
 

Topochemistry in formation and reactivity of phosphorus-
centered radicals : a combined ESR and theoretical study
Citation for published version (APA):
Aagaard, O. M. (1991). Topochemistry in formation and reactivity of phosphorus-centered radicals : a combined
ESR and theoretical study. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering and
Chemistry]. Technische Universiteit Eindhoven. https://doi.org/10.6100/IR353328

DOI:
10.6100/IR353328

Document status and date:
Published: 01/01/1991

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.6100/IR353328
https://doi.org/10.6100/IR353328
https://research.tue.nl/en/publications/63d99436-df4d-43ed-a32f-fd76e5cea231


Topochemistry m Formation and· Reactivity 

of Phosphorus-Centered Radicals 

A Combined ESR and Theoretica} Study 

O.M. Aagaard 



Topochemistry in Formation and Reactivity 

of Phosphorus-Centered Radicals 

A Combined ESR and Theoretica! Study 

Proefschrift 

ter verkrijging van de graad van doctor aan de 

Technische Universiteit Eindhoven, op gezag van 

de Rector Magnificus, prof. dr. J.H. van Lint, voor 

een commissie aangewezen door het College 

van Dekanen in het openbaar te verdedigen op 

vrijdag 21 juni 1991 om 16.00 uur 

door 

Olav Marcus Aagaard 
geboren te Hilversum 

druk: wibro dissertatiedrukkerij, helmcnd. 



Dit proefschrift is goedgekeurd door de promotoren: 

prof. dr. J.B.F.N. Engberts 
en 
prof. dr. R.A. van Santen 

Copromotor: dr. ir. R.A.J. Janssen 

The work described in this thesis has been supported by the Nether
lands Foundation for Chemica! Research (SON) with financial aid from 
the Netherlands Organization for Scientific Research (NWO). 



1{ ~ 
I( ~ 



Contents 

1 Introduetion 
1.1 General introduetion . . . . . . . . . . . . 
1.2 Strueture of phosphorus-centered radicals . 
1.3 Theory of ESR . . . 
1.4 Speetral analysis . . 
1.5 Outline of the thesis 
Relerences . . . . . . . . . 

2 Topochemically-directed radical formation I 
2.1 Introduetion ......... . 
2.2 Experimental . . . . . . .. . 

2.2.1 X irradiation and ESR 
2.2.2 Synthesis . . . . .. . 

2.3 Results and assignment ... . 
2.3.1 Radical formation in the pure compounds 
2.3.2 Single-crystal ESR analysis . . . . 
2.3.3 Matrix analysis . . . . . . . . . . . 
2.3.4 Radical formation in a host matrix 

2.4 Discussion 
Relerences . . . . . . . . . . . . . . . . . . . . . 

1 
1 
2 
5 
8 
9 

11 

13 
14 
15 
15 
15 
16 
16 
18 
22 
25 
26 
31 

3 Topochemically-directed radical formation II 33 
3.1 Introduetion . . . . . . . . . . . . . . . 34 
3.2 Experimental . . . . . . . . . . . . . . . . 37 

3.2.1 X-ray erystal structure analysis . . 37 
3.2.2 Van der Waals energy calculations . 38 
3.2.3 Synthesis . . · . . . . . . . . . . . . 38 

3.3 Results and assignment . . . . . . . . . . . 40 
3.3.1 meso-1 ,2-Dimethyl-1,2-diethyldiphosphine disulfide 40 
3.3.2 rac-1,2-Dimethyl-1,2-diethyldiphosphine disulfide . 45 
3.3.3 meso-1 ,2-Dimethyl-I ,2-di-t-butyldiphosphine di sulfide 45 
3.3.4 rac-1 ,2-Dimethyl-1,2-di-t-butyldiphosphine disulfide 49 
3.3.5 meso-1 ,2-Dimethyl-1,2-di-p-tolyldiphosphine disulfide 55 
3.3.6 rac-1 ,2-Dimethyl-1 ,2-di-p-tolyldiphosphine disulfide 57 
3.3.7 meso-1,2-Dibenzyl-1,2-diphenyldiphosphine disulfide 58 



ii Contents 

3.3.8 rac-1,2-Dibenzyl-1,2-diphenyldiphosphine disulfide . 61 
3.3.9 1-Methyl-1,2,2-triphenyldiphosphine disulfide. . 62 
3.3.10 1,1-Dimethyl-2,2-diphenyldiphosphine disulfide . 67 

3.4 Discussion 68 
References . . . . . . . . . . . . . . . . . . . . . . . . 7 4 

4 Topochemically-directed radical formation lil 79 
4.1 Introduetion . . . 80 
4.2 Experimental . . . . . . . . . . . . . . . 81 

4.2.1 Synthesis . . . . . . . . . . . . . 82 
4.2.2 Determination of the crystal axes 83 

4.3 Results and assignment . . . . . . . . . . 83 
4.3.1 Single-crystal ESR analysis . . . 86 
4.3.2 Temperature dependenee and secondary radicals . 89 
4.3.3 Frozen solution . . . 92 
4.3.4 Directional analysis ........ . 
4.3.5 Electronic structure ........ . 
4.3.6 Van der Waals energy calculations . 

