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ABSTRACT 

The properties and reactions of a series of phosphate and phos

phite esters have been studied using the techniques of ion cyclotron 

resonance spectroscopy. The positive and negative ion chemistry of 

these species has been examined and their gas phase base strengths 

(proton affinities) and adiabatic ionization potentials measured. Effects 

of constrained geometry on the base strengths of phosphites are 

explored by comparing a series of cyclic phosphites with acyclic 

analogs. Axial a:,;id equatorial phosphorus lone pairs in six membered 

phosphite rings differing only by inversion of configuration at phos

phorus are shown to have significantly different base strengths. A 

linear correlation exists between the proton affinities and first adiabatic 

ionization potentials of all tervalent phosphorus compounds for which 

data are available. This has implications for the electronic structure of 

these species, strongly suggesting that the highest occupied molecular 

orbital is the phosphorus lone pair. The results of these experiments 

are useful in the design of schemes for chemical ionization mass spec 

trometric analysis of phosphorus esters, which include widely used 

pesticides. 

An ion beam apparatus is used to study the gas phase reactions 

of aluminum ions with a series of alkyl halides. The variation of product 

distributions with collision energy is reported. The observed reactivity 

of aluminum ions is discussed in terms of the electronic structure of 

aluminum, the reaction thermodynamics and proposed reaction 

mechanisms. 
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INTRODUCTION 

In 1952 observation1 of the gas phase ion-molecule reaction 1, 

in which the chemically intriguing ion CH/ is produced, triggered a 

rapid expansion of the field of gas phase ion-molecule chemistry. The 

ion-molecule chemistry of a large number of organic and simple 

(1) 

inorganic molecules has been investigated by a variety of mass spec

trometric techniques. 2, 3 The study of ion-molecule chemistry has 

benefited two areas of chemistry which are particularly relevant to the 

material presented in this thesis: the acid-base properties of molecules 

and analytical mass spectrometry. 

The development of techniques for measuring the equilibrium 

constants for gas phase proton transfer between bases (B1 and BJ 

(reaction 2) has permitted quantitative determinations of the base 

(2) 

strengths (proton affinities) of molecules in the absence of complicating 

sol vation effects. 4- 5 These data make possible the ·assessment of 

effects of molecular and electronic structure on the intrinsic basicity 

of molecules. 

Chemical ionization (CI) mass spectrometry is an analytical tool 

in which reactions between reagent ions and sample molecules are 

employed to generate ions which comprise the CI mass spectrum of the 

sample. 7 Mass spectra obtained in this way are often more useful than 



2 

electron impact mass spectra in the identification of sample molecules 

because ions whose masses are directly related to the molecular 

weight of the sample are usually formed. Electron impact often fails to 

produce a molecular ion. 

Chapters I-IV of this thesis report the results of ion cyclotron 

resonance3' 8 investigations of the ion-molecule chemistry and gas phase 

base strengths (proton affinities) of several organophosphorus compounds. 

Phosphorus esters were chosen as the focus of the investigation, because 

of the important role that these compounds play in the chemistry of 

living organisms. 9-ll A number of phosphorus esters are widely used 

pesticides. 12 Particular emphasis in Chapters I and II has been placed 

on the implications which the ion-molecule chemistry of phosphorus 

esters has for the development of CI mass spectrometric schemes for 

the detection of these compounds. 

Molecular properties related to the proton affinity of organo

phosphorus compounds are discussed in Chapters I, III and IV. Chapter 

III is devoted to an exploration of the relationships of proton affinity to 

molecular conformation in a series of constrained phosphites. This 

chapter also reports the observation of a linear correlation between 

proton affinity and ionization potential of tervalent phosphorus compounds. 

The implications of this correlation for the electronic structur e of these 

molecules is discussed . 

The final chapter, Chapter V, is concerned with an entirely 

different area of ion-molecule chemistry, that of metal ions. An ion 

beam apparatus is employed to study the reactions of aluminum ions with 
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a series of alkyl halides. The use of a beam apparatus makes available 

an additional experimental variable, the collision energy. The observed 

reactivity of aluminum ions is discussed in terms of the electronic 

structure of aluminum, the reaction thermodynamics and proposed 

mechanisms. 
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CHAPTER I 

Properties and Reactions of Trimethyl Phosphite, Trimethyl 

Phosphate, Triethyl Phosphate, and Trimethyl 

Phosphorothionate by Ion Cyclotron Resonance Spectroscopy 

by 

Ronald V. Hodges, Thomas J. McDonnell, and J. L. Beauchamp* 

Contribution No. 5699 from the Arthur Amos Noyes 

Laboratory of Chemical Physics, CBlifornia Institute of 

Technology, Pasadena, California 91125 
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ABSTRACT 

The gas phase ion-molecule reactions occurring in trimethyl 

phosphite, trimethyl phosphate, triethyl phosphate and trimethyl 

phosphorothionate have been investigated by ion cyclotron resonance 

spectroscopy. Protonated parent ions, tetracoordinated phosphonium 

ions, and cluster ions are the reaction products observed. The 

proton affinities of these compounds have been determined to be 218. 2, 

209. 5, 214 and 211. 9 kcal/mol, respectively (relative to PA(NH3) = 

202. 3 kcal/mol). Homolytic bond dissociation energies of the proto

nated species are calculated using adiabatic ionization potentials 

determined by photoelectron spectroscopy. The trends in these quan

tities are discussed. A reasonable value for the correlated homolytic 

bond dissociation energy of trimethyl phosphite indicates that the first 

ionization potential of this molecule should be assigned to the phosphorus 

lone pair, The application of chemical ionization mass spectrometry 

to the analysis of phosphorus esters is briefly discussed. 



8 

The solution chemistry of organophosphorus compounds is a 

large and well studied branch of organic chemistry. 1 However, 

relatively few studies of the gas phase ion chemistry of phosphorus 

compounds have been reported. The ion-molecule reactions in phos

phine and the methyl phosphines have been investigated. 2- 5 Proton 

transfer reactions and condensation reactions with loss of simple 

molecules and radicals are the processes which occur at pressures 

below O. 05 Torr. Above this pressure the formation of cluster ions is 

also observed. 5 Ion-molecule reactions of PF3, 
7, 8 OPF3, B-lO and 

10 SPF 3 have also been reported. 

The gas phase proton affinities of several phosphorus com

pounds have been determined by icr techniques and are listed in Table 

I. 6, 7, 9, 11 The proton affinity of a base, B, is defined as the standard 

enthalpy change for reaction 1. The homolytic bond dissociation energy, 

PA(B) = ~H
0 

(1) 

D(B+ - H), is defined as the standard enthalpy change for reaction 2. It 

is related to the proton affinity of B by the adiabatic ionization potentials 

of B and H (eq 3). Strictly defined, the homolytic bond dissociation 

D(B+ -H) = PA(B) + IP(B) - IP(H) 

(2) 

(3) 

energy is calculated using the first adiabatic ionization potential of B in 

eq 3. However, for the purpose of comparisons among homologous 

compounds, the correlated homolytic bond dissociation energy must be 

considered. 12 This quantity is calculated from eq 3, using the adiabatic 
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ionization potential of the orbital of B which corresponds to the bonding 

orbital in B-H+. For the phosphorus compounds studied to date the 

first ionization potential corresponds to ionization from this orbital. 

Adiabatic ionization potentials and homolytic bond dissociation energies 

for these compounds are given in Table I. 

The esters of phosphoric acid play important roles in bio-

l • 1 13 - 15 h h t • t O t t 1 ogica processes. The p osp a e m01e y, P 4 , is as rue ura 

component of DNA, RNA, and phospholipid membranes. It is also 

involved in biochemical reactions, such as those of ATP. Some phos

phorus esters interfere with nerve impulse transmission by inhibition of 

acetylcholine esterase. 16 These compounds are used as selective 

pesticides. 

An understanding of the relationships between the chemical 

properties of phosphorus esters and their biological activity is essential 

in order to predict their behavior in living organisms. For example, 

effective pesticides must be able to penetrate the ion barrier of insect 

nervous systems. 17 Therefore, the basicity of potential pesticides 

must be low enough such that they are un-ionized under physiological 

d ·t· 18 con 1 ions. 

A knowledge of phosphorus chemistry is important for the 

development of analytical techniques for phosphorus esters. In partic

ular, the design of chemical ionization mass s~ectrometric techniques
19 

for these compounds requires a knowledge of their gas phase ion 

chemistry. This paper presents the results of an ion cyclotron reso

nance (icr) investigation of the gas phase ion-molecule reactions and 

proton affinities of four simple phosphorus esters: trimethyl phosphite, 



10 

Table I. Proton Affinities, Adiabatic Ionization Potentials, and Homo-
~ 

lytic Bond Dissociation Energies of Phosphorus Esters and Related 

Phosphorus Compounds 

Molecule PA a, b 1Pa D(B+-H)a 

P(OCH3) 3 218. 2 ± 0. 3 196 (8. 50f 101 

SP(OCH3) 3 211. 9 ± 0. 3 199(8.65)d 97 

OP(OCH3) 3 209. 5 ± 0. 3 230 (9. 99)e 126 

OP(OC 2H5) 3 214 ± 2 226 (9. 79)e 126 

PH3 187. 4f 230 (9. 96/ 103 

CH3PH2 201. 8f 210 (9. 12)e 98 

(CH3) 2PH 214. of 195 (8. 47)e 96 

P(CH3 ) 3 
223. 5f 187 (8. ll)e 97 

PF3 160 ± 5g 269 (11. 66)h 116 

OPF3 
174i 294 (12 . 77)h 154 

akcal/mol. Values in parentheses in eV. bProton affinities 

relative to PA(NH3) = 202. 3 kcal/mol (see Reference 11). cEstimated 

from the photoelectron spectrum published in Reference 42. dPri vate 

communication from A. H. Cowley. eEstimated from the photo-

electron spectrum obtained in this laboratory. £Reference 11. 

gReference 7. hp. J. Bassett and D. R. Lloyd, J. Chem. Soc. 

Dalton, 248 (1972). iReference 9. 
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trimethyl phosphate, triethyl phosphate, and trimethyl phosphoro

thionate. 

Ex 

The general features of icr instrumentation and its operation 

in trapped ion experiments have been previously described. 20, 21 All 

experiments were performed at room temperature. 

Reaction paths were identified by double resonance experi

ments. 20 Spectral intensities in the figures have been corrected to ion 

abundance by dividing the measured intensity by ion mass. 20, 21 

Pressure measurements were made using a Schulz-Phelps 

gauge located adjacent to the icr cell. This gauge is calibrated for 

each gas for a given emission current (5 µA) and magnetic field (6 kG) 

against an MKS Instruments Baratron Model 90Hl-E capacitance mano

meter in the region 10- 5 -10-3 Torr. Pressures in the trapped ion 
-7 -5 experiments were in the range 10 -10 Torr. The esters adhered to 

the walls of the apparatus and pumped out very slowly. For this reason 

the pressure tended to drift during an experiment and accurate calibra

tion of the Schulz-Phelps gauge was difficult. The accuracy of the 

pressures reported here is estimated to be ± 50%. The principal er rors 

in the rate constants and equilibrium constants are due to this uncer 

tainty. 

Photoelectron spectra were obtained using a photoelectron spec-

trometer of standard design built in the Caltech shops. The instrument 

comprises a helium discharge lamp, 127 ° electrostatic analyzer and 

Channeltron electron multiplier. Spectra were accumulated in a 

Tracor-Northern NS-570A multichannel scaler with 4 K memory. Argon 
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was used to calibrate all spectra. The ionization potentials reported 

here have error limits of± 0. 02 eV as determined from the width of the 

argon peaks. 

All chemicals were reagent grade materials from commercial 

sources and were used as supplied. 

Results 
~ 

hite. Mass S ectrum. The icr mass spectrum 

of trim ethyl phosphite agrees with the reported spectrum. 22 The ions 

present in the mass spectrum at 20 eV are P(OCH3)/ (m/e 93, 26%), 

P(OCH3)3+ (m/e 124, 21%), OP(OCH3)2+ (m/e 109, 20%), HP(OCH3)2+ 

(m/e 94, 15%), HPOCH3+ (m/e 63, 10%), and OHPOCH3+ (m/e 79, 8%). 

~ The variation of the relative ion abundances 

with time is given in Figures 1 and 2. The ion P(OCH3)/ (m/e 93), which 

is formed by electron impact, also results from reactions of HPOCH/ 

(~/e 63) and OP(OCH3) 2+ (m/e 109) with the neutral (reactions 4 and 7).23 

80% P(OCH3)/ + HP(OCH3) 2 (4) 

HPOCH/ + P(OCH3 ) 3~ 

20% HP(OCH3)/ + POCH3 (5) 

OHPOCH/ + P(OCH3) 3 
+ HP(OCH3) 3 + OPOCH3 (6) 

100% P(OCH3)/ + OP(OCH3) 3 
(7) 

OP(OCH3)/ + P(OCH3) 3c 
trace P(OCH3) 4 + + OPOCH3 (8) 

90% P 2(OCH3)/ (9) 
1 

P(OCH3)/ + P(OCH3)31!:% P(CH3)(OCH3)/ + OPOCH3 (10) 

3% HP(OCH3)/ + P(OCH2)(OCH3) (11) 
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FIGURE 1 

Temporal variation of ion concentration in trimethyl 

phosphite at 5. 6 x 10-6 Torr pressure and 20 eV 

electron energy (see Figure 2). 
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FIGURE 2 

Temporal variation of ion concentrations in trimethyl 

phosphite at 5. 6 x 10- 6 Torr pressure and 20 eV 

electron energy (see Figure 1). 
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P 2(0CH3)/ + HOCH3 (13) 

HP(OCH3)/ + P(OCH2)(OCH3) 2 (14) 

The principal reaction of P(OCH3)/ is the clustering reaction 9 to form 

P 2(OCH3)/ (m/e 217), which is the most abundant ion at long times. 

