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Abstract: Electron photodetachment from methylphosphide, cyclohexylphosphide, and phenylphosphide ions was carried out 
using an ion cyclotron resonance (ICR) spectrometer to generate, trap, and detect the ions. The electron affinities of the 
corresponding radicals inferred from the onsets were as follows: methylphosphinyl, 21.6 ± 0.4 kcal/mol; cyclohexylphosphinyl, 
23.8 ± 0.4 kcal/mol; and phenylphosphinyl, 35.1 ± 0.9 kcal/mol. The acidity of methylphosphine was determined by bracketing 
reactions to be A/f acid between 371.5 and 366.4 kcal/mol, giving a P-H bond energy in methylphosphine between 74 and 
79.5 kcal/mol. 

Introduction 

There have been numerous studies exploring the thermochem
istry of first- and second-row main-group compounds including 
those of carbon,1"3 nitrogen,3"7 oxygen,8"" silicon,12"16 phospho
rus,17"23 and sulfur.9,11^24"27 However, among these main-group 
elements least is known about the thermochemistry of phosphorus 
compounds, despite the versatility and widespread use of orga-
nophosphorus compounds in such diverse applications as reagents 
in synthetic organic chemistry,28 ligands in organotransition-metal 
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complexes,29 and pesticides and pharmaceuticals.30 Most ther-
mochemical studies have focused on phosphine, the simplest or-
ganophosphorus compound. Gas-phase ion studies have been used 
to determine the acidity21'22 and bond dissociation energy19,20 of 
PH3, the basicity31'32 of PH2", and the electron affinity17'18 of PH2*. 
Thermochemical data on alkyl- and arylphosphides are less ex
tensive. Ingemann and Nibbering33 and Grabowski, Roy, and 
Leone34 have independently measured the C-H gas-phase acidity 
of the methyl group in trimethylphosphine. In addition, theoretical 
investigations35"37 have addressed the effect of alkyl substitution 
on the P-H acidity of phosphine. 

In this paper we report the results of an investigation of the 
electron affinities of some organophosphinyl radicals and the 
acidity and thermochemistry of some organophosphines. We have 
used electron photodetachment spectroscopy to measure the 
electron affinities of methylphosphide, cyclohexylphosphide, and 
phenylphosphide radicals. Additionally, we have bracketed the 
P-H gas-phase acidity of methylphosphine using Fourier transform 
mass spectrometry and derived the P-H bond energy in meth
ylphosphine. This study extends the existing thermochemical data 
for substituted hydrides of the first- and second-row main-group 
elements and allows us to examine several interesting trends in 
the electron affinities, bond dissociation energies, and acidities 
of these compounds. 
Experimental Section 

General. The study of organophosphide anions utilized an ion cyclo
tron resonance (ICR) spectrometer38 to generate, trap, and detect the ion. 
Two types of experiments were performed using the ICR spectrometer: 
electron photodetachment39 and acidity bracketing. In photodetachment 
experiments, the anion concentration, A", is monitored as a function of 
the wavelength (energy) of the irradiating light, eq 1. 
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A" + hv — A + e~ (1) 

In the acidity-bracketing experiment, the acidity of the species of 
interest, HA, is determined by following the proton-transfer reaction 
between HA and the conjugate base, B", of a reference acid of known 
acidity, or its reverse, eq 2. 

HA + B- — A" + HB (2) 

For a reference acid HB which is more acidic than HA, reaction 2 will 
not be observed in the forward direction. Similarly, for a reference acid 
less acidic than HA, the reverse reaction will not occur. In a bracketing 
experiment, the acidity of HA is bounded using two reference acids (and 
their conjugate bases), one of greater acidity and one of lesser acidity. 

Materials. The neutral precursor nitrogen trifluoride was purchased 
from Ozark-Mahoning. The reference acid 2,2-difluoroethanol was ob
tained from Gallard Schlesinger Chemical Manufacturers. Cyclo-
hexylphosphine and phenylphosphine were also available commercially 
(Strem Chemicals). Methylphosphine was synthesized by lithium alu
minum hydride reduction of dimethyl methylphosphonate following the 
procedure described by Crosbie and Sheldrick.40 Because of the pyro-
phosphoric nature of these organophosphines, samples were handled on 
a vacuum line or in a glovebag only. Before being admitted to the ICR 
cell, all compounds were subjected to several freeze-pump-thaw cycles 
to remove any volatile impurities. 

Ion-Generation. The primary ion, F", was prepared via dissociative 
electron capture by nitrogen trifluoride, NF3: 

NF3 + e" — F" + NF2 (3) 

The substituted phosphide anions were prepared by proton abstraction 
from the neutral organophosphines, eq 4-6: 

MePH2 + F- — MePH" + HF (4) 

C-C6H11PH2 + F" — C-C6HnPH- + HF (5) 

C6H5PH2 + F" — C6H5PH- + HF (6) 

When the methylphosphide anion, MePH", was generated, an ion of m/z 
33, presumably PH2", was also formed. 

The conjugate base of the reference acid 2,2-difluoroethanol (CF2H-
CH2OH) was also formed via proton abstraction by fluoride ion: 

CF2HCH2OH + F" — CF2HCH2O" + HF (7) 

The optimum conditions for formation of the organophosphide anions 
corresponded to a ratio of nitrogen trifluoride to neutral organophosphine 
of 1:3. Total pressures in the ICR cell were in the mid-lCT'-Torr range 
for photodetachment experiments and the low-lO^-Torr region for acidity 
measurements, as determined with an uncalibrated ionization gauge 
(Varian, UHV-24). 

Instrumental Procedures. A. ICR Apparatus. For photodetachment 
experiments, the ICR spectrometer was operated in the CW mode,41 

which allows continuous ion generation. The superior signal-to-noise of 
CW ICR allows measurement of small changes (ca. 0.5%) in the ion 
population. The ion detection circuitry consisted of a home-built capa
citance bridge detector (CBD) circuit,4243 which utilized a commercial 
lock-in amplifier with a voltage-controlled oscillator (Princeton Applied 
Research Corp., Model 124A). A frequency-lock system42b was em
ployed to correct for resonance frequency shifts (typically ±0.1 kHz in 
150 kHz) which occur during photochemical experiments. 