4.4 Condusion . 
References ................. . 

5 Two-center three-electron u• bonds I 
5.1 Introduetion ...... . 
5.2 Experimental ..... . 
5.3 Results and assignment . 
5.4 Condusion . 
References . . . . . . . . . . . 

6 Two-center three-electron u* bonds 11 
6.1 Introduetion ...... . 
6.2 Results and assignment ........ . 

6.2.1 Experimental . . . . . . . . . . . . . ..... 
6.2.2 The Me2S+ and Me2S..:... SMef radical cations . 
6.2.3 The Cl3P+ radical cation .... 
6.2.4 The ChP and Cl4P radicals . . 
6.2.5 The Cl3P..:... PClt radical cation 
6.2.6 The Cl3P..:.. SMef radical cation 
6.2.7 The "X" radical ........ . 
6.2.8 The C}aP(SMe2)f'radical cation . 

6.3 Quanturn chemical calculations ..... 
. . + 

6.3.1 H2S+ + H2S ~ H2S-SH2 •••• 

92 
96 

102 
106 
106 

111 
112 
113 
113 
117 
118 

121 
122 
123 
123 
124 
125 
127 
127 
129 
131 
133 
135 
136 



Contents 

. . + 
6.3.2 Me2S+ + Me2S -+ Me2S-SMe2 ••••••••• 

. . + 
6.3.3 ClaP+ + ClaP -+ ClaP-PC13 ••••.••••• 

6.3.4 ClsP + H2S+ -+ ClsP..:..SHt +- ClaP+ + H2S . 
6.3.5 TBP-e Cl4P . . . . . . . . . . ......... . 
6.3.6 Attempts to calculate the structure "X" ... . 

. + ( )+· 6.3.7 ClaP + H2S-SH2 -+ ClaP SH2 2 ...... . 
6.4 Discussion . . . . . . . . . ..... . 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

7 Two-center three-electron u* honds 111 
7.1 Introduetion . . . . . . . . . . . 
7.2 Methods . . . . . . . . . . . . . . . 

7.2.1 X irradiation and ESR ... 
7.2.2 Powder pattern simulation . 
7 .2.3 NMR conformational analysis . . . 
7.2.4 Computational details ...... . 

7.3 Results and discussion .......... . 
7.3.1 Bis(diphenylphosphino)methane .. 
7 .3.2 cis-I ,2-Bis( diphenylphosphino )et bene . . . . . . 
7 .3.3 trans-! ,2-Bis( diphenylphosphino )ethene . . 
7.3.4 DIPHOS . . . . . . . . . . ... . 
7.3.5 (R)-PROPHOS .......... . 
7.3.6 (S,S)-CHIRAPHOS ........ . 
7.3.7 Bis(diphenylphosphino)acetylene . 
7 .3.8 TRIPHOS . . . . . . . . . . . . . . 
7 .3.9 1,3-Bis( diphenylphosphino )propane 
7.3.10 1,4-Bis(diphenylphosphino)butane. 
7.3.11 (R)-(+)-BINAP .......... . 
7.3.12 (-)-DIOP ............. . 
7 .3.13 1,5-Bis( diphenylphosphino )pentane 
7.3.14 1,6-Bis(diphenylphosphino)hexane . 

7.4 Condusion . 
References . 

Summary 

Samenvatting 

Curriculum vitae 

iii 

138 
141 
143 
143 
144 
145 
147 
149 

153 
154 
155 
155 
155 
157 
158 
159 
159 
163 
166 
167 
169 
169 
169 
170 
171 
171 
172 
173 
173 
173 
173 
175 

177 

180 

183 



Chapter 1 

Introduetion 

1.1 General introduetion 

In the past decades, the radiochemistry of organophosphorus compounds 
has received considerable attention.l The phosphorus-centered radicals, 
formed in the radiation process, are of special interest because of their 
diverse structural and dynamic properties, and their possible relevanee to 
radiation damage in biochemical systems. 2 

The structure and reactivity of phosphorus-centered radicals can be 
monitored via their electron and nuclear spins. Using electron spin res
onance (ESR) spectroscopy, the interactions between bath spins and an 
exterior magnetic field, and the electron-nuclear interaction, can be quan
tified. The magnitude of these interactions are expressed by the spin
Hamiltonian parameters, which can be extracted from ESR spectra. They 
yield valuable information concerning the electronic spin-density distribu
tion in the radical, and can thereby describe the appearance of the singly 
occupied molecular orbital (SOMO}. 

