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With Al,s* we made some rough estimates of the binding energies,
and there appeared to be a qualitative correlation between the
predictions of Shustorovitch’s model and the measured activation
barriers. With Si,s* any estimates of the binding energies we can
make appear so unreliable that a meaningful comparison cannot
be made at this time. Another factor that is certainly important
in determining the size of activation barriers for dissociative
chemisorption on atomic clusters is the electronic structure of the
metal. Transition metal clusters with a partially filled d shell
chemisorb hydrogen with no significant activation barrier.6-’
With aluminum and silicon clusters there are substantial activation
barriers. Finally, there is the role of geometric structure. Several
recent papers have argued that geometric structure or shape are
important factors in controlling the reactivity of atomic clusters, 3%
Geometry and electronic structure are intimately related and their
effects difficult to separate, but the role of geometry is probably
considerably more subtle than the other factors we have discussed
above.

As can be seen from Figure 8, although the activation barriers
for chemisorption on Siys* and Al,s* show the same qualitative
trends, there are significant differences. The activation barriers
for chemisorption of D, and CH, are quite similar, but those for
CO and N, are significantly larger for Siys* than for Al,s*. This

(37) Richtsmeier, S. C,; Parks, E. K.; Liu, K.; Pobo, L. G.; Riley, S. J. J.
Chem. Phys. 1988, 82, 3659. Morse, M. D.; Geusic, M. E.; Heath, J. R.;
Smalley, R. E. J. Chem. Phys. 19858, 83, 2293.

(38) Parks, E. K.; Weiller, B. H.; Bechthold, P. S.; Hoffman, W. F,;
Nieman, G. C.; Pobo, L. G.; Riley, S. J. J. Chem. Phys. 1988, 88, 1622.

(39) Elkind, J. L.; Weiss, F. D.; Alford, J. M.; Laaksonen, R. T.; Smalley,
R. E. J. Chem. Phys. 1988, 88, 5215.

may indicate that Siys* is considerably less effective as a « donor
than Al,s*, but the clusters are roughly equivalent as o donors.

Summary and Conclusions

In this paper we have presented the results of a detailed study
of the reactions of Siys* with a range of simple molecules. Many
of the reactions studied show substantial activation barriers and
so they can only be studied using methods, such as the ion beam
technique, where a wide range of collision energies are accessible.
Activation barriers for chemisorption of D,, CH,, O,, C,H,, CO,
and N, on Si,s™ were derived from the experimental data. In many
cases chemical reactions, resulting in cluster fragmentation,
followed chemisorption. These chemical reactions often result
in fission of the cluster, similar to the dissociation processes recently
observed for the bare clusters. The data for the reactions of Siys*
were compared with our recently published results for Al,s*. There
are obvious similarities between the reactions of Al,s™ and Si,s*,
despite the large differences expected in the bonding of these
clusters. The activation barriers show the same qualitative trends,
but there are also significant differences. Al,s* does not undergo
the fission processes observed with Sis*. The activation barriers
for chemisorption on both Al,s™ and Sis* show a qualitative
correlation with the cluster HOMO — molecule LUMO pro-
motion energy, suggesting that charge-transfer stabilization of
the transition state is an important factor in determining the size
of the activation barriers for chemisorption on atomic clusters.
The electronic structure of the metal cluster and the strength of
the bonds being broken and formed are probably also important.
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Abstract:” With use of neutralization-reionization (NR) mass spectrometry, five gaseous C4H;** isomers can be structurally
characterized by neutralization with sodium to produce excited C4Hg molecules whose dissociation products are reionized to
both negative and positive ions. Such NR mass spectra are less characteristic when produced by Cs neutralization, which
forms more highly excited C;Hs, or by Hg neutralization followed by dissociation of C4H; using multiple collisions; on average
each collision adds ~1.7 eV to the molecule, so that isomerization may occur between collisions. The Na NR spectra show

that C4Hyg"* ions from all butyl acetate isomers have the expected structure except that 2-C,H;** is formed from n-butyl acetate.
2-C,H;** and methylcyclopropane™ appear to be the major products from methylcyclopentane®™. 1-Butanol** and cyclohexane

o+

predominantly form cyclobutane*®, while 8- and v-valerolactone** give 1-C4Hg** and methylcyclopropane®?, respectively, as

major products.

Recent impressive advances in the chemistry of gaseous ions,
and the applications of this chemistry to synthesis and analysis,
have depended heavily on techniques for ion structural charac-
terization.’? For example, valuable new information on simple
ions in plasmas has come from laser spectroscopy.’ However,

a long-term problem for the identification of isomeric cations,
especially those of hydrocarbons, has been their low isomerization
barriers,* both low in absolute terms (13-30 kecal mol™! for C,Hg'*
isomers, Table I) and low relative to the isomerization barriers
for the corresponding neutrals (64-73 kcal mol™! for C,Hj iso-

(1) (a) Zwinselman, J. J.; Nibbering, N. M. M.; Ciommer, B.; Schwarz,
H. In Tandem Mass Spectrometry; McLafferty, F. W., Ed.; Wiley: New
York, 1983; pp 67-104. (b) Bowers, M. T., Ed. Gas Phase Ion Chemistry;
Academic Press: New York, 1984,

(2) McLafferty, F. W.; Turecek, F. Interpretation of Mass Spectra, 4th
ed.; University Science Books: Mill Valley, CA, 1989.