The acidity-bracketing experiments were accomplished using pulsed 
ICR spectrometry and a Fourier transform mass spectrometry (FTMS)44 

data collection system (IonSpec FTMS-2000). Double resonance tech
niques45 permitted selective ejection of ions, allowing observation of the 
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effect of a particular ion on the reaction of interest, uncomplicated by 
interfering species. 

B. Light Sources. The light source was a 1000-W xenon arc lamp 
(Canrad-Hanovia), used with a 0.25-m high-intensity grating mono-
chroma tor (Kratos Analytical), producing continuous radiation from 
approximately 250 to 1500 nm. Two gratings were employed: infrared 
(700-1500 nm) and visible (400-800 nm). Long-pass filters were used 
to block high-order light. The bandwidth of the light, determined by the 
slit width of the matching entrance and exit slits of the monochromator 
and the reciprocal linear dispersion of the diffraction grating, was 20 nm 
(ca. 0.4-0.9 kcal/mol, depending on wavelength region) at full-width half 
maximum (fwhm) in the threshold region of the spectra. 

The output from the arc lamp in the regions of interest was monitored 
using a thermopile (Eppley Laboratory, Inc.). Because of the configu
ration of the experimental apparatus, the power measurements could not 
be taken concurrently with the ion signal measurements and, conse
quently, were taken immediately following ion signal measurements. 

Calibration of the grating monochromater was accomplished using 
neon and mercury spectral lamps (Oriel Optics Corp.). Light from a 
tunable dye laser and a helium-neon laser was used to verify the cali
bration. The accuracy of the calibration was approximately ±2 nm 
(±0.03-0.08 kcal/mol, depending on wavelength). The uncertainty in 
the calibration of the light source did not make a significant contribution 
to the error in assigning the onset wavelength. Rather, the bandwidth 
of the light source, the energy separation of consecutive data points, and 
the signal-to-noise ratio in the threshold region were considered important 
in assessing the uncertainty in the onset assignment. 

C. Data Acquisition and Processing. In the electron photodetachment 
experiment, the ion concentration (ion signal magnitude) was measured 
in the absence and presence of light as the wavelength was scanned. The 
probability for inducing electron loss from an anion is given by the 
relative cross section,3' <r(X), which can be calculated from the fractional 
signal decrease, F(X), the wavelength, X, and the energy of the light at 
wavelength X, E(X): 

<r(X)=F(X)/[X£(X)(l-F(X))] (8) 

Data acquisition and processing were accomplished using an IBM-XT 
computer to control the wavelength scanning, record ion signal and power 
measurements, calculate the relative cross sections, and average and 
splice cross-section files. The photodetachment spectra of the organo
phosphide anions comprise averaged data from several partially over
lapping scan regions that were spliced together. The size of the scan 
region was dictated by the long-term stability of the ion signal, and scans 
were limited to between 10 and 15 min in duration. In this time span, 
base-line ion signal changes were usually less than 1%. Wavelength scans 
typically covered roughly 200 nm, with a spacing of approximately 5 nm 
(ca. 0.1-0.2 kcal/mol in the threshold region) between consecutive data 
points. The signal was allowed to equilibrate for roughly 10 s at each 
wavelength prior to data acquisition. Data at each wavelength were 
collected for approximately 3 s and represented an average of 10000 
digitized points. 

Results 

Anionic Reaction Products. Reaction of fluoride ion with cy-
clohexylphosphine and phenylphosphine, eq 5 and 6, resulted solely 
in the formation of the proton abstraction products, cyclo-
hexylphosphide and phenylphosphide anions, respectively. In 
generating the methylphosphide anion, however, two products were 
observed: MePH" (m/z 47) and PH 2 " (m/z 33). The methyl
phosphide anion is formed via proton abstraction from the parent 
compound by fluoride ion. We did see some small conversion of 
MePH" to PH2", suggesting that P H 3 is present. The SN2 dis
placement of F" on MePH 2 , giving M e F and PH2", is probably 
endothermic. For this reaction to be exothermic, a C - P bond 
strength of less than 60 kcal /mol would be required, given the 
EAs of F and PH 2 and the C - F bond strength in MeF. Under 
conditions of the photodetachment experiments, MePH" was 
always present in greater quantities than PH2". The ratio was 
roughly 3:2. 

Identification of Regiochemistry of Ionic Products. The re-
giochemistry of the m/z 47 ion was ambiguous since proton 
abstraction could occur from either phosphorus or carbon. Our 
assignment of the m/z 47 ion as the methylphosphide anion, rather 
than the a-phosphinyl carbanion, is based on the experimental 

(45) Anders, L. R.; Beauchamp, J. L.; Dunbar, R. C; Baldeschwieler, J. 
D . / . Chem. Phys. 1978,45, 111. 
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Figure 1. Photodetachment spectrum of methylphosphide anion. The 
arrow indicates the extrapolated onset. The bandwidth-corrected onset 
corresponds to 1322 ± 20 nm (21.6 ± 0.4 kcal/mol). 

acidities for phosphine46 and trimethylphosphine33-u (Ai/°acid-
(PH2-H) = 370.4 ± 2 kcal/mol and A#°acid(Me2PCH2-H) = 
391.3 ± 2 kcal/mol, or 384 ± 3 kcal/mol). The formation of the 
m/z 47 ion occurred via proton abstraction by fluoride ion, which 
is not nearly basic enough46 (M/°add(HF) = 371.0 ± 0.3 kcal/mol) 
to abstract a proton from carbon in the organophosphine. The 
acidities of the phosphines are consistent with calculations by Lohr 
and Ponas35 which predict that the hydrogens on the phosphorus 
in MePH2 are roughly 25 kcal/mol more acidic than those of the 
methyl group. Furthermore, the results of our acidity-bracketing 
experiments indicate that the m/z 47 ion has an acidity more 
consistent with the P-H acidity of phosphine than the C-H acidity 
of trimethylphosphine. 

