32 10.5 48 54 51 51 22 a*t 29, 29; ¢*+ 71, 71
2.4,6-cycloheptatricn-1-one 16.0 4.0 18.2 32 10.2 49 58 52 59 24 a** 34, 40; ¢** 66, 60
3-butyn-1-o0l 12.2 4.7 12.9 28 79 50 50 56 95 31 a*t 100, 100
1,4-dibromobut-2-yne 22 1.9 26 34 22 53 63 49 27 19 b** 54, 57; d** 46, 43
1.4-benzoquinone 42 3.0 46 34 5.0 61 82 36 34 1§ a*t 11, 14; d** 89, 86
1,2-benzoquinone 39 3.0 44 32 5.8 56 81 37 34 16 a'* 11, 16; d** 89, 84
3,4-diiodocyclobutene* e e 56 43 a** - 50, d** -, ~50

9 Abundances (peak areas) relative to that of the largest peak.

b lsomeric composition based on the first four entries as reference spectra and

measured *NR* (*NR") cross sections (30% transmittance, [base peak]/[precursor peak]) of a**, 1.9 X 107 (3.1 X 107%), b**, 1.9 X 107 (3.1 X
107%), ¢**. 1.0 X 1073 (1.9 X 107%), d**, 7.8 X 107 (1.4 X 107%). ¢ lonizing electron energy at which the primary C4H,** abundance is 10% of its value
using 70-cV clectrons. 4 lon source pressure 1 X 10~ Torr. ¢*NR- experimental error including isotopic correction is approximately double the usual
error for ni/- 48 and 51 and larger than 1the C,H,* contribution for m/z 36 and 38.

most found evidence for no more than two isomers,'™ recent
experiments indicate that at least four isomers are stable,® On
HC, HC—CH
13c=CH, I ]
HC HC~CH

HC=CHC=CH H,C=C=C=CH,
au + ) b. + cu + d
Ak (kd mol ™®™° 1229 1232 1209 1238

o+

the basis of appearance and jonization potential measurements,
an early study!? found C,H,"* ions from 1,3-cyclohexadiene gave
data consistent with isomer a**, but those from 1,4-cyclohexadiene
and 1,3,5-hexatriene were not, suggesting isomer d**. From similar
AH; values found for C;H,** from jonized benzene, 1,4- and
1,5-hexadiyne, and pyridine, Rosenstock et al. proposed that
threshold decomposition forms cyclic C,H,** ions, presumed to
be more stable than the linear isomers,!> Baer et al. suggested
that this isomer is the methylenecyclopropene ion (¢**), as their
kinetic energy release values were in excellent agreement with
predictions of the quasiequilibrium theory for benzene — ¢** over
the range 14.8-18.0 eV; a break in the [C3H;**]/[C,H **] plot
at 15.6 eV indicated the formation of a second, probably linear,
isomer.? Kinetic studies of benzene** dissociation at longer jon
lifetimes by Lifshitz et al. indicated either that two C,H,**
structures were formed or that the longer lived jons were colli-
sionally de-excited.> Using trapped ion cyclotron resonance
spectrometry with C;H,** from ionized benzene and pyridine,
Ausloos concluded that one isomer, thought to be a**, reacted with
benzene and another did not, even after 300 ms.*

Although mass spectra from metastable ion and collisionally
activated dissociation (CAD) of C,H,** ions from different
precursors show similar product abundances and kinetic energy
release values,>" Bowers et al. found that [C,H;*+}/[C,H,"*]
is relatively high in the CAD spectrum of H,C=CH—C=CH"**,
consistent with its isomeric structure.* Postulating that ¢** should
yield the lowest value of this ratio, his measurements indicated
that electron jonization of benzene ions produces 53% a** and 47%

(6) Sedgwick, J. B.; Nelson, P. R.; Steiner, P. A., 1V; Moran, J. F. Org.
Mass Spectrom. 1988, 23, 256-260.
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8341-8346.

