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Abstract The gas-phase reaction of the benzene radical cation with 2-iodoalkanes was explored by using tandem mass spectrometry 
(mass spectrometry/mass spectrometry) and pulsed ion cyclotron resonance spectrometry. The nature of the reaction products 
was determined from their collision-induced dissociation spectra. It was found that the benzene radical cation reacts with 
the 2-iodoalkanes under collisional stabilizing conditions to form an observable collision complex or intermediate. The intermediate 
undergoes reductive elimination of an iodine radical to yield a hydrocarbon cation of the "Wheland intermediate" type. Specifically, 
the product of the reaction of C6H6 radical cation and 2-iodopropane was shown to have the same CID spectrum and, thus, 
the same structure as protonated isopropylbenzene or isopropylated benzene. The reaction of C6H6

+- with 2-iodobutane similarly 
produces protonated isobutylbenzene or isobutylated benzene. 

Introduction 
The gas-phase reaction of the benzene radical cation with 

2-alkyl iodides may represent a new route for the formation of 
Wheland-type intermediates (<r complexes) (I). Wheland in-

i 

termediates have long been postulated as the intermediates in the 
Friedel-Crafts alkylation of benzene and possibly in the proton-
ation of alkylbenzenes.1 We report here evidence, from a study 
using a tandem mass spectrometer (MS/MS), for the formation 
of gas-phase Wheland intermediates, or similar structures differing 
in the site of protonation, where R = !-C3H7 and SeC-C4H9. 

In recent years, the nature of C6H6 radical cations has been 
of interest.2"8 One specific area of research has been focused on 
the gas-phase reactions of the benzene radical cation with selected 
reagent neutrals.2 For example, it was observed that ionized 
benzene exhibited a unique reaction with 2-iodopropane which 
other C6H6 radical cations do not show. Indeed, this reaction was 
so specific that if the iodine was replaced with a bromine or a 
chlorine or if the isopropyl group was changed to K-propyl, the 
reaction did not occur. When benzene and 2-iodopropane were 
mixed in an ion cyclotron resonance (ICR) spectrometer cell, they 
reacted and formed a single observable product which was de­
termined to be C9H13

+ (m/z 121). The nature of this ion could 
only be speculated upon based on the ICR data since the collision 
complex could not be observed, and C9H13

+ underwent no frag­
mentations which precluded the use of isotopic labeling for 
structure determination. However, it was established by using 
double resonance experiments that the C9H13

+ arose through a 
reaction in which benzene, not the propyl ion, is the charged species 
(see eq 1 and 2). The rate of disappearance of the benzene ion 

C6H6
+- + 2-C3H7I -* C9H13

+ + I (1) 

C3H7
+ + C6H6 *• C9H13

+ (2) 

and the rate of appearance of the C9H13
+ were found to be 

identical within experimental error. 
Previous workers have demonstrated the feasibility of deter­

mining the structures of ion-molecule reaction products from their 
collision-induced decomposition (CID) spectra.9"11 We have 
recently refined the methodology to stabilize and investigate 
directly the products of gas-phase ion-molecule reactions.12 By 
using a high-pressure or chemical ionization (CI) source, collisional 
stabilization of the intermediates could be achieved. We have 
made use of these capabilities to conduct a detailed study of the 
products of the gas-phase reaction of benzene with 2-iodopropane, 

fThis paper is dedicated to the memory of Henry M. Rosenstock, an 
enthusiastic supporter of research on C6H6 radical cations. 

and 2-iodobutane, and the results of that study are reported here. 
We have also determined the rate constants of the reactions of 
the benzene radical cation with a variety of iodoalkanes. 

The tandem mass spectrometer used for these studies is a triple 
analyzer instrument which has been described previously.13 The 
first spectrometer (MS-I) is a high-resolution, double-focusing 
instrument consisting of an electrostatic analyzer (ESA) followed 
by a magnet analyzer.13 MS-I is used to separate the ion product 
under study from other ions formed in the source. Collisional 
activation takes place in a collision cell following MS-I and the 
CID spectrum is obtained by scanning MS-II, an ESA. The 
overall configuration of the spectrometer is designated EBE. 

Experimental Section 
All chemicals used in this study were purchased from various com­

mercial sources, and their purity was checked by mass spectrometry and 
NMR. The benzene and the alkylbenzenes were used without further 
purification. The iodoalkanes were distilled prior to the NMR and mass 
spectral analyses. Good agreement between literature and experimental 
boiling points and spectra was achieved. 