In order to demonstrate further the structure of the depro-
tonation product, we employed an extension of the N2O reaction 
scheme devised by DePuy and co-workers.47,48 The utility of this 
scheme is based on the observation that N2O reacts with a-silyl 
carbanions and methylsilyl anions to yield products with different 
mass-to-charge ratios: 

R2SiHCH2 

m/z M 
+ N2O — R2SiHO- + CH2N2 

m/z (M + 2) 

R3Si" + N2O — R3SiO" + N2 

m/z M' m/z (M' + 16) 

(9) 

(10) 

Thus, the regiochemistry of the (M-I ) species can be ascertained 
from the mass-to-charge ratio of the N2O reaction product. In-
gemann and Nibbering33 and Grabowski and co-workers34 have 
generated the (dimethylphosphinyl)methyl anion, Me2PCH2", by 
proton abstraction from trimethylphosphine by hydroxide ion. 
When the (dimethylphosphinyl)methyl anion was allowed to react 
with N2O, a diazotization product was formed: 

Me2PCH2- + N2O — Me2PCN2- + H2O (H) 

When we allowed the m/z 47 ion to react with N2O and 
monitored the reaction using pulsed ICR and Fourier transform 
mass spectrometry, we observed the formation of an ion of m/z 
63. This ion of m/z 63 was presumably MePHO~, which would 
be consistent with the identification of the m/z 47 ion as the 
methylphosphide ion, in analogy to eq 10. 

m/z 47 + N2O — Me2PHO- + N2 (12) 

If the m/z 47 ion was an a-phosphinyl carbanion, we expect that 
reaction with N2O would yield either H2PO" {m/z 49) or H2P-
CN2" (m/z 73), or both, in analogy with eq 9 and 11. However, 
only a small amount of the m/z 49 ion was observed, which we 
attribute to the reaction of N2O with PH2", which could not be 
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Figure 2. Photodetachment spectrum of cyclohexylphosphide anion. The 
arrow indicates the extrapolated onset. The bandwidth-corrected onset 
for photodetachment corresponds to 1202 ± 20 nm (23.8 ± 0.4 kcal/ 
mol). 
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Figure 3. Photodetachment spectrum of phenylphosphide anion. The 
arrow indicates the extrapolated onset. The bandwidth-corrected onset 
corresponds to 815 ± 20 nm (35.1 ± 0.9 kcal/mol). 

completely ejected from the ICR cell. We did not observe the 
m/z 73 ion. 

Electron Photodetachment Spectra and Electron Affinities. The 
electron photodetachment spectra obtained for the methyl
phosphide, cyclohexylphosphide, and phenylphosphide anions are 
shown in Figures 1, 2, and 3. AU three photodetachment spectra 
exhibit cross-section curves which are generally smooth in nature 
and are increasing functions of photon energy at threshold. 

The cross section at a particular wavelength is the sum of all 
allowed transitions from the ground state of the anion to various 
rotational, vibrational, and electronic states of the radical. 
Transitions to excited electronic states of the anion or radical 
appear as additional onsets (slope changes) superimposed on the 
rising cross-section background. The onset, or threshold, for 
photodetachment is the wavelength (energy) at which the cross 
section first rises from 0. This onset is generally assigned as the 
adiabatic electron affinity of the radical, presuming that the 
Franck-Condon factors for the v" = 0 -— v' = 0 transition are 
strong enough to be observed and that hot band transitions are 
unimportant. 

From the photodetachment spectrum of methylphopshide anion, 
MePH" (Figure 1), the onset for the methylphosphide anion was 
determined using two methods One method was a linear ex
trapolation of the data at threshold to zero cross section. The 
second method involved approximating the cross-section curve by 
a smoothed cubic spline49 determined from a least-squares analysis. 

(46) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levine, 
R. D.; Mallard, W. G. J. Chem. Phys. Ref. Data 1988, 17, (Suppl. 1). 

(47) Bierbaum, V. M.; DePuy, C. H.; Shapiro, R. H. J. Am. Chem. Soc. 
1977, 99, 5800. 

(48) Damrauer, R.; DePuy, C. H. Organometallics 1984, 3, 362. 

(49) For a discussion of the use of cubic spline functions and their deriv
atives in analyzing photodetachment spectra, see: (a) Janousek, B. K. Ph.D. 
Thesis, Stanford University, 1979, Chapter 2. (b) Janousek, B. K.; Zim
merman, A. H.; Reed, K. J.; Brauman, J. I. J. Am. Chem. Soc. 1978, 100, 
6142 and reference 24 therein. 
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Table I. Electron Affinities of Organophosphide Radicals" 
radical 

H p H « / 
MePH 
C-C6H11PH 
C6H5PH 

EA (RPH) 
29.3 ± 0.2 
21.6 ± 0.4 
23.8 ± 0.4 
35.1 ± 0.9 

Table II. Electron Affinities of First- and Second-Row Main-Group 
Hydrides and Methyl-Substituted Hydrides" 

"Values in kcal/mol. * All values from this work unless otherwise 
noted. 'Reference 17. dReference 51. 

The least-squares spline does not pass through all of the data 
points, but rather smooths the data by minimizing the difference 
between the data points and the smoothed spline function. The 
smoothed spline function was then differentiated to display slope 
changes in the cross-section curve. The extrapolation method and 
the differentiated spline method were in excellent agreement 
(values were within 2 nm (0.1 kcal/mol)), and the onset was 
assigned as 1342 ± 20 nm, based on the results from the dif
ferentiated spline method (arrow in Figure 1). To correct for the 
bandwidth of the monochromator (20 nm fwhm), the fwhm 
bandwidth was subtracted50 from the observed onset, yielding a 
bandwidth-corrected onset of 1322 ± 20 nm. The electron affinity 
of the methylphosphide radical was assigned from the band
width-corrected onset as 21.6 ± 0.4 kcal/mol. The photode-
tachment spectrum for methylphosphide anion rises very sharply 
in the threshold region and reaches a plateau approximately 300 
nm (0.26 eV) above threshold. In some regions of the methyl
phosphide photodetachment spectrum, particularly at 900-1200 
nm, power spikes in the arc lamp output and the instability of the 
ion signal at these wavelengths make the data particularly noisy. 
The dips and peaks apparent in the cross section in these regions 
were not reproducible from run to run and have no physical 
significance. 