(9) McLafferty, F. W.; Stauffer, D. B. Wiley/NBS Registry of Mass
Spectral Data; Wiley: New York, 1989.

(10) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R
D.; Mallard, W. G. Phys. Chem. Ref. Data 1988, 17, Suppl. No. 1.

c**. This is also consistent with cross section measurements of
charge neutralization.® Formation of a third isomer b** was
indicated by laser photodissociation studies of C,H4** ions,’ but
remeasurements of van der Hart gave contradictory evidence.”

An initial study® utilizing neutralization—reionization (NR) mass
spectrometry!! showed that the isomeric cations a**—d** could be
distinguished by converting these to the corresponding neutrals,
followed by their dissociation and product ionization to both
positive jons (*NR* spectra) and negative ions (*NR™ spectra).
This paper describes the application of these complementary
techniques to the ion chemistry of several systems producing
C4H,** and evaluates the accuracy of the NR method for jonic
isomer quantitation!? using comparison of the independent *NR*
and *NR- results.

Experimental Section

Measurements were made with a tandem mass spectrometer!® that
contains a Hitachi RMH-2 double-focusing instrument as the first mass
analyzer (MS-1) and an electrostatic sector as MS-I1, using 70 eV
electron ionization (unless noted otherwise) and 9.9 keV ion acceleration,
For *NR™* mass spectra, the MS-1 selected masses undergo charge ex-
change neutralization with Hg vapor { ~90% transmittance) in the first
collision cell (cls-1), the remaining ions are deflected electrostatically, and
the resulting fast neutrals are dissociated and reionized by collision with
He (~30% transmittance) in a second collision cell (cls-il). For
charge-reversal experiments, a single collision target (benzene, ~30%
transmittance) is used for neutralization, dissociation, and reionization
in the same cell (cls-11).!"87 All collision cells are differentially pumped,
Mass spectra are measured in MS-11 under computer control'® for
multiple (20-50) scan averaging and peak area determination. Cali-
brations of reference isomeric spectra and cross sections (alternating
measurements of the base peak and the precursor ion) were done at least
daily. The isomeric compositions reported in Table | were calculated
from the corresponding *NR spectral data using regression analysis'*

]]) (a) McLafferty, F. W.; Todd, P. J.; McGilvery, D. C.; Baldwin, M.
A.J. Am. Chem. Soc. 1980, 102 3360—3363 (b) Danis, P. O.; Wesdemiotis,
C.; McLafferty, F. W. Ibid. 1983, 105, 7454-7456. (c) Ge]]ene.G 1.; Porter,
R. F. Acc. Chem. Res. 1983, 16, 200-207. (d) Wesdemiotis, C.; McLafferty.
F. W. Chem. Rev. 1987, 87, 485-500. (¢) Holmes, J. L. Mass Spectrom. Rev.
1989, 8, 513-539. (f) Feng, R.; Wesdemiotis, C.; Zhang, M.-Y.; Marchetti,
M.; McLafferty, F. W. J. Am. Chem. Soc. 1989, 111, 1986-1991. (g)
McLafferty, F. W.; Wesdemiotis, C. Org. Mass Spectrom. 1989, 24, 663-668.
(h) Feng, R.; Wesdemiotis, C.; McLafferty, F. W.J. Am. Chem. Soc. 1987,
109, 6521-6522. (i) Wesdemiotis, C.; Feng, R. Org. Mass Spectrom. 1988,
23, 416-418.

(12) (a) Bass, L. M.; Bowers, M. T. Org. Mass Spectrom. 1982, 17, 229.
(b) Proctor, C. J.; McLafferty, F. W. Ibid. 1983, I8, 193-197.