The experiments were carried out on a Kratos MS50 triple analyzer 
mass spectrometer which has been described elsewhere.13 The standard 
Kratos CI source was used. Isobutane or methane as used as the reagent 
gas to generate C4H9

+ or CH5
+ for protonation of the reference com­

pounds at a total pressure of approximately 0.5 torr. Mixtures of benzene 
and the alkyl halides in a ratio of 100:1 and 10:1 (total pressure of 0.5 
torr) were used to minimize the possible reaction of propyl and butyl 
cations with benzene. The same results were obtained with both mix­
tures. 

Typical instrument conditions were: 6000 V accelerating voltage, 280 
eV ionizing energy, 3000 mass resolution, and 150 0C source tempera­
ture. 

CID spectra were obtained by adjusting the first electrostatic analyzer 
and the magnetic analyzer to pass ions of interest into the collision cell 
located in the third field-free region. Helium target gas was introduced 
into the collision cell until the precursor ion intensity was suppressed to 

(1) Olah, G., Ed. "Friedel-Crafts and Related Reactions"; Interscience 
Publishers: London, 1963. 

(2) Gross, M. L.; Russell, D. H.; Aerni, R. J.; Bronczyk, S. A. J. Am. 
Chem. Soc. 1977, 99, 3603. 

(3) Russell, D. H.; Gross, M. L. J. Am. Chem. Soc. 1980, 102, 6279. 
(4) Miller, D. L. Masters Thesis, University of Nebraska, 1980. 
(5) Dymerski, P. P.; Harrison, A. G. /. Phys. Chem. 1976, 80, 2852. 
(6) Rosenstock, H. M.; McCulloh, K. E.; Lossing, F. P. Adv. Mass 

Spectrom. 1978, 7b, 1260. 
(7) (a) Panczel, M.; Borossoy, J. Magy. Kern. FoIy. 1980, 86, 102. (b) 

Bows, J. R.; Glidewell, C. THEOCHEM 1982, 3, 205. 
(8) Baer, T.; Willet, G. D.; Smith, D.; Phillips, J. S. J. Chem. Phys. 1979, 

70, 4076. 
(9) Kruger, T. L.; Flammang. R.; Litton, J. F.; Cooks, R. G. Tetrahedron 

Lett. 1976, SO, 4555. 
(10) Beynon, J. H.; Cooks, R. G. Int. J. Mass Spectrom. Ion Phys. 1976, 

19, 107. 
(11) McLafferty, F. W., paper presented at the 23rd Annual Conference 

on Mass Spectrometry and Allied Topics, ASMS, Houston, 1975. 
(12) Chess, E. K.; Russell, D. H.; Gross, M. L., J. Org. Chem., in press. 
(13) Gross, M. L.; Chess, E. K.; Lyon, P. A.; Crow, F. W.; Evans, S.; 

Tudge, H. Int. J. Mass Spectrom. Ion Phys. 1982, 42, 243. 
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Figure I. (A) CID spectrum of C9Hj3
+ from the reaction of ionized 

benzene and 2-iodopropane, (B) CID spectrum of protonated iso-
propylbenzene, and (C) CID spectrum of protonated n-propylbenzene. 

75% of its original value. The second ESA was then scanned to obtain 
the CID spectrum. 

To obtain the CID spectrum of the m/z 121 produced by consecutive 
decompositions, an MS/MS/MS technique14 was used, m/z 248 ions 
were formed in the source and then accelerated out. Some ions then 
decomposed by CID in the first field-free region. The first ESA was 
adjusted to transmit the ions produced from the decomposition 248 to 
121 and the magnet set to M2

2/M,. This passed those m/z 121 ions 
produced from mjz 248 in the first field-free region into the second 
collision cell (located in the third field-free region) where they collided 
with helium and their CID spectrum was obtained by scanning the second 
ESA. 

V1I2IE linked scans15 were used to achieve the necessary resolution 
to examine the products of hydrogen-deuterium exchange for the reac­
tions using deuterated benzene. Scans of decompositions taking place 
in the first field-free region were produced by scanning the accelerating 
voltage and the two electrostatic sector voltages upward such that VI1JE 
was a constant. The parent ion was observed at 4 kV, followed by the 
lower mass daughter ions which were focused as the acceleration voltage 
was scanned to higher values (up to 8 kV). 

The CID spectra of ions desorbed by fast atom bombardment (FAB) 
were obtained using the FAB source supplied by Kratos. The sample of 
diphenyliodonium iodide salt was dissolved in Me2SO and then mixed 
with glycerol. This solution was then applied to the FAB probe, and CID 
spectra were acquired as described previously. 