Figure 2 shows the photodetachment spectrum obtained for the 
cyclohexylphosphide ion, C-C6H11PH". The photodetachment onset 
was obtained using a linear extrapolation of the data to zero cross 
section and a differentiated smoothed spline function, as described 
above. The values generated using these two methods were within 
7 nm (0.1 kcal/mol) of each other. The onset was ultimately 
assigned on the basis of the differentiated spline method, yielding 
an onset of 1222 ± 20 nm (arrow in Figure 2). After correction 
for the monochromator bandwidth (20 nm fwhm), the onset was 
assigned as 1202 ± 20 nm, corresponding to an electron affinity 
of 23.8 ± 0.4 kcal/mol. The cross-section curve for the cyclo
hexylphosphide anion rises slowly in the threshold region, in 
contrast to the sharply rising curve exhibited by the methyl
phosphide anion. The observed changes in the threshold region 
were completely reproducible; the measurement of the cross section 
at shorter wavelength, however, was rather noisy, because the 
xenon lamp output has a spiky wavelength dependence in this 
region. Consequently, we have not presented the data from the 
higher-energy regime. 

The electron photodetachment spectrum for phenylphosphide 
ion is shown in Figure 3. The onset for photodetachment was 
determined from the linear extrapolation and differentiated spline 
methods. The onsets extracted using these two analyses were 
within 5 nm (0.2 kcal/mol). The results from the latter method 
yielded an onset of 835 ± 20 nm (arrow in Figure 3). The 
bandwidth-corrected onset for phenylphosphide anion was assigned 
as 815 ± 20 nm, resulting in an electron affinity of 35.1 ± 0.9 
kcal/mol for the phenylphosphide radical. The cross-section curve 
for phenylphosphide anion, in contrast to that of the methyl
phosphide anion, is slowly rising in the threshold region. Also, 
in contrast to the methylphosphide photodetachment spectrum, 
the phenylphosphide spectrum does not exhibit a plateau, but is 
strictly an increasing function of photon energy. 

The results of our electron affinity measurements for me
thylphosphide, cyclohexylphosphide, and phenylphosphide radicals 
are summarized in Table I. The electron affinity of phosphide 

(50) Smyth, K. C. Ph.D. Thesis, Stanford University, 1972, Chapter 3. 
(51) Zittel and Lineberger's electron affinity measurement is consistent 

with the low-resolution determination of 28.8 + 0.7 kcal/mol. See ref 18. 

CH3 1.8 ± 0.7» NH2 

MeCH2 -6.4*1.0* MeNH 
SiH3 32.4 ± 0.3* PH2 

MeSiH2 27.5 ± 0.8' MePH 

17.8 ±0 .1 ' OH 41.1 ±0 .1 ' 
13.1 ±3.51<> MeO 36.2 ± 0.5* 

29.3 ± 0.2> 
21.6 ±0.4* 

SH 
MeS 

53.4 ±0.1 ' 
43.2 ± 0.25"" 

"All values in kcal/mol. 'Reference 54. cReference 1. dReference 
6. See also ref 4. 'Reference 5. 'References. * Reference 9. See 
also ref 10. 'Reference 55. See also ref 13. 'Reference 13. 
•'Reference 17. See also ref 18. *This work. 'Reference 24. 
"•Reference 27. See also refs 9, 25, and 26. 

radical is included for comparison. 
Replacement of hydrogen by a methyl group in the phosphide 

radical lowers the electron affinity by almost 8 kcal/mol. Re
placement of hydrogen by a cyclohexyl group also causes a de
crease in the electron affinity of the phosphide radical, although 
smaller, roughly 6 kcal/mol. In contrast to the effect of alkyl 
substitution, substitution of a hydrogen by a phenyl group raises 
the electron affinity of the phosphide radical by approximately 
6 kcal/mol. 

Acidity-Bracketing Experiments and the Gas-Phase Acidity. 
MePH2 reacts with P to give the proton transfer product, MePH", 
eq 13. In the reaction of MePH2, CF2HCH2OH, and their 

P + MePH2 ^ HF + MePH" (13) 

conjugate bases, only proton transfer from CF2HCH2OH to 
MePH" was observed, eq 14. 

CF2HCH2OH + MePH" ;£ : CF2HCH2O" + MePH2 (14) 

We also observed that MePH" would deprotonate methyl vinyl 
ketone and acetaldehyde, both of which are slightly more acidic 
than CF2HCH2OH. In addition, we were able to observe a small 
conversion of MePH" to PH2", suggesting that MePH2 and PH3 

have comparable acidities. The presence of phosphine in the 
methylphosphine sample should not have any effect in the con
clusions drawn from these bracketing reactions. From these 
reactions, it was determined that methylphosphide is more acidic 
than46 HF (AJ7°acid(HF) = 371.0 ± 0.3 kcal/mol), but is less 
acidic than46 CF2HCH2OH (A#°acid(CF2HCH2OH) = 366.4 ± 
2.9 kcal/mol). The acidity of methylphosphine was thus assigned 
as lying between the 366.4 ± 2.9 kcal/mol and 371.0 ± 0.3 
kcal/mol. Proton-transfer equilibria are controlled by free energy 
rather than enthalpy changes. The reference acids used here have 
entropies of dissociation which differ from that of MePH2 due 
to the number of acidic protons and changes in rotational entropy. 
Nevertheless, the energy spacing of the reference acids allows only 
for relatively crude bracketing, and we have used the energy 
requirement AH" < 0 for reaction to occur. 

Comparison of our bracketed acidity of methylphosphine with 
the measured acidity for phosphine46 (A#0

aCid(PH3) = 370.9 ± 
2.0 kcal/mol) reveals that methylphosphine is comparable in 
acidity to phosphine. This result is in contrast to theoretical 
work35"37 which predicts that methylphosphine is roughly 7 
kcal/mol less acidic than phosphine. If that were true, then P 
would not be capable of deprotonating MePH2. 