(13) (a) Feng, R.; Wesdemiotis, C.; Baldwin, M. A.; McLafferty, F. W.
Int. J. Mass Spectrom. Ion Proc. 1988, 86, 95-107. (b) Drinkwater, D. E.;
Turecek, F.; McLafferty, F. W. Org. Mass Spectrom. 1991, 26, 559-562.
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assuming linear supcrposition of component spectra, based on the *NR
spectra and relative cross sections of the reference ions a**—d**; the same
approach has been used for isomeric quantitation from CAD mass
spectra.'?® The minor amounts of '3CC;H;* ions in the m/z 52 pre-
cursors were calculated from the C,H;* abundances, and their small
contributions were subtracted from the measured NR spectra.
6.7-Benzo-3-methg'lenetricyclo[3‘2.2.02"]nona-6.8-diene 1), 7.8-
benzotricyclo[4.2.2.0%5]deca-3,7,9-triene (2), and butatriene were syn-

f% Q
(4

1 2
thesized as described earlier.®!> 1,2-Benzoquinone was prepared by
oxidation of 1,2-dihydroxybenzene' and 3,4-diiodocyclobutene by iodide

ion substitution on 3,4-dichlorobutene.!” All other reagents were com-
mercially available and used without further purification.

Results and Discussion

Reference Ions. As described previously,? reference jons a**
and b** were prepared by ionization of the corresponding mole-
cules, and ¢** and d** by the Alder-Rickert decomposition of
jonized 1 and 2, respectively. Both the *NR* and the *NR-
spectra of a**—d** (Table 1) show significant differences char-
acteristic of their structures,®'® with at least one peak having the
largest (or smallest) relative abundance of all the isomers. The
*NR* spectra of a** and b** are independent of electron ionization
energy, evidence that a and b are ionized without appreciable
isomerization.®? The Table I data show that the reference ¢** and
d°** ions contain <25% and <10% respectively of a** plus b**, while
the dissociation of C,H,** from d-71,2-d, demonstrates that even
the degeneratc isomerization to d-2,3-d,** is incomplete.’® Further,
collisionally exciting the C4H,** ions from 2 with helium (first
field-free region) under multiple collision conditions allowing 30%
ion transmittance'® did not change the *NR spectra outside ex-
perimental error, while 20% transmittance conditions gave *NR
spectra indicating <5% of isomers other than d**; this is consistent
with the previous estimate® that the d** — a** rearrangement
requires 218 kJ mol™'. The remaining discussion assumes that
the reference *NR* and *NR- spectra represent those of a**—d**
of satisfactory purity.

Ionization of C;H, Compounds. The loss of C,H, producing
C,H,* is a major pathway in the unimolecular decomposition
of seven ionized C¢H, isomers.® The Table I data are consistent
with the previous qualitative isomeric characterizations;!™ the
C.H,* products from three C(Hg compounds are the linear vi-
nylacetylene (a**) and cyclic methylenecyclopropene (¢**) ions
(the initial NR study reported 30% a** and 70% c** from
benzene).® Supporting the later photodissociation results™ over
the initial ones,’ no b** (or d**) is observed. The *NR* and *NR-
spectral data show that the same proportions of a** and ¢**, within
experimentul error, are produced by electron ionization (EI) of
the three C,H¢ isomers. This is consistent with previous sug-
gestions!™® that the C¢H** ion, prior to dissociation, rearranges
to the most stable benzene isomer.

Of the C,H,** isomers formed from benzene, one, probably a**,
reacts with benzene, while the other(s), probably c**, does not.*

(14) Draper, N.; Smith, H. Applied Regression Analysis, 2nd ed.; Wiley:
New York, 1981,

(15) Paquette, L. A.; Kukla, M. J.; Stowell, J. C. J. Am. Chem. Soc. 1972,
94, 4902-4927. Whitman, D. W; Carpenter, B. K. 7bid. 1980, /02, 4272~
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1986.
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(18) The *NR" spectra of a**—d** show no reionized precursor anions,
consistent with their structures; evidence for a stable anion of a fifth isomer,
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S. R. J. Am. Chem. Soc. 1991, 113, 697-698.
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In agreement with this (Table 1), the fraction of a** from ionized
benzene is halved as the benzene pressure in the ion source is
increased from 5 X 10 to | X 10™ Torr,