(3) Saykally, R. J. Science 1988, 239, 157-161.

(4) (a) Meisels, G. C.; Park, J. Y.; Giessner, B. G. J. Am. Chem. Soc.
1970, 92, 254-258. (b) Smith, G. A; Williams, D. H. J. Chem. Soc. B 1970,
1529-1532. (c) Bowen, R. D.; Williams, D. H. Org. Mass Spectrom. 1977,
12, 453-460. (d) Holmes, J. L.; Weese, G. M; Blair, A. S.; Terlouw, J. K.
Ibid. 1977, 12, 424-431. (e) Baer, T.; Smith, D.; Tsai, B. P.; Wer, A. S.
Adv. Mass Spectrom. 1978, 74, 56-62. (f) Hsieh, T.; Gilman, J. P.; Weiss,
M. J,; Meisels, G. G. J. Phys. Chem. 1981, 85, 2722-2725.
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Characterization of C,Hgt Isomers

Table 1. Thermochemical Data of C4Hg and C,Hg"* Isomers

l'C4H3 2-C4H3 f'C4H3 C'C3H5CH3 C-C4Hg
C4Hg
IE(eV)* 9.58 9.10 9.19 9.46 10.06
AH®® 0 -3 -4 6¢ 6
E,, isomeriz.?* 70° 73¢ 73 64° 68
E,, H* loss? 83 86 86 97 97
E,, CH;" loss? 75 97¢ 99* 95 95!
C4H8.+

AH®# 221 208 208 224 239
E,, isomeriz.%' 23 30 30/ 13m 16™
E,, H* loss®4 37 50 55 46 25
E,, CHj loss** 39 82 57 44 21

2Lossing, F. P, Can. J. Chem. 1972, 50, 3973-3981. Lossing, F. P.;
Holmes, J. L. J. Am. Chem. Soc. 1984, 106, 6817-6920. Lias, S. G.;
Liebman, J. F.; Levin, R. H. J. Phys. Chem. Ref. Data 1984, 13,
695-808. ®Unless stated otherwise, remaining data in keal mol™ from:
Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys.
Ref. Data 1977, 6, Suppl. 1. ©Alfassi, Z. B.; Golden, D. M,; Benson, S.
W. Int. J. Chem. Kinet. 1973, 5, 991-1000. “Energy barrier to disso-
ciation or isomerization. ¢Isomerization to 2-C,Hg, except 2-C4Hjg to
1-C4Hj and i-C4H; to ¢-C;HsCH, via *CH,CH(CH,)CHj;"; ¢-C4H; via
*CH,(CH,),CH,* — *CH(CH,)CH,CH,"* [Splitter, J. S.; Calvin, M.
J. Am. Chem. Soc. 1979, 101, 7329-7322.]. /Trenwith, A. B.; Wrig-
ley, S. P. J. Chem. Soc., Faraday Trans 1 1977, 73, 817-822.
¢Guckert, J. R.; Carr, R. W. J. Phys. Chem. 1986, 90, 5679-5684.
#Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New York,
1976. ‘Formation of ¢-C;Hs" + °*CH;; 69 kcal mol™! is needed if
CH,=CHCH;" is formed instead. The threshold fragmentation c-
C,H; — 2C,H, requires 62 kcal mol™ [Doering, W. v. E. Proc. Natl.
Acad. Sci. U.S.4. 1981, 78, 5279-5283]. /Isomerization to 2-C4Hg"*,
except 2-C,H;** to i-C4Hg**. *Sieck, L. W.; Lias, S. G.; Hellner, L.;
Ausloos, P. Natl. Bur. Stand. (U.S.) J. Res. 1972, 764, 115-124.
!Gill, P. S;; Inel, Y.; Meisels, G. G. J. Chem. Phys. 1971, 54,
2811-2819. ™Reference 4c and in footnote e.

mers). To minimize isomerization and other reactions, ESR
studies of C4H,'* isomers were carried out in frozen matrices.’