P(OCH3)/ also undergoes methyl cation transfer, yielding P(CH3)(OCH3)/ 

(m/e 139) (reaction 10), and proton transfer to give HP(OCH3) 3+ (m/e 

125) (reaction 11). The protonated parent ion, HP(OCH3)/ is also 

formed by proton transfer from HPOCH/ (m/e 63), OHPOCH3+ (m / e 79), 

HP(OCH3 ) 2+ (m / e 109), and P(OCH3)/ (m/e 124) (reactions 5, 6, 12, and 

14). Proton transfer from the parent ion, P(OCH3)/, initially does 

not take place. It may be formed in a relatively unreactive excited state 

which then is collisionally deactivated. This phenomenon has been 

observed previously for the parent ions of (CH3)~s24 and (CH3)3N. 25 

Small quantities of the ions P(OCH3)/ (m/e 155) and P2(OCH3)/ (m/ e 186) 

are produced in minor reactions of OP(OCH3)/ and HP(OCH3)/, respec

tively (reactions 8 and 13). 

Rate constants for the reactions of the primary ions are listed 

in Table II. These values were calculated from the limiting slopes of 

semilog plots of ion abundance vs. time. Pseudo first order kinetics 

are assumed. 

~. In mixtures of P(OCH3)3 with pyridine and with 

cyclohexylamine the ratio of the protonated parent ions reached a con

stant value. Double resonance experiments confirmed that proton 

transfer between the bases was occurring. Equilibrium constants 
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Table II. Rate Constants for the Ion-Molecule Reacbons in Trinethyl 
~ 

Phosphitea 

Reaction k.t, Lk/ 1 

HPOCH/ + P(OCH3)3-[ 

P(OCH3)/ + HP(OCH3) 2 3.8 
4.8 

+ 1.0 HP(OCH3) 3 + POCH3 

OHPOCH/ + P(OCH3) 3 ~ HP(OCH3)/ + OPOCH3 6.5 

-[ 

P(OCH3)/ + OP(OCH3) 3 5.8 
OP(OCH3)/ + P(OCH3) 3 

5.8 
+ < 0.1 P(OCH3) 4 + OPOCH3 

P(OCH,)/ + P(OCH,),f 

P~(OCH3)/ 1. 4 

P(CH3)(0CH3) 3 + OPOCH:1 0.1 1. 6 

HP(OCH3)/ + P(OCH2)(0CH3) 0.05 

-[ 

HP(OCH3)/ + P(OCH3) 2 4.8 
HP(OCH3)/ + P(OCH3) 3 4.8 

P2(0CH3)/ + HOCH3 < 0.1 

P(OCH3)/ + P(OCH3) 3 ~ HP(OCH3)/ + P(OC~)(OCH3) 2 0. 5 

a All data from trapped-ion studies at 20 eV. 
b -10 
In units of 10 

cm3molecule-1sec-1
. Each constant is an average of three determination:,. 

Accuracy in rate constants estimated to be ± 50% due to uncertainties in 

pressure measurement. 



19 

measured in these experiments are summarized in Table Ill, along with 

free energies and enthalpies of proton transfer. Entropy effects were 

assumed to be small and limited to symmetry number corrections. l l, 26 

These data yield PA(P(OCH3) 3) = 218. 2 ± 0. 3 kcal / mol. All proton 

affinities are relative to PA(NH3) = 202. 3 kcal/mol. 

Trimeth 1 Phos hate. Mass S ectrum. The icr mass spectrum 

of trimethyl phosphate at 70 eV agrees with the reported spectrum. 27 

The principal ions in the 70 eV mass spectrum are HPO(OCH3 ) 2+ (m/e 110, 

46%), HPO(OCH3)+ (m/e 79, 14%), H2PO(OCH3)+ (m/e 80, 14%), 

OP(OCH3) 2+ (m/e 109, 11%), HOPO(OCH3)+ (m/e 95, 10%), and OP(OCH3)/ 

(m/e 140, 6%). 

~ The time evolution of the ion abundances in tri

methyl phosphate is shown in Figures 3 and 4. The protonated parent is 

the dominant secondary ion. Double resonance experiments demon

strated that this ion is formed in reaction 15, where MH+ equals 

OP(OCH3) 3+ (m/e 140), HPO(OCH3)/ (m/e 110), HOPO(OCH3)+ (m/ e 95) , 

H2PO(OCH3)+ (m/e 80) and HPO(OCH3)+ (m/e 79). The protonated parent 

(15) 

clusters to form a proton bound dimer (r eaction 16). The remaining 

(16) 

primary ion, OP(OCH3) 2+ (m/e 109), transfers a methyl cation to the 

neutral to form (CH3O)4 P+ (m/e 155) and clusters (reactions 17 and 18). 

(17) 

(18) 
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FIGURE 3 

Temporal variation of ion concentrations in trimethyl 

phosphate at 3. 2 x 10-6 Torr pressure and 70 eV 

electron energy (see Figure 4). 
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FIGURE 4 

Temporal variation of ion concentrations in trimethyl 
- 6 phosphate at 3. 2 x 10 Torr pressure and 70 eV 

electron energy (see Figure 3). 
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Rate constants for the reactions in trimethyl phosphate are listed in 

Table IV. 

~ Proton transfer equilibria were observed in 

mixtures of OP(OCH3) 3 with aniline and with 1, 1-diphenylethene. Data 

from these experiments are presented in Table III. The proton affinity 

of trimethyl phosphate is found to be 209. 5 ± 0. 3 kcal/mol. 

Trieth 1 Phos hate. Mass S ectrum. The icr mass spectrum 

agrees with the reported spectrum. 28 The major ions at 70 eV are 

P(OH)/ (m/e 99, 30%), (HO) 2P(OC 2H5)/ (m/e 155, 29%), (HO) 3 POC 2H/ 

(m/e 127, 19%), OP(OH)2+ (m/e 81, 13%), and OP(OH)(OC2H5)+ (m/e 

109, 9%). 

~ The time evolution of the relative ion abundances 

in trim ethyl phosphate is presented in Figure 5. The only primary 

process observed is the proton transfer reaction 19, where MH+ equals 

P(OH)/, OP(OH)/, OP(OH)(OC2H5t, (HO) 3POC 2H/, and (HO) 2 P(OC 2H5)/. 

The protonated parent rapidly clusters with the neutral, yielding the 

proton bound dimer H(OP(OC2H5)3)/ (m /e 365) (reaction 20). The rate 

MH+ + OP(OC 2H5) 3 - HOP(OC 2H5)/ + M 

HOP(OC 2H5)/ + OP(OC 2H5) 3 - H(OP(OC 2H5) 3)/ 

(19) 

(20) 

constants for the reactions of the three most abundant primary ions and 

the protonated parent are listed in Table V. 

~ Because of the rapid rate of clustering of the 

protonated parent both with the triethyl phosphate neutral and with other 

Lewis bases, proton transfer equilibria between triethyl phosphate and 

added bases could not be established. The observation that proton 
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Table IV. Rate Constants for the Ion-Molecule Reactions in Trimethyl 
~ 

Phosphate a 

Reaction 

HPO(OCH3)+ + OP(OCH3) 3 ~ HOP(OCH3)/ + OPOCH3 

H 2PO(OCH3)+ + OP(OCH3) 3 -->- HOP(OCH3)/ + HPO(OCH3) 

HOPO(OCH3 )+ + OP(OCH3) 3 ~ HOP(OCH3)/ + OPO(OCH3) 

-( 

P(OCH3)/ + OPO(OCH3) 

OP(OCH3)/ + OP(OCHJ3 
P20 2(0CH

3
) 5+ 

HPO(OCH3)/ + OP(OCH3)3 ~ HOP(OCH3)/ + OP(OCH3)2 

OP(OCH3)/ + OP(OCH3)3 ~ HOP(OCH3)/ + OP(OCH2)(0CH3)2 

HOP(OCH3)/ + OP(OCH3)3 ~ H(OP(OCH3)3)/ 

1\ b 

4.9 

6. 1 

3.6 

1. 9 

1. 9 

2.8 

2.0 

0.7 

a All data from trapped-ion studies at 70 eV. 
b -10 In units of 10 

~1\ b 

3.8 

cm 3molecule - 1sec-
1

. All constants except that for HOPO(OCH3t is an 

average of two determinations. Accuracy in rate constants estimated 

to be ± 50% due to uncertainties in pressure measurement. 
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F1GURE 5 

Temporal variation of ion concentrations in triethyl 
-6 phosphate at 1. 4 x 10 Torr pressure and 70 eV 

electron energy. 
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Table V. Rate Constants for the Ion-Molecule Reactions in Triethyl 
~ 

Phosphate a 

Reactions 

P(OH4t + OP(OC 2H5) 3 ~ HOP(OC 2H5)/ + OP(OH) 3 

(H0)3POC 2H5 + OP(OC 2H 5) 3 -+ HOP(OC 2H5)/ + OP(OH) 20C 2H5 

(H0)2P(OC 2H5)/ + OP(OC2H5) 3 --), HOP(OC 2H5)/ + OP(OH)(OC 2H5) 2 

HOP(OC 2H5)/ + OP(OC 2H5) 3 4- H(OP(OC 2H5) 3)/ 

a All data from trapped-ion studies at 70 eV. b • 10-10 In umts of 

17 

15 

12 

6.0 

cm3molecule-
1
sec -i. Each constant is an average of three determinations . 

Accuracy in the rate constants estimated to be ± 50% due to uncertainties 

in pressure measurement. 
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transfer occurs in one direction in mixtures of triethyl phosphate and 

certain bases permits the assessment of upper and lower limits for 

the proton affinity of triethyl phosphate. In mixtures of triethyl phos

phate with 3-acetylpyridine and with pyridazine, proton transfer in both 

directions is detected in double resonance experiments. This indicates 

that the free energy of protonation of triethyl phosphate is within about 

2 kcal/mol of that of these compounds. The results of these experi

ments are summarized in Table III. The proton affinity of triethyl 

phosphate is estimated to be 214 ± 2 kcal/mol. 

spectrum of trimethyl phosphorothionate has not been previously 

reported. The ions observed in the 70 eV icr mass spectrum are listed 

in Table VI. The mass spectrum closely resembles that of 

SP(SCH3)(OCH3) 2 . 
27 A major difference between the spectra is the 

decreased abundance of SP(OCH3)/ (m/e 125) in the spectrum of 

SP(OCH3) 3 . This is due to the greater strength of the P-OR bond relative 

to the P- SR bond in the radical cation. 

Ion Chemistry. Trapped ion experiments were performed at 
~ 

electron energies of 14 and 19 eV. The major primary ions present at 

these el ectron energies are P(OCH3)2+ (m/e 93), HSP(OCH3)/ (m/ e 126), 

and SP(OCH3)/ (m/e 156) . Ion abundances are plotted as a function of 

time in Figures 6, 7, and 8. The three primary ions initiate three com

plex reaction sequences. The parent ion, (CH3O) 3PS+ (m/e 156), clusters 

with the parent neutral (reaction 21). 

(21) 
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Table VI. The Mass Spectrum of Trimethyl Phosphorothionate at 70 eV 
~ 

m/e Ion Assignment Relative Intensity 

15 CH+ 
3 12 

45 CHS+ and/or C2H50+ 4 

47 + I + PO and or CHJ, 17 

62 + I + C H30 P and or C 2H6S 5 

63 PS+ and/or CH40P+ 27 

79 c~o2P+ 13 

80 CH50 2P + 2 

93 C2H60 2P + 100 

94 CH
3
0PS+ 5 

109 + C2H60PS 4 

111 CH40 2PS + 2 

125 C2H60 2PS + 12 

126} 48 
+ 

128 
C2H7 0 2PS 

3 

156} 68 
+ 

158 · 
C3H9 0 3PS 

3 

157 C3H100 3PS + 8 
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FIGURE 6 

Temporal variation of ion concentrations in trimethyl 
-6 phosphorothionate at 1. 3 x 10 Torr pressure and 

19 eV electron energy. The primary ion SP(OCH3)/ 

and the product of its reaction. 
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FIGURE 7 

Temporal variation of ion concentrations in trimethyl 
-6 phosphorothionate at 1. 3 x 10 Torr pressure and 

19 eV electron energy. The primary ion HPS(OCH3)/ 

and the products of its reactions. 
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FIGURE 8 

Temporal variation of ion concentrations in trimethyl 

phosphorothionate at 1. 3 x 10-
6 

Torr pressure and 

19 eV electron energy. The primary ion P(OCH3)/ 

and the products of its reactions. 
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Rapid proton transfer from HPS(OCH3)/ (m/e 126) to the neutral 

yields HSP(OCH3)/ (reaction 22). The protonated parent loses methanol 

to give SP(OCHJ/ (m/e 125) (reaction 23). Loss of S from 

HSP(OCH3) 3+ would also result in an ion of m/e 125, however, this 

process is thermodynamically less favorable. In reaction 24 SP(OCH3)/ 

(m/e 125) forms the cluster ion P2S2(OCH3)/ (m/e 281). A small frac

tion of SP(OCH3)/ transfers CH/ to the neutral to give P(SCH3)(OCH3)/ 

(m/e 171) (reaction 25). 