Other Cyclic/Unsaturated Hydrocarbons. The C;H** ions from
the C¢Hj isomers 1,3,5-hexatriene and 1,3- and 1,4-cyclohexadiene
and the C3Hj; cyclooctatetraene also produce two stable isomers,
a** and ¢**. For their proportions all seven C¢Hg, C¢Hs, and CgHg
precursors (Table 1) give values of ~32% a** and ~68% c¢**, For
cyclooctatetraene this is not surprising; in its mass spectrum?®
C4H,'* formed by C,H; loss is the most abundant fragment ion,
so that its subsequent dissociation should produce these C,H,'*
isomers. Although the mass spectra of the three C¢Hg isomers
of Table | show a CgHg"* peak that is unimportant compared to
the major C¢Hs* and C¢H,* fragment jons,’ Franklin’® postulated
that C,H,** from these C¢Hg** isomers was formed through
C¢Hg'* (and for two CgHg** precursors the data are consistent
with the benzene** structure); the Table I data fully confirm his
conclusions. Further, the CAD spectra of C¢Hs* and C¢H,* from
a wide varijety of hydrocarbons are the same with insignificant
C,H,** or C¢Hg** ions,*® while the CAD spectrum of the CHg**
jons from 1,3-cyclohexadiene shows that most (~88%) of its
C,H,** ions are formed from C¢Hg**.2° Further, reionization
of the neutrals formed by CAD of these C¢Hg** ions shows C,H,
is the dominant neutral (C, or larger) lost, with C,H, loss only
14% of the C,H, value. C,H, is also the dominant neutral from
CAD of C¢H,* and C,H,'*, with C,H, loss ~10% and ~5%,
respectively, of the C,H, value, The formation of C;Hs* (phe-
nyl*), C¢Hg** (benzene**), and C¢H,* (benzene-H*) from 1,3-
cyclohexadiene** requires 443, 74, and 170 kJ mol™, respectively;'°
the far greater abundance of C(Hs* and C,H,* versus CgHg*
reflects the high entropy penalty for H, loss and the low abundance
of C¢Hg"* ions formed with internal energies of 75-175 kJ mol™!
as indicated by the photoelectron spectra.?’  On the other hand,
formation of C¢Hs* and C Hg** from CH,* requires 273 and
340 kJ mol™!, respectively, consistent with the dominance of C4Hg*
in the CAD spectrum of C¢H,*.5® As originally proposed by
Franklin,'® the C;H,* — C4H¢'* pathway should be favored at
high energies over Hj, loss; such benzene** ions of energies well
above the threshold (461 kJ mol™)!0 for ¢** formation could then
yield the observed C,H,** isomers. The quantitative agreement
between the [a**}/[c**] values for the different molecular sources
indicates that the energy distributions of the dissociating C¢Hg**
precursor ions are similar and/or that a common intermediate
results in little effect of energy on the branching ratio,

2,4,6-Cycloheptatrien-1-one. Although photodissociation studies
of this ionized molecule indicated that at least three structurally
distinct C,H,** ions are produced,” the Table I data show that
only the a** and ¢** isomers are formed, and in proportions similar
to those from the hydrocarbon precursors. The CgHg** ion is the
most abundant peak in the El mass spectrum of this compound,
again suggesting that the same C,H,** isomeric mixture is pro-
duced from dissociation of an intermediate benzene ion,

3-Butyn-1-0l. The *NR*" spectral data (Table I) of C{H,**
formed from ionized 3-butyn-1-ol through loss of H,O show these
products to represent the vinylacetylene isomer a**, This is
consistent with the expected mechanism?? and further supports
the purity of the a** reference ions inferred above.