Derivation of Bond Dissociation Energies. The hydride ho-
molytic bond dissociation energy, D"(R-H), can be derived via 
a thermochemical cycle52 using the electron affinity of the radical, 
EA(R*); the hydride gas-phase acidity, AJ/°add(R-H); and the 
ionization potential of hydrogen, IP(H'): 

D°(R-H) = A/Pac id(R-H) + EA(R-) - IP(H') (15) 

We employed this thermochemical cycle to extract the 
bracketed P-H bond dissociation energy in methylphosphine using 
our bracketed P-H acidity of 366.4 ± 2.9 kcal/mol to 371.0 ± 
0.3 kcal/mol for methylphosphine; our measured electron affinity 
of 21.6 ± 0.4 kcal/mol, for methylphosphide radical; and the 
ionization potential53 of H', 313.6 kcal/mol. Our derived P-H 

(52) Drzaic, P. S.; Marks, J.; Brauman, J. I. In Gas Phase Ion Chemistry; 
Bowers, M. T„ Ed.; Academic Press: Orlando, FL, 1984; Vol. 3. 
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Tabic III. Bond Dissociation Energies [C(R-H)) of First- and Second-Row Main-Group Hydrides and Methyl-Substituted Hydrides" 
CH3-H 
MeCH2-H 

SiH3-H 
MeSiH2-H 

104.8 ± 1.0* 
100.1 ± 1.0* 
91.6 ± 2» 
92.2 ± 3» 

NH2-H 
MeNH-H 
PH2-H 
MePH-H 

107.4 ± 1.1« 
100.0 ± 2.Sd 

83.9 ± 3' 
74.4-79.(C 

OH-H 
MeO-H 

SH-H 
MeS-H 

119' 
104.4 ± l.f/ 
91.1 ± 0.2' 
87.0 ± 2.2' 

"All values in kcal mol. ''Reference 1. 'Reference 61. 'Reference 6: 
'Reference 19. See also ref 20. 'This work. 'Reference 65. 

J 8 -
- 8 

- I -
H3C- -XH„ 

H3C-XHn" 

Figure 4. Schematic molecular orbital diagram of hyperconjugative 
interactions with a methyl substituent. In the neutral radical only three 
electrons are involved, so the HOMO would be singly occupied. 

bond dissociation energy in methylphosphine lies between 74.4 
± 3.0 kcal/mol and 79.0 ± 0.6 kcal/mol. 

Discussion 
Alkyl Substitution and Electron Affinities. Electron affinities 

for the first- and second-row main-group radicals and methyl-
substituted radicals are shown in Table II. Replacement of a 
hydrogen by a methyl group always lowers the electron affinity. 
The magnitude of this effect is similar for all the first- and sec
ond-row radicals: the electron affinity is lowered by approximately 
5-10 kcal/mol upon replacement of a hydrogen by a methyl group. 

The observed decrease in the electron affinity could be a con
sequence of destabilization of the anion upon methyl substitution, 
as proposed for the decreased electron affinities of methoxyl,10 

methylsilyl,13'4 thiomethoxyl,26-27 and ethyl.1 Theoretical studies56 

predict that replacement of a hydrogen by a methyl group lowers 
the stability of both silyl and alkyl anions, relative to the corre
sponding parent neutral acids. The inductive effect of a methyl 
group destabilizes the anionic center by electron release through 
the a framework, as suggested by Moran and Ellison27 for thio-
methoxide. Ab initio studies by Schleyer et al.5' using (3-21+G) 
diffuse functions indicate that first-row elements can destabilize 
anions through inductive effects. Anion destabilization can also 
occur through hyperconjugative interactions.58 Figure 4 shows 
a schematic molecular orbital diagram for the interaction of a 
methyl group fragment with a XH, fragment. In the case of the 
anion, this is a four-electron interaction and is net destabilizing. 
Hyperconjugative interactions of the type shown in Figure 4 have 
been proposed to account for the decreased stability of methyl-
substituted main-group hydride anions, such as oxygen-,10 silicon-,13 

and sulfur-centered26 anions. 

In addition to destabilization of the anion, stabilization of the 
radical upon methyl substitution by inductive effects and hy-
perconjugation can also contribute to the lowering of the electron 
affinity, as discussed by DePuy and co-workers for the electron 
affinities of alkyl radicals,1 and by Brauman et al. in studies of 
alkoxides10 and mercaptides.26 Hyperconjugation58 in the radical 

(53) Stull, D. R.; Prophet, H.. Eds. JANAF Thermochemical Table, Na
tional Standard Reference Data Series, National Bureau of Standards; 
NSRDS-NBS 37; U.S. Government Printing Office: Washington, DC, 1971. 

(54) Ellison, G. B.; Engelking, P. C; Lineberger. VV. C. J. Am. Chem. Soc. 
1978, 100. 2556. 

(55) Nimlos, M. R.; Ellison, G. B. J. Am. Chem. Soc. 1986, 108, 6522. 
(56) Hopkinson, A. C: Lien, M. H. J. Org. Chem. 1981. 46. 998. 
(57) Spitznagel, G. W.; Clark, T; Chandrasekhar, J.; Schleyer, P. v. R. 

J. Comput. Chem. 1982. 3. 363. 
(58) For a description of anion destabilization and radical stabilization by 

hyperconjugation. see: Schleyer. P. v. R.; Kos, A. J. Tetrahedron 1983. 39. 
1141. 

'Reference 63. •'Reference 64. 'Reference 13. See also ref 15. 

involves only three electrons (Figure 4), and the interaction is 
stabilizing. Thus, destabilizing hyperconjugative interactions in 
the anion and stabilizing hyperconjugative interactions in the 
radical may contribute in varying degrees to the observed lowering 
of the electron affinity upon methyl substitution in main-group 
hydrides. In light of the varying magnitude of these factors, it 
is interesting that the size of this effect is so similar among these 
species. 