HPS(OCH3)/ + SP(OCH3)3 

HSP(OCH3)/ 

HSP(OCH3)/ + SP(OCH3 ) 2 

SP(OCH3)/ + HOCH3 

P2Sz{OCH3)/ 

(22) 

(23) 

(24) 

(25) 

The fragment ion P(OCH3)/ (m /e 93) also transfers CH/ 

(reaction 26). The minor product ion P 2SO(OCH3)3+ (m/e 203) is formed 

in the condensation reaction 27. This mass could correspond to 

HP2O(OCH3)/, which would result from a condensation with loss of CH2S, 

rather than CH3OCH3 • The ion P(OCH3)/ also clusters with the neutral 

(reaction 28). A portion of the clusters expel a sulfur atom to give 

P2(OCH3)/ (m/e 217) (reaction 29). Loss of a sulfur atom is a common 

P(SCH3)(OCH3)/ + OPOCH3 

P2SO(OCH3)/ + CH3OCH3 

SP2 (OCH3)/ 

(26) 

(27) 

(28) 

(29) 



39 

fragmentation pathway observed in the mass spectra of phosphorothio

nates. 27, 29 The rate constants for the reactions of the primary ions 

are summarized in Table VII. 

~ In mixtures of (CH
3

O)
3

PS and p-methoxy

benzaldehyde equilibrium between the protonated parent ions of the two 

species was achieved. Processes, such as reaction 23, which involve 

the protonated parent ion, were sufficiently slow to permit equilibrium 

to be obtained. Data from these experiments are presented in Table III. 

The proton affinity of trimethyl phosphorothionate is 211. 9 ± 0. 3 kcal / mol. 

Discussion 
~ 

~ Although the number of ion-molecule reactio1'1s 

of these phosphorus esters is large, they fall with few exceptions into 

one of two classes: reactions in which a tetracoordinated phosphonium 

ion is formed and clustering reactions. The phosphonium ions P(OCH3)/, 

P(CH
3

)(OCH
3

)/ and P(SCH
3

)(OCH
3

)/ are formed in reactions 8, 10, 17, 

25, and 26. The protonated parent ions of each of these esters may also 

be classified as tetracoordinated phosphonium ions. Solution studies of 

protonated phosphorus compounds in strongly ionizing media have shown 
30 . 31 that phosphates and th1ophosphates are protonated on the phosphoryl 

oxygen and sulfur and that phosphites
30 

are protonated on phosphorus. 

There is no expectation that the site of protonation differs in the gas 

phase. The gas phase proton affinities of phosphorus bases are higher 

than those of similar oxygen bases. 6, 11 Thus, it is reasonable that 

phosphites should be protonated on phosphorus. 

The cluster ions are of two types, proton bound dimers and ions 

with the formula P2Xa(OCH3)b (X = 0 or S, a= 0- 2, b = 3, 5, or 6). 
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Table VII. Rate Constants for the Primary Ion-Molecule Reactions in 
~ 

Trimethyl Phosphorothionatea 

Reactions 

-E 
P(SCH3)(OCH3)/ + OPOCH3 

P(OCH3)/ + SP(OCH3) 3 P 2SO(OCH3)/ + CH3OCH3 

SP2(OCH3)/ 

HPS(OCH3)/ + SP(OCH3 ) 3 --+ HSP(OCH3)/ + SP(OCH3) 2 

SP(OCH3)/ + SP(OCH3) 3 ~ S2P 2(OCH3)/ 

1.1 

0.3 

1. 3 

7.0 

1. 7 

a All data from trapped ion studies at 14 e V. bln units of 10-10 

2.7 

3 -1 -1 cm molecule sec . Each constant is an average of three determina-

tions. Accuracy in rate constants is estimated to be ± 50% due to 

uncertainties in pressure measurement. 
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The bimolecular rate constants for the clustering reactions remain 

within± 20% of their average values over pressures which vary by at 

least a factor of two in the pressure range 10- 7-10-5 Torr employed in 

these experiments. The clustering reactions are, therefore, largely 

bimolecular at these pressures. Evidence for bimolecular kinetics has 

also been found for clustering reactions in fluoromethyl silanes. 32 For

mation of the proton bound dimers occurs in the phosphates. Reasonable 

structures for the other cluster ions can be suggested by considering 

that the ion results from donation of lone pair electrons from the neutral 

to the phosphorus atom of the ion. For example, structure I can be 

proposed for the product ion P 20 2(0CH3)/ (m/e 249) formed in reaction 

18. 

I 

Proton Affinities, Adiabatic Ionization Potentials and Homolytic 

Bond Dissociation Ener ·es. The proton affinities, _adiabatic ionization 

potentials and homolytic bond dissociation energies of the phosphorus 

esters and related compounds are listed in Table I. A number of trends 

in these quantities are noteworthy. The proton affinity order 

PA(SP(OCH3) 3) > PA(OP(OCH3) 3) reflects the decreased electronegativity33 

and inc'reased polarizability34 of sulfur compared to oxygen. The same 

order applies to other related sulfur and oxygen compounds, e. g., 

PA(H2S) > PA(H20). ll 
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The proton affinities of tervalent compounds in Table I 

decrease with increasing electron withdrawing ability of the sub

stituents in the series P(CH3) 3, P(OCH3) 3, PF3 . The same substituent 

effect is present in the solution basicity order PA(OP(CH3) 3) > 
PA(OP(OCH3) 3) . 

35 The 
31

P nmr chemical shift of P(OCH3) 3 lies 

202 ppm downfield from that of P(CH3) 3 (Table VIII). The deshielding 

effect of -OCH3 relative to -CH3 can also be understood on the basis of 

the relative inductive effects of these groups. However, protonation of 

P(OCH3) 3 results in a remarkably large shielding effect on the 31 P nmr 

shift whereas the phosphorus of P(CH3) 3 is deshielded upon protonation 

(Table VIII). Shielding of the phosphorus atom has been attributed to 

the ability of the alkoxy groups to disperse the positive charge in 

phosphonium ions by the formation of d1r-p1r bonds to phosphorus. 30 

R R R R 
I I+ I I 
0 0 0 0 
I+ II +I I 

R-O-P -H ~ R-0-P-H ~ R-Cr-=P-H ~ R-0-P-H 
I I I II 
0 0 0 o+ 
I I I I 
R R R R 

Such charge dispersal should increase the proton affinity of phosphates 

relative to phosphines. The observed proton affinity order, though, 

indicates that the inductive effect is dominant. 

The homolytic bond dissociation energies of OP(OCH3) 3, 

OP(OC 2H5) 31 and OPF 3 a r e large in pomparison with those of the most 

common oxygen bases (e.g., D( (CH3) 2CO+ -H) = 104 kcal/mol36). Sub

stitution of CH3O for CH3 in R 2CO to give the carbonyl analog of 
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Table VIII. 
31

P nmr Chemical Shifts in P(CH3)/ and P(OCH3) 3b and 
~ 

Their Conjugate Acids 

Base 0 
C 

31p 

P(CH3) 3 + 62.2 

P(OCH3) 3 -139.7 

Conjugate Acid 

HP(CH3)/ 

HP(OCH3)/ 

0 
C 

3lp 

+ 3.2 

-24.7 

aG. A. Olah and C. W. McFarland, J. Org. Chem., 34, 1832 (1969). 
"-"-

b Reference 30. 



44 

OP(OCH3) 3 results in a marked increase in homolytic bond dissociation 

energy to D( (CH3O) 2co+ -H) = 128 kcal/mol. 37 The substituents CH3O 

and F are probably responsible for the large bond energies in the 

phosphoryl compounds. These substituents must stabilize the conjugate 

acid relative to the molecular ion. The mechanism of the stabilization 

may involve both inductive and resonance effects. Clarification of the 

role of these effects requires data for systems in which the effects arP 

separable or quantum mechanical calculations of the ions. 

The proton affinity of triethyl phosphate exceeds that of tri

methyl phosphate by 4. 5 kcal/mol. This methyl substituent effect appears 

to be large, considering that the additional substitution occurs three 

bonds distant from the site of protonation. The difference in the proton 

affinities of tripropyl and tributyl amine is only 1. 4 kcal/mol. 38 In the 

protonated phosphates considerable positive charge is located on the 

alkoxy oxygens and phosphorus, which are one and two bonds distant 

from the alkyl groups. Thus, charge dispersal enhances the substituent 

effect of the alkyl group. 

The difference in the heats of protonation of trimethyl and tri

ethyl phosphate in HSO3F is quite small, only O. 2 kcal/mol. The 

inductive effect of the larger alkyl groups is almost completely 

neutralized by opposing effects in the enthalpies of salvation. The dif

ference in the heats of solvation of OP(OCH3)~ and OP(OC 2H5) 3 is 1. 6 

kcal/mol. 39 Using the thermodynamic cycle previously described, 
40 

a 

difference in the heats of sol vation of the conjugate acids 

(AHs( (CH3O)3POH+) - .6.Hs( (C 2H5O) 3POH+)) of -2. 6 kcal/mol is obtained . 

This value is similar to the difference of -1. 9 kcal/mol between the 

heats of solvation of (CH3)sNH+ and (C 2H5)~W. 40 
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Assignment of the Photoelectron Spectrum of P(OCH3) 3 . Cor

relations of the homolytic bond dissociation energies of homologous 

compounds can aid in the assignment of their photoelectron spectra. 12 

The first ionization potential of trimethyl phosphite has been assigned to 

the phosphorus lone pair 41 and, more recently, to oxygen lone pairs. 42 

Using an estimated adiabatic ionization potential of the band assigned 

by the latter authors to the phosphorus lone pair yields a correlated 

homolytic bond dissociation energy for P(OCH3) 3 of 151 kcal /mol. This 

value is unreasonably high in comparison with other values in Table I. 

This discrepancy could be resolved by assuming that the phosphite is 

protonated on oxygen. However, for reasons given above, this pos

sibility seems unlikely. The more acceptable alternative is to assign 

the first ionization potential to the phosphorus lone pair. 

Chemical Ionization Mass S ectrometry. An optimum system 

for chemical ionization mass spectrometric analysis of a class of com

pounds is one in which the desired compounds are selectively ionized 

and give spectra with prominent molecular or quasimolecular ions. 

Chemical ionization of the phosphorus esters dioxathan and phospha

midon using the reagent gas isobutane yielded a quasimolecular ion 

only for the latter compound. 43 The relatively high proton affinities 

of the phosphorus esters in the present work suggest that these com

pounds would be amenable to ionization by selective protonation. 

Selective protonation is accomplished by using a reagent gas of high 

proton affinity. This technique has two advantages: (1) contaminants 

in the sample which have l ower proton affinities than the reagent gas 

are not represented in the chemical ionization mass spectrum and 
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(2) protonation of sample molecules is "softer" (less exothermic) than 

protonation by ions in more traditional reagent gases (CH
4

, C
4

H
10

) with 

the result that fragmentation is reduced. Reagent gases consisting of 

mixtures of hydrocarbons and amines have been used to produce chemical 

ionization mass spectra of alkyldiphenylphosphine oxides 44 and tri-(2-

butoxyethyl) phosphate 45 which contain abundant [M + Ht and other 

quasimolecular ions. 
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ABSTRACT 

The gas phase ion-molecule reactions of several negative ions 

(SF
6
-, SF

5
-, S0

2
F-, F

2
-, F-, CF

3
CC, CC, CD

3
0-, DNO-, OH-, and 

NH2-) with trimethyl phosphate are investigated using ion cyclotron 

resonance techniques. Nucleophilic attack on OP(OCH3) 3 occurs chiefly 

at carbon, resulting in displacement of 0 2P(OCH3) 2 - • This behavior 

contrasts with that observed in solution, where attack at phosphorus is 

favored for hard nucleophiles. This difference is ascribed to solvation 

energetics for the intermediates involved in the two reactions. The 

failure of SF6 - to transfer F- to OP(OCH3) 3 places an upper limit of 

11 ± 8 kcal/mol on the fluoride affinity of OP(OCH3) 3 • The significance 

of the results for the negative chemical ionization mass spectrometry 

of phosphorus esters is briefly discussed. 
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Bimolecular nucleophilic substitution reactions occupy an 

important place in the chemistry of phosphorus compounds. 1 All 

classes of phosphorus compounds are susceptible to nucleophilic attack. 

The esters of phosphoric acid are of special interest because of their 

biological significance. Some are essential to life processes, while the 

toxicology of others has commanded attention.2 The site of nucleophilic 

attack may be the phosphorus atom or the a carbon of the ester group. 3, 4 

Attack at phosphorus results in transesterification (reaction 1), while 

attack at carbon displaces the phosphate diester anion (reaction 2). The 

y- + OP(OR) 3 - OP(Y)(OR) 2 + OR-

y- + OP(OR) 3 - 0 2P(OR) 2 - + RY 

(1) 

(2) 

site of attack follows predictions of the theory of hard and soft reagents. 3, 5, 6 

Hard nucleophiles (e.g., OH-, F-) attack at phosphorus, while soft 

nucleophiles (e.g., CC, H20) attack at carbon. Reaction 1 is first 

order in nucleophile and substrate and occurs with inversion of configu

ration. 4, 7 The pentacoordinate species I is proposed to exist during the 

course of the reaction. 8 This species is analogous to the tetrahedral 

intermediate II, formed by nucleophilic attack on carboxylic esters. 