CHgCH,CH=CH, CHaCH=CHCH, (CH3),C=CH,

1-CyHg 2-C4Hg /- C4Hg
c‘:H\ZCHCH frene
3
CH, CHz;—CH,
c-CaHgCHg c-C4Hg

The electron ionization (EI) mass spectra® of C,Hg isomeric
molecules are closely similar, as are the collisionally activated
dissociation (CAD)’ mass spectra® of the C4Hg"* isomers (e.g.,
Figure 1A,B), which seriously compromises their analytical and
mechanistic utility.® These similarities arise (Figure 2) from the
near equilibration of the molecular ions to a common structure(s)
before or during dissociation.* Isomeric differences increase for
higher energy dissociations, as their looser activated complexes
make them more competitive with isomerization reactions; CH,
and C,H, losses from C,Hg** isomers taking place in ~ 107! s

(5) (a) Fujisawa, J.; Sato, S.; Shimokoshi, K.; Shida, T. J. Phys. Chem.
1985, 89, 5481-5486. (b) Shida, T.; Egawa, Y.; Kubodera, H.; Kato, T. J.
Chem. Phys. 1980, 73, 5963-5970. (c) Ushida, K.; Shida, T.; Iwasaki, M.;
Toriyama, K.; Nunome, K. J. Am. Chem. Soc. 1983, 105, 5496-5497. (d)
Iwasaki, M.; Torriyama, K.; Nunome, K. Faraday Discuss. Chem. Soc. 1984,
78, 19-33. (e) Fujisawa, J.; Sato, S.; Shimokoshi, K. Chem. Phys. Lett. 1986,
124, 391-393. (f) Toriyama, K.; Nunome, K ; Iwasaki, M.; Shida, T.; Ushida,
K. Ibid. 1988, 122, 118-123.

(6) McLafferty, F. W.; Stauffer, D. B. Wiley/NBS Registry of Mass
Spectral Data; Wiley: New York, 1988.

(7) (a) McLafferty, F. W.; Bente, P. F., III; Kornfeld, R.; Tsai, S.-C.;
Howe, I. J. Am. Chem. Soc. 1973, 95, 2120-2129. (b) McLafferty, F. W.;
Kornfeld, R.; Haddon, W. F.; Levsen, K.; Sakai, I.; Bente, P. F., III; Tsai,
S.-C.; Schuddemage, H. D. R. Ibid. 1973, 95, 3886-3892.

(8) (a) Nishishita, T.; Bockhoff, F. M.; McLafferty, F. W. Org. Mass
Spectrom. 1977, 12, 16-20. (b) Levsen, K.; Heimbrecht, J. Ibid. 1977, 12,
131-135.

(9) For example, differentiating 1- and 2-C,Hg using EI spectra is possible
only under carefully controlled experimental conditions, and such conditions
could not be achieved for CAD differentiation of 1- and 2-C,Hyg'* 8
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Figure 1, Comparative spectra of (A, C, E) 1-C,H;** and (B, D, F)
2-C,Hg'*: (A, B) CAD, He (30% T); (C, D) *NR*, Hg (80% T)/NO
(30% T); (E, F) *NCR*, Hg (80% T)/He (30% T)/NO (30% T).
[39*]/1, values = (A) 2.8 X 1073 (B) 1.7 X 107 (C) 1.6 X 1075 (D)
3.1 X 107% (E) 2.0 X 107%; (F) 1.6 X 1075,
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Figure 2. Potential energy surface for 1-C,Hjy, 2-C,Hs, 1-C4Hg"*, and
2-C4H;**. Wedges indicate the differences in ionization energy values
of 1- and 2-C4Hj; and the values of Na and Cs.

occur with negligible rearrangement.'® This correspondingly
high-energy (>5 eV) deposition requirement is also reflected in
the poor isomeric characterization of such alkene ions by pho-
todissociation!! using 3-5-e¢V photons; laser photodissociation of

(10) Morgan, R. P.; Derrick, P. J.; Harrison, A. G. J. Am. Chem. Soc.
1977, 99, 4189-4190. Morgan, R. P.; Derrick, P. J. Org. Mass Spectrom.
1975, 10, 563-578.

(11) (a) Van Velzen, P. N. T.; Van der Hart, W. J. Chem. Phys. 1981,
61, 335-349. (b) Dunbar, R. C. In Gas Phase Ion Chemistry, Bowers, M.
T., Ed.; Academic: New York, 1984; Vol. 3, pp 130-167. (c) Harris, F. M;
Beynon, J. H. Ibid. pp 100-129.
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fast jons'!® has the further disadvantage of low sensitivity.

An alternative approach is to take advantage of the higher
isomerization barrier of neutrals by the use of neutralization—
reionization mass spectrometry (NRMS).'? We have recently
shown'?® that mass-selected fast distonic ions such as
*CH,CH,CH,N*H,, which readily isomerize to
CH;CH,CH;NH,**, can be distinguished from their isomeric
molecular ions by neutralization to yield an unstable hypervalent
neutral which dissociates without appreciable isomerization. The
resulting fast neutral products are reionized and characterized!2!3

"by a second mass analysis (MS/MS).!* In this study NRMS
is applied to the more common situation in which the neutrals
are more stable with respect to dissociation than their precursor
ions, such as the C4Hg"t isomers (Figure 2). Two approaches for
dissociating these fast neutrals are explored: (i) subjecting them
to a separate process of collisionally activated dissociation,! or
(ii) using a neutralization target of low ionization energy to form
excited neutrals.!%!” The latter technique, plus kinetic energy
release measurements, has been used by Porter and co-workers!®
for energy state and structural characterization of the small ions
C,H;*,'%® C,H;*, and C,H, *.'% In the present study method
ii reionization to negative!® as well as to positive ions is more useful
for characterization of the five C;Hg"* positional isomers. Method
iis used in a separate study to characterize four C,H,"* isomers.!?