1,4-Dibromo-2-butyne. Chemical debromination of this com-
pound yields butatriene,?> The *NR*" data show that unimo-
lecular debromination of the corresponding ions also yields bu-
tatriene ions b**, but in addition 44% d** ions are formed (Table
I). Although b** can be formed by simple 1,4-elimination of Br,,
this apparently is accompanied by ring closure and hydrogen

(20) BZKE scan on a VG AutoSpec tandem (EBE) mass spectrometer,
courtesy of Prof. C. Wesdemiotis, University of Akron.

(21) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.
Handbook of He I Photoelectron Spectra of Fundamental Organic Molecules;,
Halsted Press: New York, 1981. Beez, M.; Bieri, G.; Bock, H.; Heilbronner,
E. Helv. Chim. Acta 1973, 56, 1028-1046.

(22) McLafferty, F. W. Interpretation of Mass Spectra, 3rd ed.; University
Science Books: Mill Valley, CA, 1980.

(23) Schubert, W. M.; Liddicoet, T. H.; Lanka, W. A, J. Am. Chem. Soc.
1954, 76, 1929-1932.
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Figure 1. Spectra of m/z 52 from (A, C) 1,4-benzoquinone and (B, D)
1,2-benzoquinone: (A, B) *NR*, Hg(90% T)/He(30% T); (C, D) *NR"~,
benzene (30% T). The small m/z 52 in spectrum D is due to 3CC;H;™
(A) [50*]/1y = 1.0 X 10°% (C) [497]/1, = 1.9 X 1075,

transfer to form the surprising cyclobutadiene ion product d**.
Note that the b**:d** relative abundances (56:44) reflect their
AH; values (1232:1238 kJ mol™).810

Benzoquinones. In an early study?* Beynon et al. postulated
that the loss of two CO molecules from jonized anthraquinone
(the dibenzo analogue of 1,4-benzoquinone) yielded ionized di-
benzocyclobutadiene. Supporting this mechanism, the *NR*~
spectra (Table I and Figure 1) indicate that the cyclobutadiene
jon d** is the main C,H,** product from both isomeric benzo-
quinone ions. The mass spectrum of 1,2-benzoquinone shows
C,H,** as the most abundant product; however, C;H,0** (M**
- CO - C,H,) is five times as abundant as C,H,** in the mass
spectrum of the 1,4-isomer.® The *NR* spectra of the 1,2- and
1.4-isomers (Figure 1) are virtually identical, except for a reionized
undissociated m/z 52 in the 1,4-*NR~ spectrum, yet none of the
C,H," anions a*~—d*~ should be stable®'® High-resolution
measurements show that the precursor C,H,** ions from the
1,4-isomer contained ~20% C;0* (Scheme I; those from the
1.2-isomer contained <5%); anions with terminal oxygen atoms
are often stable.?® Correcting the *NR*- spectra for the C;O0*
contributions gives the data of Table I, showing that 1,2- and
1,4-benzoquinone ions both yield ~86% d** and ~14% a**. This
suggests (Scheme 1) that the initial CO loss from both isomeric
jons produces a common cyclopentadienone intermediate. 2426 A

(24) Beynon, J. H,; Lester, G. R.; Williams, A. E. J. Phys. Chem. 1959,
63, 1861.

(25) Wesdemiotis, C.; Leyh, B.; Fura, A.; McLafferty, F. W. J. Am.
Chem. Soc. 1990, 112, 8655-8660.

(26) Maier, G.; Hoppe, M.; Lanz, K.; Reisenauer, H. P. Tetrahedron Lett.
1984, 25, 5645-5648. Maier, C. Angew. Chem., Int. Ed. Engl. 1988, 27,
309-446.
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second CO loss from this intermediate directly yields d**, while
a** could be formed by hydrogen rearrangement followed by CO
loss or by rearrangement of excited (>~218 kJ mol™)® d** to
the slightly more stable a** product (Scheme I).