R 
0 

_ I /OR 
0-P 

l'OR 
y 

I 

o
l 
C 

/ ~OR 
y '\.RI 

II 
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Earlier opinion lO that species such as I are unstable transition states 

has given way to the view that in many cases they are intermediates.8, 11 - 13 

reaction 2 is considered to be an 8N-2 displacement at carbon. 4, 14 

Studies of gas phase ion-molecule reactions can provide infor

mation about the reactivity of ionic and neutral species in the absence of 

sol vent effects. Gas phase nucleophilic attack of anions on various sub

strates has been the subject of a number of recent studies. 15- 23 

Riveros and coworkers have examined reactions of alkoxide anions, F

and OH- with alkyl formates. 16, 22 Among the reactions observed are 

transesterification (for R larger than R ', (reaction 4)22 and formation of 

the formate anion ( reactions 5 and 6). 16 Mechanisms for these 

R '0- + HCOOR ___, RO- + HCOOR' 

OH- + HCOOR - HCOO- + HOR 

F- + HCOOR - HCOO- + RF 

reactions were proposed in which the nucleophile adds to the ester to 

give the intermediate II, which decomposes to products. 

(4) 

(5) 

(6) 

Ions similar to species II have been generated at low pressure 

in an ion cyclotron resonance (icr) spectrometer by halide transfer 

f d • t b 1 d ( react1· on 7). 18 rom a onor amon o a car ony compoun e.g., 

(7) 

An analogous adduct with a phosphorus compound has recently been pre

pared. SF6 - and SF5 - transfer F- to OPF3 to give the pentacoordinate 

anion I'. 24 The binding energy of F- to OPF 3 was determined by icr 
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techniques to be 59 ± 1 kcal/mol. 24 

F 
_ I /F 
0-P 

I '----F 
F 

I' 

This paper reports icr investigations of the reactions of a num

ber of anions with trimethyl phosphate. Mechanisms are proposed and 

compared with those of other gas phase nucleophilic reactions. Differ

ences between the solution and gas phase reactivities of trimethyl 

phosphate are discussed in terms of sol vation effects. The implications 

of these results for negative chemical ionization mass spectrometry of 

phosphorus esters are discussed. 

Experiments were performed using an icr spectrometer built 

in this laboratory. The general features of icr instrumentation and 

experimental techniques have been described previously . 25, 26 All 

reaction pathways were ver ified in double resonance experiments . 25 

Pressure measurements were made using a Schulz-Phelps 

gauge located adjacent to the icr cell. This gauge is calibrated for each 

gas for a given emission current (5 µA) and magnetic field (6 kG) 

against an MKS Instruments Baratron Model 90H1-E capacitance 

manometer in the region 10-5 - 10-3 Torr where linear variation of 
I 

gauge current with pressure is observed. Pressures in the trapped ion 

experiments were in the r ange 10-7 -10- 6 Tor r. Experiments in 
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the drift mode were carried out at pressures of ~ 10-
5 

Torr. The 

uncertainty in the rate constants, estimated to be ± 20%, is due 

principally to uncertainties in pressure measurement. 

Negative ions were generated by electron capture or dissocia

tive electron capture from the following neutral species: SF6 (SF6 - , SF5-, 

70 eV), SO2F 2 (SO2 F-, F 2- and F-, 3 eV), NFs{F-, 70 eV), CC14 (CC, 

70 eV), CF3COC1 (CC and CF3Cl-, 70 eV), CD3ONO (CD3O- and DNO-, 

70 eV), H2O(OH-, 5 eV) and NH3 (NH2-, 4 eV). The major ions produced 

from each species and the electron energies employed are given in 

parentheses. 

Methyl nitrite was prepared by literature methods. 27 All other 

chemicals were commercial, reagent grade materials and were used as 

supplied. 

Results 
~ 

Electron impact of trimethyl phosphate alone at electron 

energies varying from 0-70 eV produced no abundant negative ions at the 

pressures employed in these experiments (10- 6 -10-5 Torr). 

The ions SF 6-, SF 5 -, SO2F- and F 2 - gave no reaction with 

OP(OCH3) 3 • In particular, no halide transfer or direct attachment 

processes to give ion I were observed. Failure to observe F- transfer 

from SF5-, SO2F-, F 2- and SF6 - to OP(OCH3 ) 3 permits the assignment 

of upper limits on the fluoride affinity of OP(OCH3) 3 of 54 ± 12, 45, 

29 ± 3, and 11 ± 8 kcal/mol, respectively. 24 

The ion CF 3CC transfers Cl- to OP(OCH3) 3 (reaction 8). 

Therefore, the chloride affinity of OP(OCH3) 3 is greater than that of CF3 . 
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(8) 

The chloride affinity of CF 3 is very low. Even methyl bromide will 

accept a chloride ion from CF3Cl- to form ion II. 15 It is possible that 

the adduct of Cl- with OP(OCH3) 3 does not assume structure I, but 

rather structure III or possibly a species where the bonding is even less 

specific than in I or III. 

H H 
\ I 

Cl- C-Br 
I 
H 

II ill 

The ions F-, CD3O-, and DNO- displace the phosphate diester 

anion from trimethyl phosphate (reactions 9, 10 and 11). 28 Figures 1 

F- + OP(OCH3) 3 -+ O2 P(OCH3\- + CH3 F 

CD3O- + OP(OCH3\ -+ O2P(OCH3) 2 - + CH3OCD3 

DNO- + OP(OCH3) 3 -+ O?.P(OCH3) 2- + CHp + NO 

(9) 

(10) 

(11) 

and 2 illustrate the variation of the abundances of these ions with time. 
-9 

The rate constants determined for these reactions are k9 = 1. 6 x 10 , 
-9 -9 3 -1 -1 

k10 = 1. 4 x 10 , and k11 = 1. 6 x 10 cm mol_ecule sec . No deuterium 

incorporation into the phosphate diester anion formed in reaction 10 

occurs. The site of attack in this reaction must, therefore, be the 

carbon atom. If attack at phosphorus were to occur, giving the inter

mediate I, pseudorotation29 in the chemically activated intermediate 
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F1GURE 1 

The temporal variation of ion abundances in a mixture 

of OP(OCH3) 3 (partial pressure 9. 0 x 10- 7 Torr) and 

CD3ONO following a 10 msec, 70 eV electron pulse. 
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F1GURE 2 

The temporal variation of ion abundances in a mixture 

of OP(OCH3) 3 (partial pressure 1. 35 x 10- 6 Torr) and 

NF3 following a 10 msec, 70 eV electron pulse. 
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would very likely scramble the methoxy groups in a time much shorter 

than the lifetime of the intermediate toward loss of dimethyl ether, such 

that deuterium incorporation into the ionic product would be observed . 

Cl- produced in a mixture of CC14 and OP(OCH3) 3 was non

reactive. However, when the signal intensity of O2P (OCH3) 2- in a mix

ture of OP(OCH3) 3 and CD3ONO was monitored, a positive double 

resonance signal from Cl-, which was present as a contaminant, was 

observed. This suggests that the displacement of O2P(OCH3) 2 - from 

OP(OCH3) 3 by Cl- (reaction 12) is slightly endothermic, but can occur 

with translationally excited CC. 

(12) 

The phosphate diester anion is the major product ion observed 

in drift mode mass spectra of mixtures of OP(OCH3) 3 with H2O and with 

NH3 • Double resonance experiments established that this ion is formed 

by reaction of OH- and NH2 - (reactions 13 and 15). OH- and NH 2- also 

displace CH3O- from OP(OCH3) 3 (reactions 14 and 17). The amount of 

CH3O- formed in these reactions is uncertain, because CH3O- sub

sequently reacts rapidly to form O2P(OCH3) 2 - (reaction 10). The per

centages given for CH3O- represent lower limits. However, reaction 

times in the drift mode are short (a few milliseconds) and the product 

distribution should, therefore, depend principally on the rate constants 

of the primary reactions. Double resonance experiments failed to 

produce any evidence for reaction 10 under these low conversion con

ditions. The product ion OP(OCH3) 2 - also results from reaction of NH2-

(reaction 16). This reaction probably occurs by proton transfer from 



63 

(13) 

(14) 

~ 0 2P(OCH,),- + CH3NH2 (15) 

NH,-+ OP(OCH3) 3 • Gi: OP(OCH,),- +NH,+ CH20 (16) 

CH3O- + OP(NH 2)(OCH3L (17) 

OP(OCH3) 8 followed by loss of CH2O from OP(OCH3) 2(OCH 2)-. 

The observation of reaction 16 and the failure of OH- to 

undergo a similar reaction suggests that the proton affinity of 

OP(OCH3 ) 2(OCH2f lies between PA(OH-) = 390. 7 kcal/mol30, 31 and 

PA(NH2- ) = 403. 8 kcal/mol. 3o, 31 

Discussion 
~ 

Reaction Mechanism. As in solution the reactions of anions 

with trimethyl phosphate in the gas phase can be accommodated by a 

mechanism in which the nucleophile attacks at phosphorus or at carbon 

(Scheme I). Attack at phosphorus yields a pentacoordinate intermediate I, 

which can decompose to the reactants or expel CH3O-, if displacement 

of CH3O- by y- is exothermic. Displacement of CH3O- is observed for 

two of the anions in this study, OH- and NH2 - , but not for Cl - and F-. 

This suggests that the heterolytic bond dissociation energy, 

D(OP(OCH3)/ - Y-) increases in the order ci-, F- < CH3O- < OH-, 

NH2 - • This order parallels the proton affinity order Cl - < F- < 

CH
3
O- < OH- < NH

2 
- . 

3o-33 
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I 

Scheme I 

Attack at carbon leads to displacement of O2P(OCH3) 2 - • This 

reaction appears to be analogous to the reactions of F- and OH- with 

alkyl formates to give HCOO- (reactions 5 and 6). Riveros and co

workers, however, interpret their results as supporting attack at 

carbonyl carbon rather than SN2 displacement at the ester carbon. 22 In 

the case of trimethyl phosphate, though, attack at carbon is clearly 

shown by the lack of deuterium incorporation in the phosphate diester 

anion (see above). There is no expectation that F-, OH- and NH2-

react differently. 

Perhaps the most noteworthy result in this study is the fact that 

even OH- and NH2- , which are able to displace CH3O-, react principally 

at carbon to displace O2 P(OCH3) 2 - • This stands in contrast to the 

behavior of phosphate esters in solution, where hard nucleophiles react 

at phosphorus. 3, 5 Differences in the relative importance of the two 

reaction pathways in the gas phase and in solution may be due to 
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differences in the solvation energies of the reaction intermediates. The 

intermediate arising from attack at phosphorus (species I) has a rela

tively localized charge on the phosphoryl oxygen and may benefit from 

sol vation more than the SN2 transition state, which has a more delocalized 

charge distribution. This reasoning suggests that the energetics of 

attack at phosphorus will be improved by sol vation relative to that of 

attack at carbon. 

PA(0'2P(OCH3\-). The observation of reaction 9 permits an 
~ 

upper limit of -246 kcal/mol to be placed on the heat of formation of 

0 2P(OCH3) 2 - • If reaction 12 is endothermic, a lower limit of -275 

kcal/mol may be set for this heat of formation. 34 Combining a heat of 

formation of 0 2 P(OCH3) 2 - of -260 ± 15 kcal/mol with an estimated heat 

of formation for HOPO(OCH3) 2 of -243 ± 15 kcal/mo135 yields a proton 

affinity of 0 2P(OCH3) 2 - of 350 ± 30 kcal/mol. This is in the same range 

as the proton affinities of other resonance stabilized anions (e.g. , 

PA(CH~po2 -) = 345. 8 kcal/mol). 36 

Fluoride Affinity . The large difference in the fluoride affinities 
~ 

of OP(OCH3) 3 [D(OP(OCH3) 3-F-) < 11 ± 8 kcal/mol] and 

OPF 3 [D(OPF 3-F-) = 59 ± 1 kcal/mo!] is an illustration of the ability of 

highly electronegative substituents to promote valence expansion of 

second row elements. The fluoride affinities of the fluoromethyl silanes, 

which increase in the order (CH3 ) 3SiF « (CH3) 2SiF 2 < CH3SiF 3 < SiF4 , 

provide another example. 37 Most stable neutral penta- and hexa

coordinate compounds of phosphorus and sulfur are also substituted with 

highly electronegative substituents (e.g . , PF5, SF6, SOF4 ). The ability 
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of elements below the first row to form more bonds than are permitted 

by the octet rule has been attributed to the involvement of d orbitals in 

bond formation38, 39 or to the formation of a three-center, four-electron 

bond. 4o-42 The stabilization of hypervalent compounds by highly 

electronegative substituents is accounted for by both of these bonding 

descriptions. It has been proposed 38, 39 that electronegative substituents 

contract the otherwise diffuse d orbitals more than s and p valence 

orbitals and thus improve their overlap with other bonding orbitals. 

Electronegative substituents are also expected to stabilize the resonance 
42 structures of a three-center, four-electron bond. 

~ 

ment of analytical techniques for phosphorus esters is important, because 

of the biological significance of these molecules. The results presented 

here are relevant to the design of negative chemical ionization mass 

spectrometric 43, 44 schemes for the detection of phosphorus esters. It 

is desirable to produce peaks in a mass spectrum which indicate the 

molecular weight of the sample and which provide structural information. 

Chloride ion attachment has been used to produce the quasimolecular ion 

[M + Cl r with a variety of substrates. 44 - 46 The adduct of Cl- and 

trimethyl phosphate was observed in this study (reaction 8). No bimo-

lecular pathway for formation of the F- adduct was discovered, but 
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formation of this adduct by direct attachment at higher pressure may be 

possible. However, the formation of halide-phosphorus ester adducts 

under chemical ionization conditions requires a reagent gas with a 

halide affinity less than that of the phosphorus ester. 