Experimental Section

The MS/MS instrument, described elsewhere,!*® utilizes a Hitachi
RMH-2 double-focusing mass spectrometer as the first mass analyzer
(MS-1) and an electrostatic analyzer (ESA) as the second (MS-II).
Primary ions are formed by electron ionization, accelerated to 10-keV
energy, mass-analyzed by MS-I, and neutralized by a target gas (Hg, Cs,
or Na vapor) in a differentially pumped collision chamber (Cls-I). Any
remaining ions are removed by the first deflection electrode (DfI-I) lo-
cated immediately after Cls-I. The resulting beam of fast neutrals is
subjected to collisions with a second target gas in the second differentially
pumped chamber (Cls-II). These collisions are used to dissociate and/or
reionize the neutrals; for only dissociation, any ions formed are deflected
by DfI-II and the neutrals reionized in Cls-III. Mass spectra are mea-
sured in MS-IT under computer control, averaging 6-15 1-min scans. For
cross-section values the ionic precursor intensity J, was measured before
and after the spectra scans.

Four general types of spectra were measured: (1) *NCR*" (neu-
tralization of the primary positive ions, CAD of the resulting neutrals,
and reionization to either positive or negative secondary ions) under
experimental conditions such as Hg (30% T)/He (10% T) /0O, (80% T),
which is neutralization with Hg at a pressure giving 30% transmittance
of the primary ions, deflection of the remaining ions (indicated by the
slash), He CAD, ion deflection, and O cationization; (2) *NCR*, Hg
(90% T)/He (30% T), in which multiple collisions in Cls-II are used for
both CAD and reionization of the neutrals; (3) *NR~, Na (80% T)/C¢H,
(30% T), in which sodium neutralization produces neutrals which spon-
taneously dissociate to give products anionized by benzene; (4) *NR",
Na (30% T), in which Na produces neutrals that can be reionized to
negative ions by a second Na collision.!® The high sodium pressure causes
high detector noise; reproducibility was partially restored (to £3%, ab-

(12) (a) Wesdemiotis, C.; McLafferty, F. W. Chem. Rev. 1987, 87,
485-500. (b) Terlouw, J. K.; Kieskamp, W. M.; Holmes, J. L.; Mommers,
A. A.; Burgers, P. C. Int. J. Mass Spectrom. Ion Processes 1988, 64, 245-250.
(c) Terlouw, J. K.; Schwarz, H. Angew. Chem. Int. Ed. Engl. 1987, 26,
805-815.

(13) Wesdemiotis, C.; Danis, P. O.; Feng, R.; Tso, J.; McLafferty, F. W.
J. Am. Chem. Soc. 1985, 107, 8059-8066.

(14) McLafferty, F. W., Ed. Tandem Mass Spectrometry; Wiley: New
York, 1983.

(15) (a) Wesdemiotis, C.; Feng, R.; Danis, P. O.; Williams, E. R;
McLafferty, F. W. J. Am. Chem. Soc. 1986, 108, 5847-5853. (b) Feng, R.;
Wesdemiotis, C.; Baldwin, M. A.; McLafferty, F. W. Int. J. Mass Spectrom.
Ion Processes 1988, 86, 95-107.

(16) (a) Gellene, G. L; Porter, R. F. Acc. Chem. Res. 1983, 16, 200-207.
(b) Gellene, G. I; Kleinrock, N. S.; Porter, R. F. J. Chem. Phys. 1983, 78,
1795-1800. (c) Hudgins, D. M.; Raksit, A. B.; Porter, R. F. Org. Mass
Spectrom. 1988, 23, 375-380.

(17) Danis, P. O.; Feng, R.; McLafferty, F. W. Anal. Chem. 1986, 58,
348-354.

(18) (a) Feng, R.; Wesdemiotis, C.; McLafferty, F. W. J. Am. Chem. Soc.
1987, 109, 6521-6522. (b) Wesdemiotis, C.; Feng, R. Org. Mass Spectrom.
1988, 23, 416-418.

(19) Zhang, M.-Y.; Wesdemiotis, C.; Marchetti, M.; Danis, P. O.; Ray,
J. C., Jr,; Carpenter, B. K.; McLafferty, F. W., in preparation.
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Figure 3, *NR~ spectra of (A) 1-C4H;** and (B) 2-C4H;"* using benzene
(30% T. [36™-397)/I, values: (A) 1.6 X 1075; (B) 3.3 X 10°%.

solute) by using a discrete dynode multiplier, by placing a copper shield
at the @’-slit in front of the detector, and by allowing the detector to
stabilize for ~10 min after achieving the operating Na pressure. Using
Na, reproducibility of cross-section measurements is only £50%. He is
used for reionization because O, gradually oxidizes the Na condensed in
the instrument, causing charging problems.