The rate constant measurements were performed with an ion cyclotron 
resonance (ICR) mass spectrometer recently modified to operate in the 
pulsed mode.16 The pulse sequence, including the delay time between 
ionization and analysis, was controlled by an Intel Model 8039 micro­
processor and an interface of our own design and manufacture. Rates 
were obtained by monitoring the decay curves of the reactive species and 
then plotting In 1/I0 vs. t, where I0 is the intensity at time = 0 and / is 
the intensity at some elapsed reaction time, /. Knowing the slope of In 
1/I0 vs. t and the absolute pressures of the reactants (obtained from a 
Veeco RGlOOO ionization gage which had been calibrated against a 
Datametrics Barocel electronic manometer, Model 1173), the rate con­
stants were calculated from the equation k = slope/(pressure) (number 
density). 

Results and Discussion 
The first aim of this study was to determine if an observable 

collision complex or reaction intermediate was present under the 
conditions of a high-pressure CI source (P = 0.1 to 1.0 torr). For 
the reaction of benzene with 2-iodopropane, an intact collision 
complex was observed at m/z 248 which was not seen in the ICR 
experiments. The metastable spectrum of m/z 248 showed a single 
peak at mjz 121 indicating a single decomposition reaction to lose 
an iodine radical from the intact collision complex. This mjz 121 
has an atomic composition of C9H13

+ (verified by peak matching 
using benzene molecular ion as reference) which is the expected 
composition for the "Wheland intermediate" formed in the 
Friedel-Crafts isopropylation of benzene. 

The following strategy was employed to prove the structure of 
the intermediate C9H13

+. Since the Wheland intermediate cannot 
be directly synthesized and admitted into a mass spectrometer 

(14) Burinsky, D. J.; Cooks, R. G.; Chess, E. K.; Gross, M. L. Anal. Chem. 
1982, 54, 295. 

(15) Jennings, K. R. In "High Performance Mass Spectrometry: Chemical 
Applications"; Gross, M. L., Ed.; American Chemical Society, Washington, 
D.C., 1978; Chapter 1. 

(16) Mclver, R. T„ Jr. Rev. Sci. Instrum. 1978, 49, 111. 

Figure 2. (A) CID spectrum of C9Hj3
+ from the reaction of ionized 

benzene and 2-iodopropane, (B) CID spectrum of protonated l-ethyl-2-
methylbenzene, and (C) CID spectrum of protonated 1,3,5-trimethyl-
benzene. 

Figure 3. CID spectrum of C9D6H7
+ from the reaction of benzene-d6 and 

2-iodopropane. 

for study, a set of reference compounds was selected and then 
protonated in the CI source. These were then examined by taking 
their collision-induced dissociation spectra and the spectra com­
pared to that of the reaction product. The reference compounds 
included isopropylbenzene, rc-propylbenzene, 1,3,5-trimethyl-
benzene, and l-ethyl-2-methylbenzene for the C9H13

+ system. 
Structure of C9H13

+. The CID spectrum of the C9H13
+ pro­

duced in reactions of ionized benzene and 2-iodopropane (Figure 
IA) shows four major peaks which may be attributed to the 
reactions given in eq 3-6. Several smaller and unresolved peaks 

C9H13 * CgH9 "T CH4 (3) 

- C7H7
+ + C2H6 (4) 

- C6H7
+ + C3H6 (5) 

- C3H7
+ + C6H6 (6) 

were also observed on the low mass sides of the above peaks. These 
smaller peaks arise by losses of H and H2 from the major ion. 

A comparison of the CID spectra of the protonated reference 
compounds and that of the reaction product (see Figures 1 and 
2) reveals that the reaction product has a ion structure different 
from that of protonated n-propylbenzene, 1,3,5-trimethylbenzene, 
or l-ethyl-2-methylbenzene. However, the similarity of the CID 
spectrum of protonated isopropylbenzene and that of the reaction 
product is quite striking. Based on the similarity of the spectra, 
we postulate that the reaction product does indeed have the 
structure of a Wheland intermediate (see eq 7) or closely related 

2 - C 3 H 7 I 

[C6HgIC3H7] + (7) 

species with the proton at another ring site. Certainly the carbon 
skeleton is as written in eq 7. 
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The ion-molecule reaction was also carried out using benzene-^6 

and 2-iodopropane to determine if any exchange of hydrogen atoms 
between the benzene ring and the side chain could be observed. 
A small amount was found (see Figure 3). The m/z 79 peak 
was shifted to m/z 85; also observed was a peak at m/z 84 
corresponding to C6D5H2

+. The peak at m/z 91 was shifted to 
m/z 97 and was the most intense peak in a poorly resolved cluster. 
The m/z 105 peak was also shifted, and the most intense peak 
of that cluster corresponded to m/z 110. No evidence was seen 
for exchange in the formation of the propyl cation at m/z 43. 