The most prominent process observed with trimethyl phosphate, 

displacement at carbon, could be used to obtain ions which provide 

structural information. Reaction of an appropriate reagent ion (e.g., 

CH30-)43 with a phosphorus compound with different ester groups, 

OP(OR)(OR' )(OR"), is expected to give phosphate diester anions, whose 

masses are characteristic of the molecular weights of the ester groups. 
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ABSTRACT 

The proton affinities of several monocyclic and bicyclic phos

phites are determined by ion cyclotron resonance spectroscopy. The 

order of proton affinities is identical to the solution basicity order. 

Increasing steric contraint decreases the proton affinity of phosphites. 

The phosphorus lone pair in monocyclic six-membered ring phosphites 

is more basic in the axial than in the equatorial position. Adiabatic 

ionization potentials are obtained from photoelectron spectra of the 

phosphites. Decreases in ionization potential parallel increases in 

proton affinity. This relationship between the ionization potential and 

proton affinity suggests that the first ionization potential of the phos

phites corresponds to ionization from the phosphorus lone pair orbital . 

These trends are rationalized in terms of changes in the interactions 

of the oxygen lone pair orbitals with the phosphorus lone pair and d 

orbitals. 
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Considerable evidence has been accumulated which indicates 

that increasing steric constraint reduces the Lewis basicity of tri

alkyl phosphites. 2 The displacement equilibrium 1, where L and L' 

(1) 

are phosphite esters, 3 nmr 
1
JPH values of protonated phosphites, 4, 5 

and ir frequencies of adducts of phosphites with borane3' 6 and phenol 7 

have been investigated. These studies suggest the basicity order2 

> 

Similar experiments suggest that the basicity of monocyclic six

membered ring phosphites is conformation dependent. B, 9 The phos

phorus lone pair is more basic when placed in the axial rather than the 

t . 1 . t· 2, 4 equa oria pos1 10n. 

> p~g~ 

I 
0 
R 

These experiments yield only basicity orders and are subject 

to solvent effects. Gas phase proton affinities provide a quantitative 

measure of base strength in the absence of sol vent effects. The proton 

affinity of a base B is defined as the heterolytic bond dissociation 

energy for removing a proton from the conjugate acid BH+ (reaction 2). 

.6.H = PA(B) (2) 
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For two bases B1 and B2, a knowledge of the preferred direction of the 

proton transfer reaction 3 establishes the sign of the free energy 

change for the reaction, .6G. Gas phase proton transfer reactions can 

(3) 

be observed by ion cyclotron resonance (icr) techniques. lO If the proton 

affinities differ by no more than 3 kcal/mol, equilibrium between B1 H+ 

and B2H+ can often be established in an icr trapped ion experiment. l l, 12 

The free energy change for reaction 3 is calculated from the measured 

equilibrium constant according to AG= -RT In K. If it is assumed that 

entropy effects are small and are limited to changes in rotational sym

metry numbers, then the relative proton affinity AH= PA(B1) - PA(B2), 

is readily calculated. ll, 13 If the absolute proton affinity of one of the 

bases is known, then measurement of their relative proton affinity 

establishes the proton affinity of the other base. 

For the purpose of thermodynamic analysis, the removal of a 

proton from BH+ can be divided into two steps, homolytic cleavage of 

the B-H+ bond and charge transfer between B+ and H (reaction 4). The 

proton affinity is then given by the sum of the enthalpies of these two 

processes (eq 5). For a series of homologous compounds the proton 

+ + + BH _, B + H _, B + H 

PA(B) = D(B+ - H) + IP(H) - IP(B) 

(4) 

(5) 

affinity is often found to be a linear function of the adiabatic ionization 

potential of the orbital which becomes the bonding orbital in BH+. 14- 16 
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This paper reports determinations of the proton affinities of 

the constrained phosphites 1-8 by icr techniques. The adiabatic ionization ........ ,,.._ 

p~°;J-R 

1, R=H 
2, R=CH3 
"' 

6 8 
........ 

potentials of these phosphites were measured by photoelectron spectros

copy and are used to calculate D(B+ -H) homolytic bond dissociation 

energies. 

Ex erimental Section 

The general features of icr instrumentation and its operation in 

trapped ion experiments have been previously described. lO, 17 All 

experiments were performed at room temperature. 

Pressure measurements were made using a Schulz-Phelps 

gauge located adjacent to the icr cell. This gauge is calibrated for each 

gas for a given emission current (5 µA) and ~agnetic field (6 kG) 

against an MKS Instruments Baratron Model 90Hl-E capacitance mano

meter in the region 10-5 -10-3 Torr. Pressures in the trapped ion 

experiments were in the range 10- 7 -10- 5 Torr. Pressure calibrations 

were not performed for 3, piperidine or diethylamine, but were assumed 
'"" 
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to be equal to those for 2, aniline, and 7, respectively. An uncertainty 
"" "" 

of± 0. 3 kcal/mol in the proton affinity is estimated due to uncertainties 

in pressure measurement. In some cases establishment of equilibrium 

conditions was hindered by low proton transfer reaction rates or com

peting reactions. In these cases the reported uncertainty is appropriately 

increased. 

Photoelectron spectra were obtained using a photoelectron 

spectrometer of standard design built in the Caltech shops. The instru

ment comprises a helium discharge lamp, 127 ° electrostatic analyzer 

and Channel tron electron multiplier. Spectra were accumulated in a 

Tracor-Northern NS- 570A multichannel scaler with 4 K memory. Argon 

was used to calibrate all spectra. The ionization potentials reported 

here have error limits of ± 0. 02 e V as determined from the width of the 

argon peaks. 

The cyclic phosphites were prepared by literature methods~' 18- 21 

The mass spectra of all of the phosphites contained an abundant molecular 

ion. Other chemicals were reagent grade materials from commercial 

sources and were used as supplied. 

Results 
~ 

P(O)(OCH2) 2CH (1). In mixtures of 1 and c-C 3H5CN or 
~ ...... ...... 

n-C 3H7 CN, the ratio of protonated parent ion abundances reached a con

stant value. Double resonance experiments established that proton 

transfer was occurring in both directions, thus demonstrating that proton 

transfer equilibria had been achieved. The equilibrium constants, free 

energies, and enthalpies for proton transfer are presented in Table I. 
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These data yield PA(P(O)(OCH2) 2CH) = 191. 8 ± 0. 3 kcal / mol. 

P(O)(OCH2):!CCH3 (2). Proton transfer equilibria were observed 
~ .,.._ 

in mixtures of~ with tetrahydrofuran and with CH3COOCH3 . The free 

energies and enthalpies of proton transfer calculated from the measured 

equilibrium constants are listed in Table I. These data yield 

PA(P(O)(OCH2) 2CCH3 ) = 195. 7 ± 0. 3 kcal / mol. 

P(OCH2) 3CCH3 (3) . In a mixture of 3 and CF 2HCH2NH2 proton 
~ .,.._ .,.._ 

transfer from the protonated amine to the phosphite occurs, but the 

reverse is not observed. This implies that the free energy of protonation 

of the phosphite is greater than that for the amine and, thus, 

PA(P(OCH2) 3CCH3) > 205. 3 kcal / mol. Similarly, the observation of 

proton transfer from the protonated phosphite to (t-C4 H9 ) 2 S establishes 

an upper limit for PA(P(OCH2) 3CCH3) of 210. 8 kcal / mol. In a mixture 

of 3 and HCON(CH3) 2 proton transfer in both directions was detected . .,.._ 

Measurement of the equilibrium constant in this system was difficult 

because a competing reaction, which was not identified, removes the 

protonated species . An approximate equilibrium constant, free ener gy 

and enthalpy of proton transfer are listed in Table I along with the 

results of the other experiments with 3. From these data a proton .,.._ 

affinity for P(OCH2) 3CCH3 equal to 207. 7 ± 0. 6 kcal / mol is calculated. 

P(OCH)iCH2) 3 (4). Double resonance experiments established 
~ .,.._ 

that proton transfer occurs in both directions in a mixture of ! and 2-

chloropyridine. An unidentified reaction of a protonated species com

petes with proton transfer in this system also. An approximate 

equilibr ium constant and the resulting free energy and enthalpy of 

proton trans fer are given in Table I. Proton transfer equilibria were 
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observed in mixtures of 4 and (t-C4 H9 ) 2S. Data from these mixtures are .,... 

presented in Table I. Using the latter data, PA(P(OCH) 3 (CH2) 3) = 

210. 9 ± 0. 3 kcal/mol is calculated. 

CH30POCH2CH20 (5). Proton transfer in both directions in 
~ .,..._ 

mixtures of 5 with 2-chloropyridine and (t-C4 H9 ) 2S is observed. Data .,..._ 

from these experiments are given in Table I. A reaction which competes 

with proton transfer occurs in the mixtures of 2-chloropyridine and 5 . .,.._ 

The equilibrium constant determined for the mixtures with (t-C4 H9 ) 2S 

is judged to be more reliable. From this equilibrium constant 

PA(CH36POCH2CH/>) = 210. 9 ± 0. 3 is obtained . 

CH30POCH2CH2CHl> (6). In mixtures of n-C 3H7 NH2 and 6, .,.._ .,..._ 

proton transfer from the protonated amine to the phosphite occurs. This 

implies that PA(CH3OPOCH2CH2CH2O) > 214. 9 kcal/mol. Proton trans

fer equilibria in mixtures of 6 with pyridine was observed. These experi-.,.... 

ments are summarized in Table I. The proton affinity of 

CH3OPOCH2CH2CH2O is determined to be 216. 8 ± 0. 7 kcal/mol. 

CH3OPOCH(CH3)CH2CH(CH3)O (7). Proton transfer in both 
.,.._ 

directions was observed in mixtures of 7 with 3-methylpyridine, .,..._ 

diethylamine and 2- methylpyridine. In the mixtures with the first two 

compounds a competing reaction removed the protonated species, 

rendering accurate determination of the equilibrium constant difficult. 

This problem was much less severe in the mixtures with 2-

methylpyridine . Using data from the latter experiments, a proton 

affinity .for 7 of 220 . 2 ± 0. 5 kcal/mol is calculated. The results of these .,..._ 

experiments are summarized in Table I. 
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CH30POCH(CH3)CH2CH(CH3)6 (8). Proton transfer equilibria 

were observed in mixtures of 8 with 4-methylpyridine and piperidine. 
"' 

The proton transfer equilibrium constants, free energies and enthalpies 

are presented in Table I. From these data a proton affinity for 8 of .,.._ 

222 . 8 ± 0. 3 kcal / mol is calculated. 

Photoelectron S ectra. Adiabatic ionization potentials for the 

phosphites were estimated from their photoelectron spectra and are 

given in Table II. The first ionization bands were generally smooth and 

bell-shaped. The adiabatic ionization potentials were picked by extrapo

lating the approximately straight edge of the bands to the baseline of 

the spectra. This did not always correspond to the onset of the band 

due to instrumental factors; however, it was considered to be the most 

consistent method of choosing adiabatic values for the purposes of the 

present work. The difference between the vertical and adiabatic ioniza

tion potentials of the phosphites is approximately constant in the series 

and equals ~ 0. 6 eV. 

Discussion 
~ 

The proton affinities, adiabatic ionization potentials and 

D(B+ -H) homolytic bond dissociation energies for the phosphites and 

other tervalent phosphorus compounds are presented in Table II. The 

gas phase proton affinity order of the phosphites is the same as the 

basicity order in solution. Thus, this order is a result of differences 

in the intrinsic properties of the isolated molecules. The significant 

difference in the proton affinities of 7 and 8 (2. 6 kcal / mol) represents 
"' .,.... 

the first purely conformational effect on basicity observed in the gas 

phase. 
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Table II. Proton Affinities, Adiabatic Ionization Potentials and D(B+ -H) 
~ 

Homolytic Bond Dissociation Energies of Tervalent Phosphorus Compounds 

Compound PAa IPa D(B+ -H)a 

1 P~o 191. 8 ...... 

\" 

2 /o;r 195.7 224 (9. 72)b 106 P\ CH3 ...... 

\o 
0 

3 /°:)- 207.7 216 (9. 35f 110 P\ CH3 ...... 

\o 
0 

p 
0 ~ ---------_ 0 

4 210.9 217 (9.42)b 115 
...... 

/OJ 210.9 209 (9.06) 106 5 CH3OIZ_
O 

...... 

6 / 0) 216.8 202 (8 . 74) 105 CH:PP ...... 
'-o 

P(OCH3) 3 218.2 196 (8. 50f 101 

/0~ 7 p...----O 220.2 200 (8. 69) 107 ...... 
I 
0 
CH3 



Table II. (continued) 
~ 

Compound 

PF3 

PH3 

CH~H2 

(CH3) 2PH 

(CH3) 3P 

83 

160 ± 5d 

187.4f 

201.8f 

214.0f 

223.5f 

192 (8. 34) 

269 (11. 66)e 

230 (9. 96/ 

210 (9. 12/ 

195 (8.47/ 

187 (8. 11) 

akcal/mol. Values in parentheses in eV. bReference 23. 

102 

116 

103 

98 

96 

97 

cReference 22. dR. R. Corderman and J. L. Beauchamp, Inorg. Chem., 

e submitted for publication. P. J. Bassett and D. R. Lloyd, J. Chem. 

Soc. Dalton, 248 (1972). fReference 11. 
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The proton affinity reflects changes in the ionization potential 

and homolytic bond dissociation energy according to eq 5. The homo

lytic bond dissociation energies of the phosphites exhibit some variation, 

but do not follow a consistent trend. The decrease in proton affinity 

with increasing constraint parallels an increase in ionization potential. 