B-Valerolactone was prepared® by the BF;-Et,0O catalyzed addition
of ketene?! to propanal. The other chemicals, obtained commercially,
showed no significant impurities in their mass spectra. The trans isomer
was used for the spectra designated as 2-butene, but remeasurement with
the cis isomer gave the same spectra within experimental error.

Results and Discussion

Collisionally Activated Neutral Dissociation. The isomers -
and 2-C4H,"* were studied initially, as these are particularly
difficult to distinguish using their EI or CAD (Figure 1A,B) mass
spectra.®? In the absence of rearrangement, methyl loss should
be much less favorable for 2-C4Hg"* than for 1-C,H,"t (Figure
2, Table Iy, yet the [C;Hs*]/[C4H,"] values of 1.3 and 1.2,
respectively, from CAD are not significantly different. However,
the CAD cross sections, [productst]/[C4Hg**] (not measured in
the earlier studies),® do indicate a substantially higher tendency
for dissociation of 1-C,H;*, consistent with its higher heat of
formation. Neutralization followed by reionization to cations (a
normal *NR* spectrum) also gives quite similar spectra (Figure
1C,D), with [C;H;5%]/[C4H,%] = 2.2 for 1-C4Hg** and 1.7 for
2-C,Hg*t, and a substantially higher dissociation extent for 1-
C4Hg*": both are consistent with most of the dissociation occurring
after reionization. These neutrals should be formed with relatively
low internal energy, as Hg has a higher ionization energy (IE =
10.4 ¢V) than the C,H; isomers.!s"’

In an attempt to dissociate separately the C,Hy neutrals, under
the same NR conditions the neutral beam was collisionally ac-
tivated with a relatively high pressure (30% transmittance) of He
target gas, and any resulting ions deflected, before the resulting
neutral products were reionized (Figure 1E,F). Although sec-
ondary products such as C;H, and C;H; increased and 1-C4Hg"*
again showed the higher dissociation extent, the [C3Hs*]/[C,H,*]
values of 2.2 for 1-C4Hg** and 1.8 for 2-C,H;"* were not ap-
preciably different from those without CAD. Oxygen reionization
with a helium pressure giving 10% transmittance of the neutrals
led to very similar results, producing [C;Hs*]/[C4H,t] = ~2.1
for both isomers. For the *NCR*, Hg (80% T)/He/O, (90% T)
spectra, values for [C4H;** (reionized)]/[Y ions] for He (100%,
30%, 10% T) are respectively 23, 13, and 9% for 1-C4,Hg"* and
44, 24, and 15% for 2-C4H,**. This corresponds to values of 34
and 32% for 1-C4Hg, and 26 and 29% for 2-C,Hj, precursor
dissociation per collision, based on the average number of scat-
tering collisions per precursor for 30% T and 10% T of 1.5 and
3.1, respectively.?? Based on the average of these values, exceeding

(20) Zaugg, H. E. Org. React. 1954, 8, 305-363.

(21) Andreads, S.; Carison, H. D. Org. Syn. 1965, 45, 50-54.

(22) Todd, P. J.; McLafferty, F. W. Int. J. Mass Spectrom. Ion Phys.
1981, 38, 371-378.
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Figure 4. Partial +NR' spectra of (A) 1-C4H3'+ and (B) 2-C,H;"* using
Cs (30% T). [36—397]/I, values: (A) 0.54 X 10~ (B) 1.3 X 107,

the 3.3-¢V dissociation threshold for 50% of C4Hg requires ~1.9
collisions; this indicates that the CAD energy deposition values
for fast neutrals are comparable, but possibly somewhat less, than
those for CAD of ions?? (all C4H; neutrals undergoing CAD are
also probably not in their ground state). However, CAD has still
apparently supplied sufficient energy for dissociation, especially
with the collisions at 10% transmittance. The stepwise CAD
addition of energy offers a possible explanation; a collision exciting
the C,Hjg neutral above the rearrangement threshold (Figure 2)
may often not deposit sufficient energy to make dissociation occur
first, while the time between collisions (>107% s) is sufficient to
allow rearrangement before more energy is added. Increasing the
number of collisions may have the negative effect of dissociating
the C;H;* and the C4H,* products needed for characterization,
or increasing their internal energy so that they dissociate more
easily on reionization (vide infra).