A second trend is that the electron affinities for both hydrides 
and the methyl-substituted hydrides are always greater for the 
second-row species relative to the first-row. The larger size of 
the valence orbitals of the second-row species compared to those 
of the first-row species results in diminished electron repulsion 
with the core electrons, so that these anions are stabilized relative 
to their first-row counterparts and have a larger electron affinity. 
Moran and Ellison27 comment on this in explaining the higher 
electron affinity of HS" compared to HO*. In addition, the 
enhanced polarizability of the second-row species allows them to 
accommodate charge better, relative to the first-row species. The 
larger size and greater polarizability of the second-row species 
also result in a reduced electron repulsion among the valence 
electrons. In the case of carbon and silicon, hybridization di
fferences may also contribute to the larger electron affinity of the 
second-row species. In the methyl anion, the nonbonding electrons 
are in an orbital of almost pure p character. In contrast, the 
nonbonding electrons in silicon are in an orbital with substantial 
s character and are therefore held more tightly. This is evidenced 
by examining the H-Si-H bond angles of the silyl anion, which 
have been calculated59 to be 97°. Since the nonbonding electrons 
are held more tightly in silyl anions, these anions are more stable 
relative to the carbanions.13-60 

A third trend in Table II is that the electron affinities increase 
in going across a row both for the hydrides and for the methyl 
hydrides.22 The electron affinities (and electronegativities) in
crease, in part, because of increasing nuclear charge which is not 
fully screened. The only exception to this trend occurs with silicon, 
which appears to have an anomalously high electron affinity. In 
the silyl anion, the increased s character of the nonbonding orbital 
causes the "extra" electron to be held more tightly compared with 
those anions in which the nonbonding electrons are in an orbital 
with primarily (or exclusively, for symmetry reasons) p charac
ter13,36 (see above). In addition, silicon is unusual because its 
electronegativity is lower than that of hydrogen. In this case, we 
might expect the Si-H bonds to be polarized away from silicon, 
thereby allowing silicon to diffuse the negative charge in the anion 
by donation to the hydrogens, which would stabilize the silicon 
anion relative to the radical. 

Alkyl Substitution and Bond Dissociation Energies. Table III 
presents the bond dissociation energies ( C ( R - H ) ) for the first-
and second-row main-group hydrides and methyl-substituted 
hydrides. 

Substitution of a methyl group for hydrogen lowers the X-H 
bond dissociation energy in all the first- and second-row hydrides 
except silicon, which has an X-H bond energy unaffected by the 

(59) Eades, R. A.; Dixon, D. A. J. Chem. Phys. 1980, 72, 3309. 
(60) Reed, K. J.; Brauman, J. I. J. Chem. Phys. 1974, 61. 4830. 
(61) DeFrees. D. J.; Hehre. W. J.; Mclvcr. R. T.. Jr.; McDaniel, D. H. 

J. Phys. Chem. 1979, 83. 232. 
(62) Golden, D. M.; Solly, R. K.; Gac, N. A.; Benson, S. W. J. Am. Chem. 

Soc. 1972, 94. 363. 
(63) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. 

D.; Mallard, W. G. /. Phys. Chem. Ref. Data 1988, /7 (Suppl. 1). 
(64) Batt, L.; Christie. K.; Milne. R. T.: Summers. A. J. Int. J. Chem. 

Kinet. 1974, 6, 877. 
(65) Shum. L. G. S.; Benson, S. W. Int. J. Chem. Kinet. 1983. 15, 433. 
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Table IV. Gas-Phase Acidities [Ai/°aci(i(R-H)] of First- and Second-Row Main-Group Hydrides and Methyl-Substituted Hydrides" 

CH3-H 
MeCH2-H 

SiH3-H 
MeSiH2-H 

416.6 ± 1.0* 
420.1 ± 1.0* 

372.8 ± 2' 
378.3 ± y 

NH2-H 
MeNH-H 

PH2-H 
MePH-H 

403.6 ± 0.8' 
403.2 ± 1.2' 

370.9 ± 2.0« 
364.4-371.5* 

OH-H 
MeO-H 
SH-H 
MeS-H 

390.7 ± 0.1'' 
380.6 ± 2.1' 

351.2 ±2.1' ' 
356.9 ± 2.9^ 

"All values in kcal/mol. 'Reference 1. 
See also refs 22 and 23. *This work. 

'Reference 5. ''Reference 46. 'Reference 13. See also refs 46 and 55. -^Reference 13. «Reference 63. 

introduction of a methyl substituent. The lower bond dissociation 
energy suggests that methyl substitution stabilizes the radicals. 
The stabilizing effect of alkyl groups on radicals has been proposed 
for carbon- and sulfur-centered radicals1'26,66,67 and includes in
ductive effects and hyperconjugative interactions, as discussed 
previously. The inductive effect results from electron release from 
the alkyl group, which stabilizes the electron-deficient radical 
moiety.27 

A second feature in Table III is that the bond energies in both 
the hydrides and methyl hydrides are always lower in the sec
ond-row species relative to their first-row counterparts. Sec
ond-row species are larger than their first-row congeners and thus 
have poorer overlap with the hydrogen Is orbital. In addition, 
the bond energies in the second-row compounds are lowered be
cause of the diminished electronegativity of the second-row ele
ments compared to the first-row elements. In general, the elements 
of the second row have electronegativities which are closer than 
those of the first-row species to the electronegativity of hydrogen. 
Consequently, the X-H bonds in the second-row compounds have 
a diminished polar contribution compared to those in the first-row. 
Since bond polarity increases the bond strength,68 the diminished 
ionic contribution in second-row hydrides lowers the bond strength. 
Schleyer and co-workers69 have used ab initio methods to show 
a strong correlation in silicon compounds between the strength 
of the bond and the electronegativity of the substituent: stronger 
bonds form with more electronegative substituent groups. The 
connection between these two properties has been attributed to 
the greater contributions from ionic structures of bonds to elec
tronegative groups, as suggested long ago by Pauling. 