In order to get a clearer picture of the H/D exchange process, 
the m/z 111 reaction product was examined by V*I1/E linked scans 
(see Experimental Section). The use of this linked scan yields 
spectra with better mass resolution than the CID spectra obtained 
by ESA scans. By examining the products of H/D exchange, we 
expect to gain insight into the fragmentation mechanisms and the 
nature of the bonding of the C9H13

+ reaction product (is it covalent 
or associative?). From the data obtained by linked scanning, it 
was determined that approximately 80% of the methane loss occurs 
as CH3D. This can be explained by a deuterium transfer from 
the ring to one of the methyl groups of the isopropyl group followed 
by loss of CH3D (eq 8). 

CH,D (8) 

It was also determined that no ethyl loss occurs from the re­
action product. The ethane loss, arising from a rearrangement 
reaction, occurs as C2H6 (65%), C2H5D (20%), and C2H4D2 plus 
C2H3D3 (15%). It was also determined that m/z 85 (C6D6H+) 
accounted for 80% of the propene loss in the system. The loss 
of benzene to give C3H7

+ could not be examined by the V111JE 
method because of the one-half mass limitation of the scan. 

The results of the H/D exchange experiments are in accord 
with the structure of the C 9H n

+ . We observe that the reactions 
which require minimal rearrangement occur with minimal H/D 
exchange (i.e., loss of methane and C3H6), whereas more exchange 
is seen for the loss of ethane which can only occur through an 
extensive rearrangement process. We also conclude that the 
C9H13

+ is covalently bonded since we do observe H/D exchange 
prior to dissociation. 

The reaction of benzene with 1-iodopropane was also examined. 
It was previously shown that benzene and 1 -iodopropane did not 
react to an observable extent in an ICR spectrometer.2 In the 
high-pressure CI source employed in these experiments, no reaction 
intermediate (C9H13I+) was observed; however, a m/z 121 was 
seen. The CID spectrum of the m/z 121 produced in the reactions 
of an ionized mixture of benzene and 1-iodopropane is identical 
with that from the reaction of benzene and 2-iodopropane. It is 
possible that the spectrum observed for the 1-iodopropane system 
is, in fact, due to the reaction of isopropyl cation, formed by 
dissociation of 1-iodopropane, with benzene. Supporting evidence 
for this suggestion comes from the CID spectrum of the product 
of propylation (using propane as the source of C3H7

+) of benzene 
in the high-pressure source (see eq 9). The spectrum is nearly 
identical with that for the 1-iodopropane system. 

C3H8 

C6H, 
C3H7

+ • [C6H6-C3H7
+]* C6H6-C3H7 

(9) 

The fact that the propylation of benzene produces C9H13
+ whose 

CID spectrum is almost identical with that from the reaction of 
benzene radical cation and 2-iodopropane raises the question of 
whether C9H13

+ is produced by loss of iodine radical from the 
collision complex or by the reaction of C3H7

+ from 2-iodopropane 
with benzene. 

To obtain unequivocally the CID spectrum of C9H13
+ from the 

reaction of ionized benzene and 2-iodopropane, we made use of 
the ability of the triple analyzer mass spectrometer to examine 
consecutive reactions, a technique often referred to as MS/ 
MS/MS.14 The m/z 248 collision complex was formed in the 
high-pressure CI source and was then collisionally activated in 

50 100 

Figure 4. (A) CID spectrum of the C9H13
+ formed unequivocally by 

decompositions of C9H13I
+- and (B) CID of source formed C9H13

+. 

the first collision cell to form m/z 121 ions which were transmitted 
to the second collision cell. The CID spectrum of the m/z 121 
ions formed uniquely from m/z 248 was then taken by collisionally 
activating m/z 121 in the second collision cell and scanning the 
final ESA. The spectrum is nearly identical with that of C9H13

+ 

formed in the source (compare Figures 1 and 4). Based on the 
fact that the spectra of the C9H13

+ ions produced in the source, 
by the consecutive decompositions, and by propylation of benzene 
are the same, we have established that each process is yielding 
the same end product. 

We are also in a position to draw some conclusions concerning 
the relative efficiencies of the above reactions. While it is true 
that a C9H13

+ was produced in an ionized mixture of benzene and 
1-iodopropane and in the reaction of C3H7

+ with benzene, its 
intensity was reduced compared to the C9H13

+ produced in the 
reaction of ionized benzene with 2-iodopropane when carried out 
under similar experimental conditions (ratio of m/z 43/78 the 
same). In fact, the abundances of the products produced in the 
1-iodopropane experiment and the propylation of benzene were 
only 10% of that in the 2-iodopropane experiment. Therefore, 
we assign an upper limit of 10% contribution to the production 
of m/z 121 by direct propylation in the case of the 2-iodopropane 
system. 