Figure 2 illustrates the correlation between the ionization potential and 

the proton affinity for the tervalent phosphorus compounds studied to 

date. From this plot the proton affinities of other tervalent phosphorus 

compounds can be estimated, if their ionization potentials are known. 

In a study of the proton affinities and photoelectron spectra of 

nitriles a correlation between the proton affinity and the adiabatic 

ionization potential of the nitrogen lone pair orbital was observed. 14 No 

correlation was found with the first ionization potential, which corresponds 

to ionization from the C=N 1r orbitals. This suggests that the ionization 

potential of the orbital which becomes the bonding orbital in B-H+ is 

the one, which is expected to correlate with the proton affinity. The 

existence of a correlation between the proton affinity and first ionization 

potential of the phosphites is evidence that this ionization occurs from 

the phosphorus lone pair orbital. This assignment is in conflict with a 

previous assignment of this ionization potential to oxygen lone pairs. 
22 

However, these authors are revising their assignment on the basis of 

evidence from the photoelectron spectra of additional compounds. 
23 

The relationship between the proton affinity and ionization 

potential revealed in the present study indicates that the proton affinity 

order is determined by differences in the abilities of the phosphites to 

assume a positive charge. This conclusion supports previous 
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FIGURE 2 

The quantity IP(H)-IP(B) plotted vs. PA(B) for tervalent 

phosphorus compounds (values from Table II). Filled 

circles are points calculated using estimated adiabatic 

ionization potentials of the band assigned to the phos

phorus lone pair in reference 22. 
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rationalizations of the basicity order, in which the order is ascribed 

to differences in the interaction of the oxygen lone pairs with phos

phorus. 2, 4, 24 The repulsive interaction of the phosphorus and oxygen 

lone pairs destabilizes the phosphorus lone pair in the neutral, 2, 25 

while 11 bonding between oxygen and phosphorus in the protonated 

phosphite and the molecular ion delocalizes the positive charge. 2, 24, 26 

Both of these interactions serve to decrease the ionization potential and 

increase the proton affinity. The changes in geometry which accompany 

increasing constraint of the phosphite alter the spatial orientation and 

hybridization of the oxygen lone pair orbitals such that their interactions 

with the phosphorus lone pair and d orbitals are weakened. 2 The 

decrease in the basicity of an equatorial vs. an axial phosphorus lone 

pair in 7 and 8 may also be ascribed to a weakening of these inter-
"' ...-. 

actions. 2, 24, 25 

The 5 kcal/mol increase in proton affinity upon methyl sub

stitution in 1 is large in comparison with the effect of methyl substitution 
"' 

remote from the site of protonation in other compounds. For example, 

substitution of CH3 for H in RCH2CHO and RCH2CN raises the proton 

affinity by about 3 kcal/mol. 11 A satisfactory understanding of this 

methyl effect must await the determination of the proton affinities of 

analogous compounds, such as the hydrogen substituted analog of ~

Tentatively, it may be suggested that the existance of three pathways 

for through-bond interactions between the methyl group and the phos

phorus atom in the bicyclic molecule augments the methyl effect 

relative to that in acyclic compounds. 
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ABSTRACT 

The proton affinities of the P and As analogs of pyridine, 

phosphabenzene and arsabenzene, are determined by ion cyclotron 

resonance techniques to be 194. 5 kcal/mol and 188. 0 kcal/mol, 

respectively, relative to PA(NH3 ) = 202. 3 kcal/mol. These values are 

compared to those of pyridine, 218. 1 kcal/mol and other Group V 

compounds. Deuterium labeling experiments demonstrate that phos

phabenzene is protonated on the phosphorus atom. The decrease in 

proton affinity in the series pyridine, phosphabenzene, arsabenzene 

is ascribed to the decreasing p character of heteroatom lone pair in 

this series. 
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Gas phase proton affinities provide a quantitative measure of 

base strength in the absence of solvent effects. The proton affinity of 

a base B is defined as the heterolytic bond dissociation energy for 

removing a proton from the conjugate acid BH+ ( reaction 1). The 

homolytic bond dissociation energy of the conjugate acid is defined as 

the standard enthalpy change for reaction 2. These two bond energies 

are related by the adiabatic ionization potentials of B and H according 

to eq 3. Comparisons of the proton affinities, ionization potentials and 

homolytic bond dissociation energies of related compounds permit 

evaluations of the effects of changes in molecular and electronic struc

ture on these quantities. 2, 3 

PA(B) = ~H
0 

BH+ - B+ + H D(B+ -H) = ~H 0 

D(B+ -H) = PA(B) + IP(B) - IP(H) 

(1) 

(2) 

(3) 

The proton affinities of a large number of amines, 2- 8 

pyridines, 4, 6, 8, 9 and nitriles2' 6, lO are now lmown. Recently, the 

proton affinities of phosphine, 2 the methylphosphines, 11 , arsine2 and 

trimethylarsine12 have become available for comparison with the 

analogous amines (Figure 1 and Table I). Successive methyl substitu

tion increases the proton affinity in each series. In general, the 

proton affinities of compounds with identical substitution decrease in 

the order N > P > As. An exception occurs in the trimethyl series, 

where PA f (CH3) 3P] > PA [ (CH3) 3N ]. The differences in proton affinity 

between the amines and the phosphines have been explained by con

sidering the character of the lone pair to which the proton binds. 
11 
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FIGURE 1 

Proton affinities of group V bases. Data from 

Table I. 
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Table I. Proton Affinities, Adiabatic Ionization Potentials, and 
~ 

D(B+ -H) Homolytic Bond Dissociation Energies of Group V Basesa 

Molecule PAb Jpb, C D(B+-H)b, d 

[QJ 218.le 21of 114 

[QJ 194. 5g 208 (217/ 89(98) 

© 188.0g 199 (214)f 73 (88) 

© 181. 4 213.lh 80.9 

NH 3 202.3 234.3 122.9 

CH~H2 211. 3 206.8 104.5 

(CH3\NH 217.9 190.0 94. 3 

(CH3 ) 3N 222.1 181.5 90.0 

PH 3 187.4 229.6 103 . 4 

CH3PH2 201.8 210.2 98 . 4 

(CH3) 2PH 214.0 195.3 95.7 

(CH3) 3 P 223.5 184.7 94.6 

AsH3 180.9 228 95 

(CH3 ) 3As 210.7 182 79 

aExcept as noted, data are from Reference 2. bkcal / mol. 

cValues in parentheses are lone pair adiabatic ionization potentials, 

where these are not the first ionization potentials. dValues in 
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Table I. (Continued) 
~ 

parentheses are the correlated homolytic bond dissociation energies 

(see discussion in text). eReference 16. £Estimated from the 

photoelectron spectrum published in Reference 26. gPresent work. 

hL. Asbrink, E. Lindholm, and 0. Edqvist, Chem. Phys. Lett. : ~, 

609 (1970). 
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Protonation of the phosphines requires a rehybridization of the phos

phorus lone pair from largely s (L'. H-P-H = 93° in PH/3) to sp3 

character. Ammonia, which is sp3 hybridized (L H-N-H = 107 °14), 

requires no rehybridization energy upon protonation and is 14. 9 

kcal/mol more basic than phosphine. 15 Successive methyl substitution 

in the amines increases the s character of the lone pair and introduces 

an increasing rehybridization energy. This acts in opposition to the 

inductive effect of the methyl groups, so that the increase in proton 

affinity with methyl substitution in the amines is attenuated relative to 

the increase in the phosphines with the result that the proton affinity 

of (CH3) 3 P is 1. 4 kcal/mol greater than that of (CH3) :1N. 

The phosphorus and arsenic compounds studied to date are 

similar, in that the heteroatom forms a bonds to three substituents. 

This paper reports ion cyclotron resonance (icr) investigations of the 

energetics and site specificity of the protonation of phosphabenzene 

and arsabenzene, compounds in which the heteroatom is involved in 

1r bonding. The proton affinity of pyridine has been previously deter

mined to be 218. 1 kcal/mol. 16 Although it has not been demonstrated 

experimentally, protonation undoubtedly occurs at the nitrogen atom. 

Protonation of phosphabenzene and arsabenzene could conceivably 

occur at the heteroatom to give structure I or at a ring carbon to give 

structure II. 

I II 



98 

Phosphabenzene and arsabenzene were prepared by the method 

of Ashe. 1 7 The icr mass spectr~ of these materials match the 

reported spectra. 17 

The general features of icr instrumentation and its operation 

in trapped-ion experiments have been previously described. 18, 19 All 

experiments were performed at room temperature. 

Pressure measurements were made using a Schulz-Phelps 

gauge located adjacent to the icr cell. This gauge is calibrated for each 

gas for a given emission current (5 µ.A) and magnetic field (6 kG) 

against an MKS Instruments Baratron Model 90Hl-E capacitance 

manometer in the region 10-5 
- 10-3 torr, where linear variation of 

gauge current with pressure is observed. Pressures in the trapped 

ion experiments were in the range 10- 7 
- 10-5 torr. 

Results 
~ 

Phos habenzene. Ion Chemistry. Icr trapped ion studies of 

phosphabenzene alone were performed at 14 eV. At this electron 

energy only the parent ion, m/e 96, is present. The parent ion 

clusters with the neutral (reaction 4) but is otherwise unreactive. In 

particular, the conjugate acid, protonated phosphabenzene, !!!./~ 97, is 

not observed. The variation of ion abundance with time is shown in 

Figure 2. The parent ion is initially unreactive. It may be formed with 

(4) 
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FIGURE 2 

Temporal variation of ion concentrations in phos

phabenzene at 4. 0 x 10-6 torr pressure and 14 eV 

electron energy. 
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excess internal energy and then be collisionally deactivated. The 

rates of association reactions such as reaction 4 decrease as a func

tion of the internal energy of the reactants. 20 The bimolecular rate 

constant for reaction 4 is 2. 0 x 10-10 cm3molecule-1sec-1
. 

21 This 

value is constant to within ± 20% over a pressure range of 1. 8 x 10-6 

to 4. 0 x 10- 6 torr. Bimolecular ion-molecule clustering at low pres

sure (10- 6 torr) has also been observed to occur with ions in the 

fluoromethyl silanes. 22 

~ In mixtures of phosphabenzene and acetone 

or methyl acetate, the ratio of the protonated parent ion abundances 

reached a constant value. Double resonance experiments established 

that proton transfer was occurring in both directions, thus demon

strating that proton transfer equilibria had been achieved. The free 

energies obtained from the equilibrium constants are listed in Table II. 

The enthalpies are calculated from the free energies with the assump

tion that entropy effects are small and are limited to changes in 

rotational symmetry numbers. 2, 23, 24 These data yield a proton 

affinity of 194. 5 ± 0. 1 kcal/mol. 

Site of Protonation. In a mixture of CD3CDO, phosphabenzene, 
~ 

and 2-pentanone both protonated and deuterated phosphabenzene and 

ketone were observed. Double resonance experiments demonstrated 

that deuterated phosphabenzene reacts to give deuterated, but not pro

tonated ketone. The deuterium is, therefore, not equivalent to the 

ring hydrogens and must be located on the phosphorus atom. 

Arsabenzene. Ion Chemistry. The reactivity of arsabenzene 

molecular ion is identical to that observed for phosphabenzene. 



Table II. Proton Transfer Equilibrium Constants, Free Energies, and Enthalpies 
~ 

C5H5XH+ + B ;= BH+ + C5H5X K3- AGb AHb PA(Bf' d PA(C5H5X) d 

-
C5H5PH+ + (CH3) 2CO ;= (CH3)2coif + C5H5P 0.7 0.2 0.6 193.9 194.5 

+ w 
C5H5PH + CH3CO2CH3 ~ CH3CO2CH3 + C5H5P 4.0 -0.8 -0.8 195.4 194.6 

+ 
w 

C 5H5AsH + HCO2CH3 ..= HCO2CH3 + C5H5As 0.6 0.3 0.3 187.7 188.0 

+ C5H5AsH + CH3CN ..= CH3CNH+ + C5H5As 0.2 0.9 0.9 187.0 187.9 

a Average of three independent determinations. bln kcal/mol. cReference 2. dProton ~ 

0 
I:..:) 

affinity in kcal/mol. All data relative to PA(NH3) = 202. 3 kcal/mol. 
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Clustering with the parent neutral is the only observed process 

(reaction 5). 

(5) 

~ Proton transfer equilibria were achieved in 

mixtures of arsabenzene with methyl formate and with acetonitrile. 

The data from these experiments are listed in Table II. The proton 

affinity of arsabenzene is 188. 0 ± 0. 1 kcal/mol. 

Site of Protonation. Proton transfer reactions with arsa-
~ 

benzene are slow. For this reason experiments to determine the site 

of protonation in arsabenzene were not successful. 