Negative Ion Dissociation. Reionization of the same neutral
beam to negative ions!® with benzene (IE = 9.2 eV) does show
significant differences in {C;Hs] and [C4H,7] for the *NR™, Hg
(80% T)/benzene (80% T) spectra of 1-C4Hg** and 2-C H,*",
although H loss is now greater from the 1-isomer. Similar results
were obtained for *NR~, Hg (30% T), and *NR", benzene (30%
T) (Figure 3A,B) spectra, in which both neutralization and an-
ionization are effected in the same collision chamber. These
differences indicate that a substantial proportion of the C,Hg**
ions reaching the neutralization region have internal energies less
than that required for isomerization. However, the extensive
dissociation shown by peaks such as C,~, C,H", and C;~, which
probably originate!® from excited C,Hg*", and the order of
magnitude lower cross section indicate that such *NR™ spectra
should be of marginal utility for isomer identification. Thus, for
reionization to anions, complete dissociation of C4Hg would avoid
its interfering reionization to the unstable C,H;"".

Excited Neutral Formation Using a Cesium Target. When the
ionization energy of the target is less than that of the neutralized
primary ion, the difference can appear as excitation energy in the
charge-transfer products.’5'7 Thus, a Cs target (IE = 3.9 eV)
should produce C4Hjy neutrals of internal energies well above that
required for dissociation (Figure 2). The *NR-, Cs (30% T),
spectra (Figure 4A,B) do indicate that more C4H," neutrals have
been formed than with Hg or benzene neutralization (Figure
3A,B), but [C;Hy7]/[C4H;7) is much lower for the 1-C4Hg** than
the 2-C,Hg** precursors.?® This is consistent with 1-C,Hg* being
produced (Figure 2) ~56 kcal mol™ above its lowest dissociation
limit (versus ~37 kcal mol~! for 2-C4Hg*), so that the 1-C,Hg*
yields *CH,CH==CH, with sufficient internal energy to dissociate
further (Figure 2). Irrespective of the basis for the spectra in

(23) Kim, M. S,; McLafferty, F. W. J. Am. Chem.1978, 100, 3279. Lee,
§5H8’3 Ksim, M. S.; Beynon, J. H. Int. J. Mass Spectrom. Ion Processes 1987,

, 83-89.

(24) Reionization efficiencies can differ by more than an order of mag-
nitude, so that product ion abundances do not necessarily reflect the abun-
dances of the neutrals formed. Wesdemiotis, C.; Feng, R.; Williams, E. R ;
McLafferty, F. W. Org. Mass Spectrom. 1986, 21, 689-695.
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Figure 5. Partial *NR- spectra, Na (30% T), of (A) 1-C,Hs**, (B)
2-C,H;**, (C) i-C,Hg'*, (D) ¢-C3HCH;**, and (E) ¢-C4H;*+. None of
the omitted lower mass peaks has an abundance >15% of [36™—397].
[36™-397] /I, values: (A) 1.4 X 107 (B) 1.7 X 107 (C) 1.3 X 107, (D)
0.83 X 10 (E) 0.68 X 10~
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Figure 4A,B, formation of C,Hg* with less internal energy appears
desirable.

Excited Neutral Formation Using a Sodium Target. The internal
energy of the neutralized C4Hg should be ~1.2 eV less using Na
(IE = 5.1 eV) versus Cs as the charge-exchange target. Grati-
fyingly, the *NR", Na (30% T), spectra show [C3H™]/[C,H47]
much greater for 1-C,Hg** than for 2-C4Hg't (Figure 5A,B), as
predicted by the reaction enthalpies of the C,Hjg neutrals. Further,
the values for i-C4Hg** and ¢-C;HsCHj are similarly consistent;
c-C4H; can only lose CH; by a rearrangement process. The C3Hs*
formed on neutralization of 1-C,Hg"t should now on average have
1.2 eV of internal energy, substantially below the dissociation limit
(Figure 2). Further, this will provide a corresponding increase
in the electron affinity of the C;H;", increasing the cross section
for electron transfer from Na.

Reionization to positive ions (*NR*, Na (80% T)/He (80%
T), spectra, Figure 6) provides further data for isomeric differ-
entiation. The absence of C4Hg'* ions in the *NR* spectrum
shows that essentially all neutrals formed with Na have excitation
energies above the dissociation barrier. Now [C;H*]/[C,H;*]
is less for 1-C4Hg** than for 2-C4Hg"*; Na neutralization of
2-C4Hg** followed by dissociation should lead to essentially
ground-state C;Hs* (Figure 2), so it is possible that reionization
of C3Hs® of 1.2 eV internal energy formed from 1-C,H; gives
C,;Hs™* undergoing much more extensive further dissociation than
C;H;* from precursor 2-C4Hg'*. The most characteristic values
for these Na neutralization spectra ("NR* and *NR") are given
in Table II. The near identity of the *NR* spectra for c-
C;HCH,'* and ¢-C4Hy"* suggest that substantial isomerization
between these could have occurred before neutralization (barriers
of 13 and 16 kcal mol™*, Table I).