Alkyl Substitution and Gas-Phase Acidities. The heterolytic 
enthalpies of dissociation, or gas-phase acidities, of the first- and 
second-row main-group hydrides and methyl hydrides are shown 
in Table IV. 

The first trend evident in the hydride acidities is that the acidity 
is enhanced proceeding across a row. This effect is due to the 
increasing electron affinities. Although the bond dissociation 
energies also increase (which decreases the acidity), the changes 
are not as great as the changes in the electron affinities22 and thus 
do not dominate the trend. 

Second, both X-H and methyl-substituted X-H second-row 
species are always more acidic than their first-row counterparts. 
The enhanced acidity of the second-row hydrides relative to the 
first-row hydrides is mostly a consequence of the lower bond 
energies,22 which in turn are a consequence of the poorer overlap 
involving the second-row heteroatom orbital (see above). 

No obvious trend in the hydride acidities is apparent upon 
replacement of a hydrogen by a methyl group. In the first row, 
the acidity decreases in methane with methyl substitution, remains 
unchanged in ammonia, and increases in water. In the second 
row, methyl substitution diminishes the acidity of silane and 
hydrogen sulfide. The acidity of methylphosphine is, within the 
bracketing limits, indistinguishable from that of phosphine. Thus, 
substitution of a methyl group for a hydrogen can either enhance 
or diminish the X-H acidity. This behavior of the acidity upon 

(66) Luria, M.; Benson, S. W. / . Am. Chem. Soc. 1975, 97, 3342. 
(67) March, J. Advanced Organic Chemistry; Wiley and Sons: New York, 

1985; Chapter 5. 
(68) Sanderson, R. T. Polar Covalence; Academic Press: New York, 1983; 

Chapter 3. 
(69) Luke, B. T.; Pople, J. A.; Krogh-Jespersen, M.; Apeloig, Y.; Chan-

drasekhar, J.; Schleyer, P. v. R. J. Am. Chem. Soc. 1986, 108, 260. 
(70) Leopold, D. G.; Murray, K. K.; Lineberger, W. C. In Experimentally 

Determined Electron Affinities; Travers, M. J., Ellison, G. B., Eds.; University 
of Colorado: Boulder, CO, 1989. 

Table V. Electron Affinities of First- and Second-Row Main-Group 
Hydrides and Phenyl-Substituted Hydrides" 

CH3 1.8 ± 0.7* NH2 17.8 ± 0 . 1 ' OH 41.1 ±0 .1 ' 
PhCH2 19.9 ± 0.3' PhNH 39.3 ± 0.7' PhO 52.4 ± 0.9^ 
SiH3 32.4 ± 0.3« PH2 29.3 ± 0.2' SH 53.4 ± 0.1* 
PhSiH2 33.1 ±0.1* PhPH 35.1 ± 0.» PhS <57.0 ± 1.4' 
"All values in kcal/mol. * Reference 54. ' Reference 3. 'Reference 

6. See also ref 4. 'Reference 8. ^Reference 70. 'Reference 55. See 
also ref 13. * Reference 13. 'Reference 17. See also ref 18. 'This 
work. * Reference 24. 'Reference 11. 

methyl substitution can be understood by viewing the acidity in 
terms of other relevant thermochemical parameters: the electron 
affinity and the bond dissociation energy. These three thermo
chemical quantities are related via the thermochemical cycle, eq 
15. A smaller bond energy or a higher electron affinity enhances 
the acidity. In the case of these hydrides, methyl substitution 
lowers the electron affinity by 5-10 kcal/mol (which has the effect 
of diminishing the acidity) and lowers the bond dissociation energy 
by 0-20 kcal/mol (which enhances the acidity). Since these two 
effects have opposing influences, the change in the acidity is not 
predictable a priori. 

Aryl Substitution and Electron Affinities. Table V summarizes 
the electron affinities of the first- and second-row main-group 
binary hydrides and phenyl-substituted hydrides. 

Replacement of a hydrogen by a phenyl group raises the electron 
affinity, in contrast to the effect of methyl substitution. The 
magnitude of the increase in the electron affinity by phenyl 
substitution varies from less than 1 kcal/mol to more than 20 
kcal/mol. Phenyl substitution can stabilize the radical by der
ealization of the unpaired electron into the phenyl ring,15 an effect 
which would decrease the electron affinity. The electron affinity 
can be increased, however, by stabilization of the anion by the 
phenyl substituent. The phenyl group can stabilize an anion both 
inductively and conjugatively, although the former mechanism 
appears to be less important.11,67,71 Delocalization of the non-
bonding electrons is believed to occur in phenoxide anion (PhO"),11 

thiophenoxide anion (PhS"),11 anilide anion (PhNH"),3 and benzyl 
anion (PhCH2").3 In contrast, the phenylsilyl anion (PhSiH2") 
shows very little, if any, delocalization.13,15 

Theoretical evidence has been provided for moderate conju
gation between the phosphorus atom and the phenyl ring in 
phenylphosphide anion. Magnusson's72 ab initio calculations using 
extended basis sets indicate that phenyl substituents gain electronic 
charge from phosphorus by conjugative transfer. Calculated bond 
orders72 show an increased ir-bond character upon deprotonation 
of phenylphosphine. NMR studies of compounds of the form 
RPH" indicate a moderate phosphorus-ring conjugation.73,74 

Batchelor and Birchall73 found evidence for considerable resonance 
delocalization in aniline (PhNH2) and diphenylamine (Ph2NH), 
but no similar effect in the neutral phosphorus congeners. Thus, 
in phenylphosphines considerable resonance delocalization occurs 
in the anions but is absent in the neutral parent conjugate acids. 