These results also indicate that C3H7
+ ions from propane and 

1-iodopropane have the isopropyl structure in accord with a 
previous conclusion.17 The different reactivities of furan and 
C3H7

+ ions formed from a variety of sources can be definitely 
attributed to an internal energy effect.18 

Structure of the C9H13I+ Intermediate. The nature of the intact 
intermediate or collision complex was also investigated in terms 
of its CID spectrum (see Figure 5). As can be seen, five peaks 
were observed which originate by the reactions shown in eq 10-14. 

3I+- - C6H6I+ + C3H7 

- C3H7I+- + C6H6 

— C9H13
+ + I 

- C6H6
+- + C3H7I 

- C3H7
+ + C6H6I 

(10) 

(H) 

(12) 

(13) 

(14) 

Conclusions regarding the general nature of the bonding in the 
intermediate can be drawn based on the decomposition reactions 
observed. We postulate that the C9H13I+ intermediate is a co-

(17) McAdoo, D. J.; McLafferty, F. W.; Bente, P. F., Ill J. Am. Chem. 
Soc. 1972, 94, 2027. 

(18) Gross, M. L. J. Am. Chem. Soc. 1971, 93, 253-255. 
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Figure 5. CID spectrum of the intact collision complex (C9H13I
+) from 

the reaction of ionized benzene and 2-iodopropane. 

valently bonded complex for several reasons. McLuckey et al.19 

have shown that proton-bound species of the type A-H+-B show 
only two peaks in their CID spectra corresponding to AH+ and 
BH+. It has also been shown that the same behavior is observed 
for silver-ion-bound species.20 On the basis of these analogies, 
we conclude that the complex that we observe is not proton bound 
nor a weakly bound associative complex with iodine as the bridge. 

We also examined the intermediate C9H13I+ for evidence of 
hydrogen/deuterium exchange which would confirm covalent 
bonding. When the intact collision complex for the benzene-rf6 

and 2-iodopropane reaction (m/z 254) was examined by CID, 
five peaks were observed (see eq 15-19). From the CID spectrum, 

C9H7D6I+- -* C6D6I+ + C3H7 (15) 

- C3H7I+- + C6H6 (16) 

- C9H7D6
+ + I (17) 

- C6D6
+- + C3H7I (18) 

- C3H7
+ + C6D6I (19) 

it was unclear if a small amount of exchange was taking place 
because of the width of the peaks and the poor signal-to-noise ratio 
of the spectrum. The measurements were repeated with improved 
S/N but were still inconclusive. Attempts were made to examine 
the m/z 254 ion by linked scans (see Experimental Section) in 
order to observe the exchange, but they were unsuccessful because 
of the low sensitivity of this method. Therefore, significant H/D 
exchange was not observed for the m/z 254 ion, but some exchange 
cannot be ruled out for the reasons mentioned above. 

Because benzene is reacting as the charged species (proven by 
ICR double resonance), it is logical to expect that the large electron 
cloud of iodine would interact with the positive charge of the 
benzene to form an iodonium radical-cation intermediate having 
structure II. Indeed, we believe that the ability of the iodine to 

accommodate the positive charge of the incipient collision complex 
is the reason why the iodoalkanes react and the chloro- and 
bromoalkanes do not. The iodine is more polarizable than the 
bromine and chlorine and can better interact with the charged 
benzene. However, the proposed intermediate structure seems 

(19) McLuckey, S. A.; Cameron, D.; Cooks, R. G. J. Am. Chem. Soc. 
1981, 103, 1313. 

(20) McLuckey, S. A.; Schoen, A. E.; Cooks, R. G. J. Am. Chem. Soc. 
1982, 104, 848. 

in conflict with the unimolecular and CID data which indicate 
a structure capable of a very facile iodine loss. The metastable 
spectrum of the C9H13I+ intermediate shows that the most facile 
decomposition (in fact, the only detectable decomposition) is loss 
of an iodine radical to yield C9H13

+. This indicates that the correct 
structure must be amenable to a ready loss of iodine. Obviously, 
a rearrangement reaction is necessary if iodine is to be lost from 
structure II to yield the C9H13

+ product. 
To investigate the propensity of iodonium ions to lose I, we 

obtained the CID spectrum of the diphenyliodonium ion (III) 

m. 
produced from diphenyliodonium iodide. In order to investigate 
this compound, it was necessary to employ fast atom bombardment 
(FAB) mass spectrometry21 to directly desorb the diphenyl­
iodonium ion into the gas phase. The desorption was accomplished 
by bombarding the salt dissolved in a droplet of glycerol with a 
6-kV beam of argon atoms. The CID spectrum showed three 
decomposition products, described in eq 20-22. It is apparent 
from the peak at m/z 154 that iodine is being extruded from the 

C12H10I+ - C6H5I+- + C6H5 (20) 

- C 1 2 H 1 0
+ - + I (21) 

-* C6H5
+ + C6H5I (22) 

molecule is such a way as to yield an ion with the elemental 
composition of biphenyl. From this evidence we believe that the 
intermediate in the reaction of benzene and 2-iodopropane has 
a similar structure. 