Structural Characterization of C4H;** Products. These *NR*
and *NR~ mass spectra appear to be relatively insensitive to
precursor ion internal energy. Spectra of 1-C,Hgt, 2-C,Hg"t,
and -C4H,* ions formed by 17-eV electron ionization are identical
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Figure 6. *NR* spectra, Na (80% T)/He (80% T), of (A) 1-C4H;**, (B)
2-C,Hg™, (C) i-CHy™*, (D) ¢-C3H;CH,™, and (E) o-C,Hg™*. [39%]/1,
values: (A) 1.4 X 107 (B) 1.2 X 107% (C) 1.8 X 107 (D) 0.90 X 107
(E) 1.2 X 1074

Table I, *NR* and *NR- Spectral Data (%) for C;Hs"* Ions from
Various Precursors?

[41%]/- [55%)/-  [417)- [557)/-

precursor [39%]  [39%] [36™-397] [36-397] structure

1-C,H; 1722 342 33£3 163 I-CHg

1-C4H;g (17 16 34 30 17 1-C Hg**
eV)?

2-C,H, 2 22 5 6 2-C Hg

2-C.H, (17 22 24 5 5 2-C Hg™*
eV)?

i-C,Hg 21 14 2 18 i-C Hy™*

[-C4Hj (17 21 15 5 22 i-C,Hg™
eV)?

¢-C;H;CH; 8 51 9 13 ¢-C;HCH,™

c-C4H, 7 48 4 6 c-C Hg'*

B-valerolactone 16 33 33 15 1-C Hg*t

n-butyl acetate 20 26 7 8 2-C Hg*te

sec-butyl 19 21 7 7 2-C Hg™*
acetate

isobutyl acetate 21 15 7 21 i-C4Hg**

tert-butyl 23 14 5 18 -C Hyg**
acetate

y-valerolactone 9 49 10 3 ¢-C3H;CH; ¢

methylcyclo- 16 27 1 1 2-C Hg**¢
pentane

cyclohexane 15 43 5 7 c-C4Hg** ¢

n-BuOH 8 45 1 2 c-C Hg't

¢Jonizing electron energy 70 eV, unless noted otherwise. ®Electron en-
ergy at which the primary C,Hg"* abundance is reduced to 10% of the 70-
eV value. “Major isomer; see text.

within experimental error with those of the corresponding precursor
ions formed with 70-eV electrons (Table II). This is also true
for fragment C4Hg*t formed by accepted mechanisms of uni-
molecular ion decomposition.? Loss of CO, from S-valerolactone
molecular ions should produce 1-C,Hg'*, consistent with its TNR*~
spectra (Table I1). Similarly, sec-butyl acetate ions produce
2-C4H,'*, and its i-Bu and ¢-Bu isomers produce i-C Hg'*, as
predicted by the classical y-hydrogen rearrangement? (the previous

Feng et al.

CAD results® had been interpreted as I- and/or 2-C,Hg"* from
sec-butyl acetate, and i- and 2-C,Hg** from iso- and tert-butyl
acetate). +v-Radiolysis of iso- and tert-butyl acetate in 77 K
matrices also produces i-C4Hg"", as shown by ESR.> However,
the *NR* spectra of C4Hg"* from n-butyl acetate indicate that
these ions have primarily the 2-C4Hg** structure, with little of
the l-isomer expected from the sy-hydrogen rearrangement
mechanism. For n-butyl acetate ions Terlouw, Schwarz, and
co-workers noted recently® that the abundance of C4Hg"* became
large relative to that of the charge-competitive product C,H,0,"*
for low-energy (long lifetime) dissociations. Their postulated
mechanism involving a long-lived ion/dipole or hydrogen-bridged
intermediate which facilitates rearrangement to the more stable
2-C4Hg't is also consistent with the *NR*~ data. These data show
additionally that only a small proportion of the higher energy
C,HyOCOCH; " ions formed by 70-eV electron ionization dis-
sociate by the classical v-H rearrangement to form 1-C,Hg"".

The *NR* spectra of C4Hg'* from 1-butanol indicate that
these ions are mainly the same isomer(s) as produced by c-C,H,
ionization. Inrepeat runs [C;H;s"] and [C,H;7] still appear lower
than expected for c-C4Hg'*; possibly some of the open-chain
isomers such as *CH,CH,CH,CH,* or CH;*CHCH,CH,* are
present (in this case the CAD assignment® was also ¢-C,Hg"").
This isomer (or the distonic ions) has long been the postulated
product,? but definitive evidence has not been reported previously;?
recent ab initio calculations suggest that primary cations, such
as '‘CH,CH,CH,*, are unstable?’ (an alternative possibility
conceivably consistent with the Table II data is that c-C4Hjg
ionization forms some molecular ions with internal energies above
the isomerization barrier, so that higher purity c-C,H;"* ions are
formed from 1-butanol).

The cyclohexane *NR™*" spectra are consistent with the for-
mation of ¢-C,Hy'*, as expected? (but not indicated by CAD);%
in addition the product appears to contain a substantial proportion
of 2-C4Hg"* (other combinations of isomeric products could also
fit the data within experimental error). Ring opening of the
cyclohexane molecular ion followed by hydrogen rearrangement
before C,H, loss could reasonably lead to formation of the stable
2-C,H,** isomer.