Discussion 
~ 

The proton affinities, ionization potentials, and D(B+ -H) homo

lytic bond dissociation energies of the heterobenzenes and several other 

Group V bases are listed in Table I. The first adiabatic ionization 

potentials of the bases are used to calculate the homolytic bond dis

sociation energies as strictly defined according to eq 3. However, for 

the purpose of comparing the homolytic bond dissociation energies of 

compounds in a homologous series, the adiabatic ionization potential 

of the orbital which correlates with the bonding orbital in the con-

jugate acid should be used in eq 3. lO The term correlated homolytic 

bond dissociation energy is suggested for this quantity. In the case of 

the heterobenzenes the appropriate orbital is the heteroatom lone pair 

orbital. Calculations suggest that the preferred approach of the 

proton to pyridine or phosphabenzene is the a plane along the 



104 

symmetry axis of the heteroatom. 25 Experimental and theoretical data 

for the structure of protonated arsabenzene are lacking. In this dis

cussion, protonation on the arsenic lone pair is assumed. The photo

electron spectra of the heterobenzenes have been assigned. 26 The 

lone pair and az(1r) orbitals of pyridine have almost the same energy 

and are the highest occupied orbitals. However, in phosphabenzene 

and arsabenzene the lowest energy ionization occurs from the b1 (7r) 

orbital. Ionization from the lone pair orbitals correspond to the third 

band in the photoelectron spectra. The estimated adiabatic ionization 

potentials of the lone pairs in phosphabenzene and arsabenzene and the 

correlated homolytic bond dissociation energies calculated from these 

values are given in parentheses in Table II. 

The proton affinities of the heterobenzenes decrease in the 

order C5H5N > C5H5 P > C5H5As. This order may be ascribed to dif

ferences in the character of the lone pairs in these molecules. The 

bond angle at the heteroatom decreases from 116.14 ° in pyridine27 to 

101.1 ° in phosphabenzene28 and 97. 3° in arsabenzene. 29 Thus, the 

s character of the lone pair is expected to increase in the series 

pyridine, phosphabenzene, arsabenzene. CNDO /2 calculations indi

cate that the lone pair of phosphabenzene does have more s character 

than that of pyridine. 30 Both ab initio25, 31 and CNDO/230, 32 cal

culations also show that the nitrogen atom in pyridine withdraws elec

tron density from the adjacent carbons, while the phosphorus and 

arsenic atoms in phosphabenzene and arsabenzene donate electron 

density to these carbons. This is not surprising, since the order of 
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the electronegativities of these elements is N > C > P > As. 33 These 

factors indicate that the heteroatom lone pair orbital becomes less 

directional and more diffuse in proceeding from pyridine to phospha

benzene to arsabenzene. 30 Hence, the strength of the bonding inter

action of the proton with the lone pair decreases in this series. 

The reduced basicity of phosphabenzenes compared to 

pyridines is also apparent in solution. The uv spectra of solutions of 

substituted phosphabenzenes remains unchanged upon addition of tri-

fl ti ·ct 34 uoroace c ac1 . 

The lone pair ionization potentials of the heterobenzenes are 

relatively constant in this series. Any increase in ionization potential, 

caused by increasing s character of the lone pair, is approximately 

cancelled by the decrease due to the change in principal quantum num

ber. 35 Thus, the homolytic bond dissociation energies follow the same 

trend as the proton affinities. 

The reactivity of the parent ions of the heterobenzenes is 

determined by the D(B+ -H) homolytic bond dissociation energy. The 

homolytic bond dissociation energy for pyridine, 114 kcal/mol, is 

higher than the C-H bond energy of pyridine, if a value equal to the 

C-H bond energy of benzene D(C 6H5-H) = 110 kcal/mol, 36 is assumed. 

Reaction 6 is, therefore, exothermic for pyridine and is observed. 
37 

+ + (6) 
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The homolytic bond dissociation energies for phosphabenzene and arsa

benzene, however, are considerably below 110 kcal/mol and reaction 6 

is endothermic for X = P or As. Clustering is the only reaction of the 

parent ions of these molecules. 
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ABSTRACT 

Gas phase ion-molecule reactions of Al+ with several alkyl 

halides have been examined using an ion beam apparatus. Relative 

product ion abundances are reported as a function of collision energy 

over the range O. 5 to 5 e V. Three types of reactions are observed: 

(1) halide transfer, (2) dehydrohalogenation, and (3) oxidation. 

Halide transfer from dichloroalkanes yields chloronium ions, which 

may eliminate HCl to give allyl cations. Dehydrohalogenation results 

in elimination of HX with Al+ remaining bound to either HX or the 

alkene which is concomitantly formed. The relative importance of 

the halide transfer and dehydrohalogenation products is dependent on 

the reaction thermodynamics and the collision energy. Reaction of 

Al+ with CH2ClCH2Cl leads to AlCl/ and C2H4 , a process in which the 

metal is formally oxidized from the +1 to the +3 state. 
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INTRODUCTION 

The area of the gas phase reactions of metal ions is relatively 

unexplored. Some reactions of alkali ions [1-6 ], u+ [7, 8 ], Al+ [9 ], 

and the transition metal ions Co+ [4 ], Fe+ [ 4, 10 ], and Ti+ [11] have 

been reported, but at present the data are too meager to reveal gen

eral patterns of reactivity which would be useful in predicting gas 

phase metal ion chemistry. 

Alkali ions are easily produced using surface ionization 

techniques [12] and have received the most attention. Having a noble 

gas electronic configuration, alkali ions are not easily oxidized and 

exhibit reactivity characteristic of Lewis acids. The gas phase bind

ing energy of alkali ions to several Lewis bases have been determined 

[2, 13-16 ] . . Association of an alkali ion M+ with an alkyl halide RX 

leads to an activated intermediate, which may dissociate to MX and a 

carbonium ion R+, if this reaction is exothermic, or may eliminate 

HX to give an alkene, with the alkali ion remaining bound to either 

species (Scheme I) [1, 4 ]. Fe+ [4 ], Co+ [4 ], and u+ [17] also 

dehydrohalogenate alkyl halides. The dehydrohalogenation of alkyl 

halides by metal ions and other Lewis acids f18] appears to be a gen

eral process. 

Al atoms in the ground state, 2P 1., have the electronic con-
2 

figuration Ne3s 23p
1

. The ionization potential of Al is 6 eV [19 ]. 

This value is low enough to permit the use of surface ionization tech

niques to generate Al+ in sufficient quantities for mass spectrometric 
2 

studies [9, 12 ]. In its ground state electronic configuration, Ne3s, 

Al+ resembles the alkali ions in that it has a filled subshell. Unlike 
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X H 

h 

I 

MX + 

Scheme I 

H 
X 
I 

>1< 
II 

HX + 

the alkali ions, Al+ has vacant orbitals in the valence shell and can 

assume sp hybridization in compounds in which Al has a formal 

oxidation state greater than one. 

The only ion chemistry involving Al+ which has been reported 

in the literature are charge transfer processes and reactions (1) and 

(2) [9 ]. Although they were not discussed in such terms, reactions 

Al+ + 0 2 - AlO+ + 0 

Al+ + N
2
O -+ AlO+ + N2 

(1) 

(2) 
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(1) and (2) represent a formal oxidation of Al+ from the +1 to the +3 state. 

Both reactions (1) and (2) behave as endothermic processes, exhibiting 

reaction cross sections which rise rapidly from a threshold to a maxi

mum beyond which they decrease with increasing kinetic energy [9]. 

This paper describes the reactions of low energy (0. 5 - 6 eV) 

aluminum ions with several alkyl halides. The goal of this study was 

to characterize the range of reactions exhibited by an ionic species 

whose ground state electronic structure is similar to that of the 

alkalies, yet which has variable and energetically accessible oxida

tion states. 

EXPERIMENTAL SECTION 

The apparatus has been previously described [3, 8] and is 

shown in Fig. 1. Ions from a surface ionization source are focused 

into a collision chamber containing the reactant gas. The chamber 

has axial symmetry and is designed to efficiently extract low energy 

product ions [20 ]. Ions exit the chamber with the aid of a small 

extraction field provided by an O. 5 V potential drop across the cham

ber. They are focused by a final lens element into an EAI Quad 250B 

quadrupole mass spectrometer for mass analysis and detection. 

Phase sensitive detection is accomplished by modulating the voltage 

on the final lens element and directing the output of the Channel tron 

electron multiplier into a PAR HR-8 lock-in amplifier, referenced to 

the modulating .frequency. 

For production of Al+ anhydrous A1Cl3 was placed in the 

source oven. Hydrated A1Cl3 and anhydrous AlF3 were unsatisfactory 

for this purpose. The impurities Na+ and K+ were observed in 
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FIGURE 1 

Schematic drawing of the ion beam apparatus and 

surface ionization source. 
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abundances varying from < 1% of the Al+ abundance to slightly 
+ + + + + greater than the Al abundance. Traces of Cr , Ga , Fe , and Cu 

+ were also noted. No AlClx was present. In control experiments 

no reaction between Na+ and K+ and CC14 , CC13 F or CH2ClCH2Cl 

could be detected. No dehydrohalogenation products containing Na+ 

or K+ were ever observed. 

Ion signal intensities were corrected for the mass discrim

ination of the mass spectrometer. A mass spectrum of C3 F 6 was 

obtained by allowing C3 F 6 into the chamber and biasing the source 

elements so that the surface ionization filament could be operated 

as a source of 70 eV electrons. The correction factors were deter

mined by comparing the intensities of the peaks of this mass spectrum 

with those of the ion cyclotron resonance mass spectrum [21 ]. 

A retarding field energy analyzer (Fig. 1) was installed to 

determine the kinetic energies of reactant and product ions. The 

analyzer comprises three parallel gold mesh screens ( 40 lines cm -i, 

82% transparent) spaced 1 mm apart. The first screen covers the 

chamber exit aperture. The potential of the final screen is the same 

as the chamber entrance. A variable retarding potential is applied 

to the intermediate screen. Retarding potential curves were obtained 

by monitoring the signal intensity of an ion while varying the potential 

of the intermediate retarding screen. In some cases the derivative of 

this curve was obtained by modulating the retarding screen potential 

and employing phase sensitive detection of the signal. The modula

tion amplitude was typically 0.1 V. Figure 2 shows a derivative 



118 

FIGURE 2 

(a) Derivative of a retarding field potential curve 

for Al+. (b) Retarding field potential curve for 

CCI/ produced by reaction of Al+ (3. 3 eV LAB 

energy) with CC13F. Dotted line indicates zero 

signal level. 
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curve for Al+. The quantity plotted on the abscissa is the difference 

between the retarding screen potential and the average of the poten

tials of the chamber entrance and exit. The value of this difference 

at the maximum of the curve is taken to be the ion energy in the 

laboratory frame. This value represents only an average of the 

range of Al+ energies in the chamber. The full width at half maxi

mum of this peak is 0. 7 eV. The 0. 5 V extractor voltage across the 

chamber introduces an additional uncertainty in the ion energy. 

A retarding potential curve for the product ion CCI/ from 

the reaction of Al+ with CC13 F is also given in Fig. 2. The signal 

has both high and low energy components. The high energy compo

nent has the same energy as the Al+ beam and is attributed to 

decomposition and surface ionization of CC13 F on the filament. The 

signals from all products except AICI/ from CH2CICH2Cl and C2H/ 

from C'2H5Cl exhibited similar high energy components. These com

ponents were more significant at higher energies, but never altered 

product distributions by more than 5%. No corrections for their con

tribution were made. The low energy components of all product ion 

signals at all collision energies were less than 1 e V. A detailed 

analysis of the product ion kinetic energy distributions was not 

attempted. The wide spread in the reactant ion energy and the 

uncertainties in the measurement of the low product ion kinetic 

energies precluded the extraction of information which would be use

ful in understanding the details of the reactive collision. 

Reproducible reaction cross sections could not be obtained. 

The collection efficiency of the product ions may be significantly less 
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than one and very sensitive to changes in lens potentials. Relative 

product ion abundances were reproducible and the data are presented 

in this form. Some useful qualitative observations about the mag

nitude and energy dependence of the reaction cross sections are made. 

cis-1, 2-Dichlorocyclopentane was synthesized by the method 

of Filippo r22] and purified by preparative glc. Other chemicals were 

research grade commercially available reagents and were used as 

supplied. 

RESULTS 

The reactions of Al+ and alkyl halides observed in this study 

are summarized in Table 1. Enthalpies of reaction are given, where 

appropriate heats of formation are known. 

Reactions which are exothermic exhibited cross sections 

which decreased sharply with increasingly collision energy. The 

upper limit of the energy range which could be examined for each 

compound depended on the rate at which the reaction cross section 

decreased with energy. 

Tetrahalomethanes 

Chloride ion transfer (reaction 3) is the only significant reaction of 

Al+ and CC14 observed over the collision energy range 1-6 eV . At the 

+ + Al + CC14 - CC13 + AlCl (3) 

higher end of this range low intensity ions appear at masses cor

responding to AlCl/, A1c1+, CCI/, and cc1+. The maximum signal 
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TABLE 1 

Summary of the Ion-Molecule Reactions of Al+ and Alkyl Halides and 

Calculated Reaction Enthalpies 

(8) 

Ion-Molecule Reaction 

+ 
+ -c CClF2 + AlF 

Al + CC1F3 

CF/+ AlCl 
+ + Al + CF4 ~ CF3 + AlF 

Al+ + CH3Cl * CH/ + AlCl 

-E 
(C 2H4)Al+ + HCl 

(9) Al+ + C2H5Cl (HCl~Al+ + C2H4 

(10) C2H5 + AlCl 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

- 9 

- 14 

- 6 

- 8 

18 

19 

33 

36 

51 

16 

- 4 

5 

- 80 
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TABLE 1 (continued) 

Ion-Molecule Reaction A H 

(17) 

(18) 

aReaction enthalpy in kcal moC 1
. Data used in calculating this quantity 

are found in Table 2, Ref. 23, and J. D. Cox and G. Pilcher, 

Thermochemistry of Organic and Organometallic Compounds, Academic 

Press, New York, 1970. 
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TABLE 2 

Heats of Formation Used to Calculate Reaction Enthalpies 

Species 0 ( -1) llHf298 kcal mol 

Al+ 217. 3 ± 0. 5 

A1Cl 2 
+ 94. 2 ± 28 

AlCl - 12. 3 ± 1 

AlF - 63. 4 ± 0. 8 

CH+ 
3 261 

C2Hs + 219 

(CH3) 2CH+ 192 

C2H4 Cl + 204 

cc1+ 
3 198 ± 7 

CC1
2
F+ 155 ± 5 

CC1F2 
+ 130 ± 4 

CF+ 
3 93. 8 ± 2 

aJANAF Thermochemical Tables, NSRDS ... NBS 37 (1971) . 

b J. Phys. Chem. Ref. Data, 3 (1974) 311. 
-" 

Reference 

a 

b 

a 

a 

C 

C 

C 

d 

e 

e 

e 

e 

cF. P. Lossing and G. P. Semeluk, Can J. Chem., 48_ (1970) 955 . 

dD_ W. Berman and J. L. Beauchamp, J. Am. Chem. Soc. , to be 

submitted. 

eRef. 23. 
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intensity of these ions never exceeds O. 5% of the maximum signal 

intensity of CCl/. These and similar ions observed in the other 

halomethanes have been neglected. 