A second trend in Table V is that the effect of phenyl sub
stitution is much more pronounced in the case of the first-row 
species compared to the second-row species: the electron affinities 
of the first-row species are raised by roughly 10-20 kcal/mol by 
phenyl substitution, while in the corresponding second-row species 

(71) Jolly, W. H. Inorg. Chem. 1971, 10, 2364. 
(72) Magnusson, E. Phosphorus Sulfur 1986, 28, 379. 
(73) Batchelor, B.; Birchall, T. J. Am. Chem. Soc. 1982, 104, 674. 
(74) Grim, S. O.; Molenda, R. P. Phosphorus Relat. Group V Elem. 1974, 

4, 189. 
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the electron affinities are raised roughly from 1 to 6 kcal/mol. 
As perturbation arguments suggest, and as found in many other 
cases, increased stability (of the second-row anions) makes ad
ditional stabilization less important. The diminished phenyl-
substituent effect in the second-row species relative to the first-row 
species is also a consequence of the weaker interaction with the 
phenyl group which arises from the poor overlap of the 3p orbitals 
of the second-row elements with the 2p orbitals of the ring. The 
large differences in the effect of phenyl substitution in carbanions 
vs silyl anions has been attributed13 to energy mismatch and 
differences in orbital size, both of which contribute to less sta
bilization. 

Conclusions 
We have measured the electron affinities of alkyl- and aryl-

substituted phosphide radicals. We have also bracketed the P-H 

I. Introduction 
The energy separation between the lowest singlet and triplet 

states of diradical species is a subject of considerable interest. One 
of the most studied diradicals is tetramethyleneethane (TME).1"* 
The two frontier orbitals (HOMO and LUMO) of TME are 
degenerate in the Huckel MO approximation. One triplet and 
three singlet states result from the various possible ways of dis
tributing the two "frontier" electrons in these two orbitals. Of 
these four states, the two lowest in energy—the triplet state and 
one of the singlet states—are diradical in character.1 The most 
sophisticated ab initio calculations carried out to date on TME 
predict a singlet ground state, lying energetically about 1.5 
kcal/mol below the triplet state.2 On the other hand, an ESR 
spectrum determined from the photodecomposition products of 
an azo precursor has been attributed to the triplet state of TME,3 

which would seem to imply either that TME has a ground-state 
triplet or that the singlet-triplet gap is less than 0.2 kcal/mol. 

In theoretical studies of TME and other diradicals, it has been 
standard practice to optimize the geometry of the triplet (T) state 
by means of the restricted open-shell (ROHF) or unrestricted 
(UHF) Hartree-Fock methods and either to employ this geometry 
also for the singlet (S) state or to optimize the geometry of the 

(1) Borden, W. T.; Davidson, E. R. J. Am. Chem. Soc. 1977, 99, 4587. 
(2) Du, P.; Borden, W. T. J. Am. Chem. Soc. 1987, 109, 930. 
(3) Dowd, P. J. Am. Chem. Soc. 1970, 92, 1066. Dowd, P.; Chang, W.; 

Paik, Y. H. J. Am. Chem. Soc. 1986, 108, 7416. 
(4) Borden, W. T. In Diradicals; Borden, W. T., Ed.; Wiley-Interscience: 

New York, 1982; pp 1-72. 
(5) Borden, W. T.; Davidson, E. R.; Feller, D. Tetrahedron 1982, 38, 737. 

Lahti, P. M.; Rossi, A.; Berson, J. A. /. Am. Chem. Soc. 1985, 107, 4362. 
(6) Du, P.; Hrovat, D. A.; Borden, W. T.; Lahti, P. M.; Rossi, A. R.; 

Berson, J. A. J. Am. Chem. Soc. 1986, 108, 5072. 

acidity and derived the bracketed P-H bond energy for meth-
ylphosphine. Our data extend the existing thermochemical lit
erature addressing substituent effects in the first- and second-row 
main-group hydrides. We find that replacement of a hydrogen 
by a methyl group always lowers the electron affinity of the 
hydride radical by 5-10 kcal/mol; that the hydride bond energies 
are always lowered upon methyl substitution, except in the case 
of silane (which remains unaffected); and that the second-row 
species are always more acidic than their first-row counterparts. 
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singlet state by means of the two-configurational SCF (TCSCF) 
procedure. (A wave function with a minimum of two Slater 
determinants is required to describe the singlet diradical.4) Al
though, it has been noted that the UHF and TCSCF procedures 
may prove inadequate for describing the geometries of diradicals,5 

electron correlation effects have generally been included at the 
Hartree-Fock or TCSCF optimized geometries (see, for example, 
ref 6). It is possible that geometry optimizations carried out using 
the multiconfigurational self-consistent field (MCSCF) method 
could lead to significantly different geometries, which, in turn, 
could cause an appreciable change in the singlet-triplet gap. In 
this paper we present the results of MCSCF calculations on the 
lowest singlet and triplet states of TME. Geometry optimizations 
were carried out with different choices of active orbital spaces 
and configuration lists in order to gain a more detailed under
standing of the importance of electron correlation effects on the 
geometries and on the singlet-triplet gap. 

II. Computational Methodology 
The geometries were optimized for structures of D2/,, D2J, and D2 

symmetry. Two different active orbital spaces were used in the geometry 
optimizations carried out using the MSCSF method. The smaller of 
these has two active electrons in two active orbitals, the HOMO and 
LUMO, and the larger has six active electrons in six active orbitals, the 
six valence x and x* orbitals. Hereafter, these two procedures are re
ferred to as MCSCF(2,2) and MCSCF(6,6), where the first number 
refers to the number of active electrons and the second to the number 
of active orbitals. For the singlet state, the MCSCF(2,2) and TCSCF 
procedures are equivalent, while for the triplet state, the MCSCF(2,2) 
and ROHF procedures are equivalent. The geometry of the triplet state 
was also optimized in the UHF approximation. 

The MCSCF(6,6) procedure includes all symmetry-allowed configu
rations in the six orbital active space. The geometry of the singlet state 
has also been optimized by means of the MCSCF(6,6)SD procedure, 
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Abstract: The geometry of the lowest energy singlet and triplet states of tetramethyleneethane have been optimized by means 
of the UHF, ROHF, and MCSCF methods, in order to obtain a better understanding of the importance of electron correlation 
for the geometries and the singlet-triplet gap. At the MCSCF(6,6)/DZP level of theory, both the singlet and triplet states 
are predicted to have D2 structures, with the ground state being the singlet and the triplet state lying 1.36 kcal/mol higher 
in energy. 
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