Loss of CO, from #y-valerolactone** should yield ¢-C;HsCH;'*
This is consistent with the corresponding *NR*~ spectra, except
that the [C,H,7]/[Cs—C3H;7] value is 3% instead of the expected
13%. Remeasurement indicates that this difference is outside
experimental error; this could possibly be due to the presence of
*CH,CH,CH*CH,, the open-chain form of ¢-C;HsCH,**.?" This
is also the only apparent explanation for the very low values for
the *NR™ spectrum (Table II) of CsHg** from methylcyclopentane
(formation of additional isomers except ¢-C4Hy* in the ionization
of ¢-C3HsCH; is not consistent with the Table II data), which
is otherwise consistent with ¢-C;HsCH;** and 2-C,Hy't as major
products. These unexpectedly low values for the *NR™ spectra
could also arise from internal energy differences, but (vide supra)
a higher energy c-CH,;C;H; neutral from methylcyclopentane
should yield more abundant C;Hs™ and C,H;™ ions. We are
investigating other possible sources of reference ¢-C,Hg**, c-
CH,C;H;"*, *CH,CH,CH,CH,*, and *CH,CH,CH*CH, isomers
to resolve these inconsistencies.

Conclusions

The isomeric C4Hyg'* ions can be characterized, despite their
ready isomerization tendency, by dissociating the corresponding
less isomerizable neutrals. Application of this NRMS technique
requires a method to add enough energy to the neutral for its
dissociation with minimum rearrangement (for C4Hg, CAD gave
poor differentiation), but not so much that the more characteristic
primary products dissociate further (Cs neutralization added too

(25) Van Baar, B. L. M.; Terlouw, J. K.; Akkok, S.; Zummack, W,
Schwarz, H. Int. J. Mass Spectrom. lon Processes 1987, 81, 217-225.

(26) McAdoo, D. J.; Hudson, C. E. Org. Mass Spectrom. 1987, 22,
615-621.

(27) Du, P.; Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc. 1988, 110,
3405-3412.
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much energy). In reionizing these primary products, their excess
internal energy may produce unstable cations, but this may in-
crease the cross section for anion formation by increasing the
electron affinity. With such selection of experimental conditions
this technique is useful for the structural characterization of
C,Hg'* isomers from a variety of sources.
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Abstract: Product kinetic energy release distributions and collision-induced dissociation studies are used to probe the energetics
and mechanisms of several gas-phase organometallic reactions involving the formation of metallacyclobutanes. Reaction of
atomic cobalt ions with 1-pentene yields Co(C,H,)*. Loss of C;Hg in this process exhibits a bimodal kinetic energy release
distribution. The low-energy portion can be modeled using statistical phase space theory by assuming that propylene is eliminated.
The high-energy portion of the distribution is similar to that observed for the decarbonylation of cyclobutanone by Co* to
yield Co(CO)*. It is inferred for both systems that cyclopropane elimination is being observed with a tight transition state
and a reverse activation energy. The characteristically broad kinetic energy release distributions cannot be described by statistical
theories. Similar results are observed with Fe* as a reactant. In this case, however, the reaction with 1-pentene leads to a
broadened rather than a bimodal distribution. These arguments are substantiated using product distributions measured in
collision-induced dissociation studies of various adducts which might have structures analogous to those invoked for the reactions
of Co* and Fe* with cyclobutanone. Metastable loss of CO is also observed in these reactions. Fitting the statistical phase
space theory to the measured distribution yields a heat of formation for the cobaltacyclobutane ion of 274 + 5 kcal/mol. The
heat of formation (0 K) of the ferracyclobutane ion is less well determined but is approximately 268 kcal/mol. These are
substantially higher (by 27 and 16 kcal/mol, respectively) than those for the corresponding isomeric propylene complexes.
From these measurements, we estimate strain energies of cobaltacyclobutane and ferracyclobutane to be 22 and 18 kcal/mol,
respectively, to be compared with 26 kcal/mol for cyclobutane.

An intriguing aspect of transition metal-ion chemistry is the
facility with which gas-phase atomic metal ions induce skeletal
rearrangements of hydrocarbons.!”® For example, transition metal
ions react exothermically with hydrocarbons to eliminate hydrogen,
alkanes, or alkenes by processes which involve both bond cleavage
and formation.

This is particularly apparent for the first-row transition metal
ions Fe*, Co*, and Ni* where C-C bond cleavage and formation
are pervasive. Elucidating the mechanism of these reactions has
proven to be a challenge for the available experimental techniques
for studying ionic processes in the gas phase. The dehydrogenation
of n-butane, process 1, by Co* represents an example. Initially,

Co* + n-butane — Co(C4sHg)* + H, (1)

this reaction was believed to proceed by a simple C-H bond
insertion followed by 8-hydrogen elimination process as depicted
in Scheme I.° Detailed structural studies on the product of
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reaction 1, however, revealed that it comprises, not a 2-butene—
metal ion complex, but rather a bisethylene complex 1./ A
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