We postulate that iodine elimination occurs via a process akin 
to the well-known reductive elimination reactions22 of organo-
metallic chemistry. In this type of reaction (eq 23) an organo-

X—M—Y ^ M + X - Y (23) 

metallic complex undergoes elimination of a metal atom with a 
concomitant change in its oxidation state. A new bond is also 
formed between groups X and Y. One- and two-electron reductive 
eliminations are well established. In the benzene plus 2-iodo­
propane system, a three-electron reductive elimination is taking 
place. A two-electron reduction would form I+ and a hydrocarbon 
radical. However, charge transfer from the I+ to the hydrocarbon 
radical, an expected exothermic reaction, completes the reduction 
of iodine (see eq 24). For the diphenyliodonium ion, the charge 

<3^+ —* O+ + j- (24) 

transfer is exothermic by 2.2 eV. For the C9H13
+, the exother-

micity would be even greater since the ionization potential for a 
hydrocarbon radical should be lower than that for a hydrocarbon 
neutral. 

Structure of C10H15
+. In an effort to explore the generality of 

the reaction of ionized benzene and iodoalkanes, the isomeric 
iodobutanes (1- and 2-iodobutane, l-iodo-2-methylpropane, and 
2-iodo-2-methylpropane) as well as iodoethane were examined 
for reactivity with ionized benzene. 

An analogous reaction was observed for benzene and 2-iodo­
butane, and a product C10H15

+ was observed (see eq 25). No 

C6H6
+- + 2-C4H9I - [C10H15I]+- — C10H15

+ + I (25) 

C10H15
+ reaction products were found for the other iodobutanes, 

(21) Barber, M.; Bordoli, R. S.; Sedgwick, R. D.; Tyler, A. N. J. Chem. 
Soc, Chem. Commun. 1981, 325. 

(22) Collman, J. P.; Hegedus, L. S. "Principles and Applications of Or-
ganotransition Metal Chemistry"; University Science: Mill Valley, 1980; 
Chapter 4. 
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Figure 6. (A) CID spectrum of the C10H15
+ from the reaction of ionized 

benzene and 2-iodobutane, (B) CID spectrum of protonated see-butyl-
benzene, and (C) CID spectrum of protonated H-butylbenzene. 

50 100 

Figure 7. (A) CID spectrum of the C10H15
+ from the reaction of ionized 

benzene and 2-iodobutane, (B) CID spectrum of protonated isobutyl­
benzene, and (C) CID spectrum of protonated rerf-butylbenzene. 

and no C8H11
+ was detected for iodoethane. Under the conditions 

employed in the ICR experiments, no intact collision complex was 
observed. This is understandable since the adduct ion experiences 
no stabilizing collisions, and the only way it can lose excess internal 
energy, released as the exothermicity of the reaction, is by de­
composition. 

The same strategy employed in the C9H13
+ study (protonation 

of reference compounds followed by acquisition of CID spectra) 
was followed in the study of the structure of C10H15

+. The ref­
erence compounds for the C10H15

+ system included n-butylbenzene, 
sec-butylbenzene, isobutylbenzene, and tert-butylbenzene. The 
CID spectrum of the C10H15

+ produced in the reaction of benzene 
and 2-iodobutane (see Figure 6) shows four major peaks (similar 
to those observed for C9H13

+) as described in eq 26-29. The CID 

Ci0H15 —*• C8H9 + C2H6 (26) 

- C7H7
+ + C3H8 (27) 

- C6H7
+ + C4H8 (28) 

- C4H9
+ + C6H6 (29) 

spectra of the protonated reference compounds are shown in 
Figures 6 and 7. It is readily apparent from the spectra that the 
reaction product has an ion structure different from that of 
protonated n-butylbenzene, isobutylbenzene, or fert-butylbenzene. 
However, based on the similarity of the spectrum of the reaction 
product and that of protonated reobutylbenzene, we conclude that 
the reaction product has the same carbon skeleton as protonated 
sec-butylbenzene. 