3,4-Diiodocyclobutene. Heating this compound to 120 °C has
been reported to produce a mixture of C,H, isomers.”” Not only
did this instability make the *NR measurements difficult, but the
m/z 52 ions formed by ionizing 3,4-diiodocyclobutene contain
~20% of isobaric '*CC;H;**, for which the NR cross section is
five times that of C,H,**. However, only *CC,H,*" (not C,H,"™)
is stable, allowing its *NR~ recovery m/z 52 peak to be used to
subtract the spectrum of the *CC,H;** ions. The [487]/[517]
ratio of the resulting *NR~ spectral data (Table I), although of
much lower precision, do indicate that cyclobutadiene ions d**
are a major product from unimolecular dissociation of jonized
3,4-diiodocyclobutene.

Quantitative Determination of Isomeric Ion Composition.
Evaluation of the reliability for this determination utilizing CAD
mass spectra'? has been hampered by the lack of comparative
analytical results or standard isomeric mixtures of known com-
position. In the present studies the same C4H,** isomeric mixtures
have been unalyzed using both *NR* and *NR" spectra, which
are relatively independent methods. For the nine precursors that
apparently produce the same [a**}/[c**] ratio (Table I, entries
5-6, 8-14), the average of the *NR* values for [c**] is 69.3
2.1% and of the *NR~ values is 65.5 £ 5.2%; for the latter the
larger standard deviation reflects the much lower *NR™ cross
sections. The absolute deviations from the average for the in-
dividual *NR* and *NR~ measurements for each of 13 precursors
(Table 1, entries 5, 7-18) exhibit an average of 1.8 £ 2.6%, and
the largest difference of the 13 individual values from the
*NR*/*NR" average is 5.5%. The overall accuracy of the
isomeric composition determination must additionally include
compensating errors of the *NR* and *NR~ methods and errors
in reference spectra determination; however, it appears that
isomeric composition accuracies of <10% absolute are achievable
with the *NR methodology.

Conclusions

Despite their high heat of formation values, the four C;H,**
isomers appear to be relatively stable toward both isomerization
and dissociation. Each has been formed as the major C;H,**

(27) Lanz, K. Dissertation, University Giessen, 1985.
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product in one or more unimolecular dissociation reactions, of
which by far the most common pathway apparently involves the
formation of excited benzene ions whose dissociation yields ~68%
¢**and ~32% a**. The surprisingly high correspondence between
the *NR* and *NR~ values for the relative quantities of all four
isomers produced from 13 precursors indicates a high accuracy
for such *NR isomeric analyses.
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Abstract: The lifetime of a-(hydroxylbenzyl)-rert-butylaminoxyl, the hydroxyl radical adduct of a-phenyl-/V-tert-butylnitrone
(PBN) produced by spin trapping, is measured with an EPR spectrometer at various pH values in phosphate buffer. The
decay of the EPR signal of the hydroxyl adduct of PBN is first order with respect to the concentration of the aminoxyl and
the decay rate constant is strongly dependent on the pH of the solution. The rate constant increases as a function of increasing
pH. indicating that the decay mechanism involves the dissociation of an acidic proton. Clear evidence is obtained that the
hydroxy!l adduct of PBN spontaneously transforms to rert-butylhydroaminoxyl.

As a first line of attack hydroxyl radicals add to the unsaturated
functions of available substrates. The rates of addition are ex-
tremely fast and approach those of diffusion-controlled reactions.
Rate constants for addition to targets have been measured, and
little variation is found as a function of structure of the unsaturated
site.! Nitrone spin traps® offer no particular exception to this
generalization since the rate constants estimated for addition of
hydroxy! radicals fall within the range of values frequently en-
countered for organic molecules, namely 10’-10° mol L' 5713
Thus in evaluating the analytical usefulness of a spin trap for the
detection of hydroxyl radicals, the actual rate constant of the spin
trapping reaction is not of great importance since it can be assumed
to be fast. Of more relevance is the persistance of the spin adduct
and the uniqueness of the EPR spectrum.