Two halide transfer processes are possible with CC1 3 F 

(reactions 4 and 5) and CC1 2 F 2 (reactions 6 and 7). The ratio 

AlF 
Al+ + 

+ AlCl 

(4) 

(5) 

(6) 

(7) 

CCl/ / CC1 2F+ in CC1 3 F decreases with increasing energy until it 

reaches a value of unity at 4. 5 eV (Fig. 3). The ratio CC1 2 F+ /CClF/ 

in CF 2Cl2 behaves similarly but is larger than the product ratio in 

CC13 F at a given energy and does not reach a constant value at 

collision energies up to 5 eV (Fig. 4). 

No reaction products were detected with CF3Cl and CF4 . 

Monochloroalkanes. Methyl Chloride 

No products were observed when Al+ interacted with CH3Cl at 

collision energies up to 3. 5 eV and a pressure of CH3Cl of 5. 8 mtorr. 

The smallest product signal that can be detected by this apparatus 
0 ? 

corresponds to a reaction cross section of about 0. 1 A-. A cross 

section for reaction with CH3Cl less than this value is suggested. 
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FIGURE 3 

Variation with energy of the relative product ion 

abundances in the reaction of Al+ and CC1 3F at 

5. 7 mtorr. 
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FIGURE 4 

Variation with energy of the relative product ion 

abundances in the reaction of Al+ and CC1 2F 2 at 

4. 7 mtorr. 
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Ethyl Chloride 

The relative product ion abundances observed when Al+ reacts 

with C2H5Cl are shown as a function of collision energy in Fig. 5. 

The dehydrohalogenation reactions (8) and (9) predominate. The 

product distribution for these two reactions changes dramatically in 

favor of (HCl)Al+ with increasing energy. Chloride transfer, reaction 

(10), competes more favorably with dehydrohalogenation as the col

lision energy increases. 

Isopropyl Chloride 

(8) 

(9) 

(10) 

The major reaction of Al+ with CH3CHC1CH3 is chloride 

transfer (r eaction 11). Traces of the dehydrohalogenation products 

(11) 

analogous to those formed in reactions (8) and (9) were present, but 

their abundance was less than 1% of that of C3H/ . 

Dichloroalkanes. 1, 2-Dichloroethane 

Chloride transfer is the principal reaction of Al+ with 

CH2ClCH2Cl (reaction 12), but oxidation of Al+ to AlCl/ is also sig

nificant (reaction 13). The product of reaction (12), C2H4 Cl+, has 

the same mass as (HCl)Al+ (m/e 63 and 65). Observed patterns of 

reactivity suggest that (C 2H3Cl)Al+ would also be observed, if the 
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F1GURE 5 

Variation with energy of the relative product ion 

abundances in the reaction of Al+ and C2H5Cl. Com

bined data from experiments at 5. 7, 6. 1 and 4. 4 

mtorr. 
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(12) 
Al+ + 

(13) 

product at m / e 63 and 65 were (HCl)Al+. (C 2H3Cl)Al+ was not detected 

and the ions at m/e 63 and m/e 65 are attributed exclusively to 

C2H4 Cl+. The relative abundances of the two product ions are plotted 

as a function of collision energy in Fig. 6. The branching ratio is 

fairly constant over the energy range examined. 

1, 2- and 1, 3-Dichloropropane 

Dehydrohalogenation (reaction 16) is competitive with chloride 

transfer (14) in the reaction of Al+ with the dichloropropanes at low 

collision energy (Figs. 7 and 8). As the energy increases the pro

portion of dehydrohalogenation decreases and a new process appears, 

loss of HCl from CJI6Cl+ to give allyl cation (reaction 15). Detection 

(14) 

(15) 

(16) 

of allyl cation (m/e 41) was complicated by the presence of K+ (m/e 

39 and 41) in the reactant ion beam in comparable abundance with 

allyl cation. The contribution of K+ at this mass was calculated using 

the measured isotope ratio, 
41

K+ /3 9K+, and subtracted out. As an 

additional process, AlCl/ was detected with either 1, 2- or 1, 3-

dichloropropane present in the reaction chamber. However, its 
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FIGURE 6 

Variation with energy of the relative product ion 

abundances in the reaction of Al+ and CH2ClCH2Cl 

at 3. 7 mtorr. 
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FIGURE 7 

Variation with energy of the relative product ion 

abundances in the reaction of Al+ and CH2ClCH2ClCH3 

at 3. 1 mtorr. 
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FIGURE 8 

Variation with energy of the relative product ion 

abundances in the reactions of Al+ and CH2ClCH2CH2Cl 

at 4. 0 mtorr. 
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abundance was < 2% of the total product ion signal at all energies in 

both cases. 

cis- and trans-1, 2-Dichlorocyclopentane 

In an attempt to determine the effect of stereochemistry on 

the reactions of Al+ with dichloroalkanes, cis- and trans-1, 2-

dichlorocyclopentane was studied. Chloride transfer (reaction 17), 

followed by HCl elimination (reaction 18) were the only processes 

Cl 
/ Cl + AlCl (17) 

Al++ a 
0 + HCl + AlCl (18) 

observed. For both isomers an increase in collision energy causes 

greater decomposition of the chloronium ion (Figs. 9 and 10). 

Cluster Ion Formation 

Cluster ions of Al+ with C2H5Cl, C3H7 Cl, C2H4 Cl2 and C3H6Cl 2 

were observed at collision energies less than 2 eV in abundances 

comparable to those of other products. They are formed by ter

molecular clustering processes and possibly by Al+ transfer from 

the products of dehydrohalogenation reactions. Because these ions 

are not produced in primary bimolecular reactions, they have been 

omitted from the product abundances presented above. 
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FIGURE 9 

Variation with energy of the relative product 

ion abundances in the reaction of Al+ and 

trans-1, 2-dichlorocyclopentane at 2. 3 mtorr . 
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FIGURE 10 

Variation with energy of the relative product ion 

abundances in the reaction of Al+ and cis-1, 2-

dichlorocyclopentane at 1. 6 mtorr. 
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DISCUSSION 

Al+ undergoes three types of reactions with alkyl halides: 

(1) halide transfer, (2) dehydrohalogenation, and (3) oxidation. Halide 

transfer is the dominant reaction whenever it is exothermic. The 

enthalpy of a halide transfer reaction is given by the difference in the 

halide affinities of AI+, D(Al+ -X-) and the product ion, D(R+ -X-). 

Chloride and fluoride affinities of positive ions relevant to this study 

are shown in Fig. 11. Halide transfer to form ions with higher halide 

affinities than that of Al+ is endothermic, while the formation of ions 

with lower halide affinities is exothermic. 

The reactivities of the tetrahalomethanes parallel the 

enthalpies for the halide transfer reactions. Fluoride transfer from 

CF4 and CF3Cl are 36 and 19 kcal moC
1 

endothermic, respectively, 

and no reaction in these systems was detected. The most favorable 

halide transfers from CC12 F 2, CC14 , and CC13 F, where reaction was 

observed, have enthalpies of -8, -9, and -14 kcal moC1, respectively. 

In the systems where two halide transfer reactions are possible, the 

thermodynamically favored process, F- transfer, is predominant. 

The selectivity decreases with increasing collision energy. In con

trast, alkyl and halomethyl cations react with halomethanes principally 

by Cl- transfer rather than F- transfer whenever the former reaction 

is exothermic (e.g., reactions 19 and 20) [23]. 

-1 
~H= -34 kcal mol 

-1 
~H= -10 kcal mol 

(19) 

(20) 
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FIGURE 11 

Chloride and fluoride affinities of positive ions 

of interest in this study. 
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The cross sections for chloride transfer from the mono

chloroalkanes behave in a manner consistent with the reaction thermo

chemistry. Chloride transfer from methyl chloride is endothermic by 

51 kcal mol-1 and within the limits of our sensitivity no reaction 

occurs. Chloride transfer from ethyl chloride is 16 kcal moC 1 endo

thermic and occurs in competition with dehydrohalogenation . The only 

significant reaction of isopropyl chloride is chloride transfer, which is 

4 kcal moC 1 exothermic. 

In a study of reactions of alkali ions with halogen compounds, 

the mechanism presented in Scheme I was inferred from variations in 

reactivity among halogen compounds [1]. An additional variable, the 

collision energy, is explored in the present study. The variation with 

energy of the product distribution in the reaction of Al+ with ethyl 

chloride (Fig. 3) can be accommodated by the mechanism in Scheme I. 

A potential surface for this reaction is presented in Fig. 12. At 0. 5 eV 

the average collision energy is below the threshold for chloride trans

fer and dehydrohalogenation predominates. Al(C 2H4 t is the most 

abundant product at this energy, which implies that D(C 2H4-Al+) > 
D(HCl-Al+). With increasing collision energy, the lifetime of the 

collision complex decreases and processes which involve little 

rearrangement become more probable than complex processes. Thus, 

chloride transfer, which requires a simple bond cleavage, inc r eases 

in relative importance with increasing collision energy above the 

threshold. Formation of Al(ClHt does not require rearrangement to 

intermediate II, but can occur by H transfer in species I, while 

insertion of Al+ between the halogen and the carbon skeleton must 
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FIGURE 12 

A qualitative potential surface for the reaction 

of Al+ with C2H5Cl, Ec = collision energy. 
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occur prior to the formation of Al(C 2H4t. Consequently, the relative 

abundance of (HCl)Al+ increases while that of (C 2H4)Al+ decreases 

with increasing collision energy. 

The reaction of Al+ with CH2ClCH2Cl to form AlCl/ and C2H4 

(reaction 8) is formally an oxidation of Al from the +1 to the +3 state. 

Products in which Al exhibits a +2 state, e.g., AICl+ and A1Cl 2, are 

radicals and their formation is thermodynamically unfavorable. 

At least two mechanisms for the oxidation reaction can be 

envisioned. In the first (reaction 13a), chloride abstraction occurs, 

followed by removal of the other chlorine. In the second, (reaction 

13b), removal of the chlorines is concerted. If the stepwise mechanism 

(13a) 

Al+ + Cl Cl \ ___ ~I 

(13b) 

were operating, a decrease in the average lifetime of the complexes 

would reduce the number of complexes which reach the second step. 

The ratio of chloride transfer to oxidation would increase with 

increasing collision energy. However, this ratio remains relatively 

constant over 4 eV. Thus, the concerted mechanism seems more 

probable. 

Despite the large exothermicity of the oxidation reaction (13) 

(~H = -80 kcal moC
1
), its cross section is small compared to that for 
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halide transfer. The oxidation requires energy to sp hybridize Al+. 

This requirement may be the source of a potential barrier in the 

reaction coordinate. This small cross section may also reflect a low 

probability for the formation of the five-centered transition state of a 

concerted mechanism. 

A fraction of the chloronium ions, which result from chloride 

transfer from the dichloropropanes and dichlorocyclopentanes, is 

formed with sufficient internal energy to eliminate HCl (reactions 

10 and 13). This fraction increases with collision energy and is con

siderably greater for the cyclopentyl chloronium ions than for the 

propenyl chloronium ions. The reasons for this latter fact are dif

ficult to assess in the absence of thermodynamic data. The enthalpy 

for elimination from the cyclopentenyl chloronium ion may be sig

nificantly less than that for elimination from the propenyl chloronium 

ion. 

Chloride transfer from the dichloropropane isomers initially 

produces different product ions. Transfer from 1, 2-dichloropropane 

can yield either a primary or secondary carbonium ion, which may 

close to give the tetramethylene chloronium ion (III) or the propylene 

chloronium ion (IV), respectively. Abstractions from 1, 3-

III IV 

dichloropropane must leave a primary carbonium ion. However, the 

similarity in the extent of HCl elimination at a given energy in Figs. 5 

and 6 indicates that both isomers eventually yield a common ion with 
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similar internal energies prior to elimination. This requires an inter

mediate whose lifetime exceeds the time necessary for the rearrange

ment. The ion formed in this rearrangement is probably species IV. 

Ionization of any of the dichloropropane isomers in magic acid solution 

yields species IV, and not species Ill [24 ]. 

Among the dichloroalkanes only the dichloropropanes undergo 

dehydrohalogenation. This implies that the dehydrohalogenation 

product, (C 3H5Cl)AI+, is particularly stable. If this product is ally! 

chloride bound to AI+, the bidentate character of ally! chloride could 

provide this additional stability. 
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