Although we know that at least a portion of the C10H15
+ was 

produced by loss of iodine from the intact collision complex, it 
is also possible that a reaction between butyl cation and neutral 
benzene was taking place even though a large excess of benzene 
was employed to give excess reactant C6H6

+- for the ion-molecule 
reaction. To check this possibility, the C4H9

+ ions from /i-butane 
and benzene were allowed to react and the spectra compared with 
that of the butylated benzene from the reaction of ionized benzene 
and 2-iodobutane. It was observed that the CID spectrum of the 
C10H15

+ ion from the reaction of the C4H9
+ was identical with 

that from the reaction of ionized benzene and 2-iodobutane. The 
butane was then removed and 2-iodobutane added. For reaction 

Figure 8. CID spectrum of the intact collision complex (C10H15I
+) from 

the reaction of ionized benzene and 2-iodobutane. 

with the same amounts of neutral benzene and under the same 
pressure conditions, the reaction with neutral 2-iodobutane gave 
mjz 135 which was 10 times more abundant than that from the 
reaction of neutral benzene and the C4H9

+ ion from the butane. 
The reaction with 1-iodobutane was also investigated. A mjz 

135 was observed, but it was only 10% as intense as that produced 
in the reaction of the benzene radical cation and 2-iodobutane. 
ICR data show no detectable reaction of benzene radical cation 
with 1-iodobutane to give C10H15

+ (vide infra). Taking this fact 
into account as well as the information concerning the reaction 
of the C4H9

+ from butane with benzene, we conclude that the mjz 
135 observed arises from the reaction of butyl cation produced 
from fragmenting 1-iodobutane and with neutral benzene. This 
idea is supported by the lack of a collision complex at mjz 262. 
These observations more firmly establish that less than 10% of 
the C10H15

+ produced in the mixture of benzene and 2-iodobutane 
originates by direct butylation of benzene by C4H9

+. 
These results also indicate that the C4H9

+ ions from n-butane 
and 1-iodobutane have the sec-butyl structure in accord with 
previous ICR23 and solution studies.24 

The benzene-rf6/2-iodobutane reaction product {mjz 141) was 
also examined by V1Z2JE linked scans to sort out the H/D ex­
change reactions taking place. Four clusters of peaks were ob­
served representing losses of one, two, three, and four carbon-
containing fragments. It was determined that exchange was indeed 
taking place. 

Methane is the exclusive one-carbon neutral fragment loss: 70% 
as CD3H and 30% as CD2H2. Both ethyl and ethane are lost as 
two-carbon fragments with ethane loss predominant. Approxi­
mately 90% of the ethyl is lost as C2H5 and the remainder as 
C2H4D. For the ethane loss, 75% is lost as C2H5D and 25% as 
C2H6. For C3 fragments, both propyl and propane losses occur 
with loss of propane major. Ninety percent of the propyl is lost 
as C3H7 and the remainder is C3H6D. For the propane loss, 59% 
is C3H8, 27% C3H7D, and 14% C3H6D2 (a ratio of approximately 
4:2:1). For C4 fragments, only butene is lost: 60% C4H8 and 
20% C4H7D. The remainder includes C4H6D2, C4H5D3, and 
C4H4D4 (8, 6, and 7%, respectively). 

The results of the H/D exchanges are in agreement with the 
proposed structure of the C10H15

+ product. The conclusions arrived 
at for the C9H13

+ also apply in this case. We again observe that 
reactions of the intermediate which require minimal rearrangement 
occur with minimal H/D exchange. 

Structure of the C10H15I
+ Intermediate. The intact collision 

complex (mjz 262) could be stabilized by collision and observed. 
The collision complex was examined by studying its metastable 
and collision-induced dissociation spectra. The metastable 
spectrum showed a single peak at mjz 135 corresponding to loss 

(23) Hass, J. R.; Jennings, K. R. Adv. Mass Spectrom. 1974, 6, 711. 
(24) Whitmore, F. C; Langlois, D. P. J. Am. Chem. Soc. 1932, 54, 3441. 
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Table I. Experimental Rate Constants for the Reaction of 
Neutral Iodoalkanes with the Benzene Radical Cation0 

k (cm3 k (cm3 

reaction system mol"1 s"1) reaction system raol"1 s' ') 

C6H6
+- +C2H5I <10-" C6H6

+-+ 2-C4H9I 2.0X10"' 
C6H6

+-+ 1-C3H7I <10-" C6H6
+-+ /-C4H9I <10-'° 

C6H6
+-+ 2-C3H7I 1.3 X 10"' C6H6

+- + T-C4H91 <10"10 

C6H6
+-+ 1-C4H9I <10-10 

° To produce m/z 121 or m/z 135. 

of an iodine radical. The CID spectrum (Figure 8) shows four 
peaks (see eq 30-33). These decompositions (which are similar 

C10H15I+- - C4H9I+- + C6H6 (30) 

- C 1 0 H 1 5
+ - I - I (31) 