One of the most often used nitrone spin traps, «-phenyl-N-
tert-butylnitrone (PBN), produces relatively stable spin adducts
of a variety of free radicals. The hydroxyl radical produced in
various reactions is readily trapped by PBN:"-°

@—CH:!?—C(CHG)G + OH —

o-
wa-phenyl-N-tert-butylnitrone (PBN)
OH

|
@—CH—T—C(CHG)G

e
9
«-(hydroxylbenzyl) -tert-butylaminoxyl

However, the persistence of the hydroxy! adduct (1) may depend
on the property of the solubilizing media. In spite of the large
number of publications describing experiments utilizing PBN as
a spin trap, detailed studies on factors influencing the stability
of the hydroxyl adduct have not been published. The fate of the
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! Departments of Clinical Studies and Biomedical Sciences, Ontario Vet-
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adduct is also unknown. This study is concerned with the decay
rates of the hydroxyl spin adduct of PBN produced by the pho-
tolysis of hydrogen peroxide in aqueous media as a function of
pH and the structure of the primary degradation product obtained
in the decay reaction.

Experimental Section

PBN used in this study was synthesized in these laboratories and
purified by sublimation before use.!® Hydrogen peroxide was obtained
from Sigma Chemical Co. as a 30% aqueous solution. Distilled water
treated with the Millipore MilliQ system was used. D,O was purchased
from KOR Isotopes. The pH of the solution was adjusted by using HCI
or KOH in potassium phosphate buffer (0.05-0.1 mol L™). The solution
pH was adjusted after mixing the reagents because hydrogen peroxide
usually lowers the pH considerably. lron-depleted potassium phosphate
buffer was prepared by passing 0.05 M buffer through a Chelex 100
column.

A typical experiment involves introducing a solution containing 1%
hydrogen peroxide and 4 X 107 mol L™ PBN into a flat quartz EPR
sample cell. The sample solution was loaded with an injector (Fisher

(1) For example see: (a) Buxton, G. V.; Greenstock, C. L.; Helman, W.
P.; Ross, A. B. J. Phys. Chem. Ref. Data 1988, 17, 513. (b) Packer, L.;
Glazer, A. N., Eds. Oxygen Radicals in Biological Systems. Part B. Oxygen
Radicals and Antioxidants. Methods in Enzymology; Academic Press: New
York, 1990; Vol. 186.

(2) For recent review of spin trapping see: Janzen, E. G.; Haire, D. L. Two
Decades of Spin Trapping. In Advances in Free Radical Chemistry, Tanner,
D., Ed.; JAI Press: Greenwich, CT, 1990; Vol. 1, pp 253.

(3) Finkelstein, E.; Rosen, G. M.; Rauckman, E. J. J. Am. Chem. Soc.
1980, /02, 4994.

(4) Marriott, P. R.; Perkins, M. J.; Griller, D. Can. J. Chem. 1980, 58, 803.

(5) Castelhano, A. L.; Perkins, M. J.; Griller, D. Can. J. Chem. 1983, 61,
298

(6) Sridhar, R.; Beaumont, P. C.; Powers, E. L. J. Radioanal. Nucl. Chem.
1986, /01, 227.
(7) Janzen, E. G.; Kasai, T.; Kuwata, K. Bull. Chem. Soc. Jpn. 1973, 46,
2061.
(8) Harbour, J. R.; Chow, V.; Bolton, J. R. Can. J. Chem. 1974, 52, 3549.
(9) Janzen, E. G.; Nutter, D. E.; Davis, E. R.; Blackburn, B. J.; Poyer, J.
L.; McCay, P. B. Can. J. Chem. 1978, 56, 2237.
(10) PBN decomposes slowly and forms benzaldehyde in water. When
unpurified PBN was used the reproducibility of the rate constants was poor.
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