- C6H6
+- + C4H9I (32) 

— C4H9
+ + C6H6I (33) 

to those of the C9H13I+ collision complex) enable us to conclude 
that the C10H15I

+ collision complex is a covalently bound iodonium 
radical cation of structure IV. 

m 

Rate Constant Measurements. The rate constant for the reaction 
of benzene with 2-iodopropane was determined previously2 in this 
laboratory from data taken on a ICR spectrometer equipped with 
a three-section drift cell. The observation time of that experiment 
was restricted to less than 10 ms which limited us to observation 
of no more than approximately 15% of the reaction. The rate 
constant for the reaction has been redetermined for several reasons. 
(1) We wished to check the accuracy of the original measurement 
by using a pulsed ICR, a more accepted method. (2) We wished 
to examine some of the other iodoalkanes to see if we could observe 
reactions which would have been too slow to observe with the drift 
cell system. (3) Finally, we wished to determine the rate constants 
for the reactions of benzene radical cation and various iodobutanes 
which have not been determined to date. 

The following compounds were examined for reactivity with 
the benzene radical cation: iodoethane, 1-iodopropane, 2-iodo­
propane, 1-iodobutane, 2-iodobutane, l-iodo-2-methylpropane, 
and 2-iodo-2-methylpropane (see Table I). We found that io­
doethane and 1-iodopropane are unreactive with the benzene 
radical cation. For 2-iodo-2-methylpropane, we observed a de­
crease in the benzene signal with time, but no reaction products 
corresponding to Wheland intermediates were formed. However, 
the intensities of the 2-iodo-2-methylpropane molecular ion and 
its fragment C4H9

+ increased at longer times. Thus, we conclude 
that benzene is charge exchanging with the 2-iodo-2-methyl-
propane. Similar results were obtained for 1-iodobutane and 
l-iodo-2-methylpropane. This is consistent with the fact that the 
charge exchange reactions are exothermic (benzene has a higher 
ionization potential than that of the iodobutanes).25 Iodine 
elimination only occurred for 2-iodopropane and 2-iodobutane 
intermediates. 

(25) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys. 
Chem. Ref. Data 1977, 6, Suppl. No. 1. 

Table II. Comparison of Experimental and Theoretical Rate 
Constants for the Reaction of Ionized Benzene and 2-Iodobutane 

k (cm3 source of rate k (cm3 source of rate 
mol"' s"1) constant mol"1 s"1) constant 

2.0 XlO"9 exp 1.7X10"' ADO28 

3.8X10"' LDO27 1.2 XlO"9 Langevin26 

In the previous study, a rate constant of 1.2 X 10"9 cm3 mol"1 

s_1 was obtained at an ionizing energy of 15 eV for the reaction 
of benzene with 2-iodopropane to give C9Hj3

+. The precision and 
accuracy of the measurement are ±10 and ±20%, respectively. 
Using the pulsed ICR, we obtained a rate constant of 1.3 X 1O-9 

cm3 mor1 s"1 for this reaction with a precision of ±10%. The rate 
constant for the reaction with 2-iodobutane is 2.0 X 10"9 cm3 mol"1 

A comparison of the experimental rate constant for the 2-
iodobutane reaction with theoretical collision rate constants 
calculated using Langevin,26 locked dipole orientation (LDO),27 

and average dipole orientation (ADO)28 theories is given in Table 
II (see ref 2 for a similar comparison for the 2-iodopropane re­
action). As can be seen, the Langevin calculated rate constant 
is less than the experimental value. This is expected since Langevin 
theory neglects the permanent dipole of 2-iodobutane. On the 
other hand, the LDO theory gives a value greater than the ex­
perimental value because of an overestimate of the dipole effect. 
The ADO theory gives the best agreement. 

Conclusions 
We have obtained data which permit us to assign the structures 

of the C9H13
+ and the C10H15

+ ions produced in the reactions of 
ionized benzene with 2-iodopropane and with 2-iodobutane, re­
spectively, as protonated alkylbenzenes which initially exist as 
Wheland intermediates. We infer that these products arise via 
formation of an intermediate radical cation which has an iodonium 
site and which undergoes a three-electron reductive elimination 
to form the Wheland intermediates (structures II and IV and eq 
24) or similar structures differing only in the location of the proton. 
We have also shown that the complementary techniques of ion 
cyclotron resonance spectrometry and tandem mass spectrometry 
(mass spectrometry/mass spectrometry) represent powerful means 
for investigating ion-molecule reactions. 

These gas-phase reactions may also serve as guideposts for the 
design of solution reactions. Investigations are underway elsewhere 
to explore this chemistry initiated electrochemically in solution.29 
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