Creation of radicals in salution or in rotator solids results in isotropie 
ESR spectra because of averaging by rapid isotropie motions of the radi
caL Such spectra give quantitative information on the radical species and 
are usually easy to interpret. However, little structura.l data concerning 
the SOMO of the radical can he extracted. In rigid media, anisatrapie 
ESR spectra. are observed. Anisotropy leads to a rapid increase of the 
complexity of the spectra, but, when unra.velled, such spectra lead to a 
detailed characterization of the distribution of the odd electron in the rad
ical. Finally, the use of the single-crystal ESR technique, in combination 
with X-ray crystallographic analysis of the radical precursor, provides the 
directions of the atomie contributions to the SOMO, thus leading to a 
profound insight in the radical structure. 

The radiogenie behavior of a molecule AB is depicted in Figure 1.1. 
Î> X, or UV laser irradiation leads to an indiscriminate ionization of the 
exposed molecules. 3 Subsequently, the ejected electrans are promoted to 
the conduction band, resulting in considerable delocalization. The elec
trans can he stabilized by physical trapping or by electron capture. The 

1 
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[A-B r • return 
A• •B 

homolysis 

~ 
X rays I -·- A"-W+ + A-B e 

AB 

• 
[ A"-B r 
e- capture 

A • B- -....------' 

dissociative e- capture 

Figure 1.1. Radiogenie behavior of a molecule AB. 

lack of eflicient trapping may lead to return to the parent radical cation 
which usually results in an electronically and vibra.tionally excited state of 
the parent molecule. Simila.r to normal photolysis, such an excited state 
undergoes homolysis rather than returning to the ground state. 

Electron-loss centers (holes) can be stabilized by geometry relaxation, 
or by bond-makingor bond-breaking processes. Any of these changes will 
prevent movement of the hole through the lattice via electron transfer. 
If an effective trapping of the cation is achieved, ESR detection is feasi
hle. Electron capture of the ejected electron willlead to detectahle radical 
anions, provided that the resulting geometry relaxation is fast. Geome
try rela.xation can take the form of hond stretching or bending, or hond 
breaking (dissociative electron capture). The radical anion species will 
eventually expel the captured electron, thereby returning to the ground 
state of the parent molecule. 

1.2 Structure of phosphorus-centered radicals 

Our research has been focussed on the formation and reactivity of radical 
cations and radical anions of orga.nophosphorus compounds. Phosphorus
centered ra.dica.l cations ca.n rea.dily be obta.ined via X irradia.tion of tri-
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coordinated phosphorus compounds dissolved in halocarbon matrices.4b 
The high ionization potential of the halocarbon molecules leads to an ef
ficient trapping of the substrate cation via inhibition of further electron 
transfer. The following reaction scheme has frequently been invoked to 
explain the radical products from a substrate (S) in a CFC13 (freon-U) 
matrix. 3c,4b 

CFC~ 
Xf'a'll• 
---+ CFClt" +e-

CFCls +e-
e-coph.in 

CF Cl;· 

CFC13 + CFClt" e-t~/ef' 
CFClt· + CFCls 

CFClt" +S 
tf'apping 

CFC13 + s+· 

The trapped radical cation s+· can subsequently he detected by ESR. 
In concentrated solutions or upon warming of the sample, the cation s+· 
can react with a {ree-electron pair of another molecule in the matrix, 
leading to homo or hetero associates. The addition of a radical cation 
to a free-electron pair provides an opportunity to study two-center three
electron honds ( q* honds ).4b In such a bond the odd electron resides in the 
antibonding u* orbital. The net effect is that only one bonding electron 
remains, resulting in an elongation of the linkage. A u* bond can also 
be obtained via electron capture of an existing phosphorus-ligand linkage. 
An increased interest for u* honds, both experimentally and theoretically, 
is noted in literature. 4 Three-electron honds play an important role in 
radical chemistry and in many gas-phase processes involving radical ions. 
Nevertheless, yet little is known about these odd-electron u* honds. The 
formation and stability of u* honds, containing at least one phoshorus 
atom, is therefore a main theme throughout this thesis. Both in single 
crystals and in frozen solutions, generation of u* p..:..x honds has been 
investigated (X= P, S, Cl). Especially the creation via reactive radical 
cations has provided a profound insight in factors governing the formation 
process. 

lrradiation of pure materials can lead to formation of both radical 
cations and anions from a single radical precursor. X irradiation of tetra
coordinated organophosphorus compounds frequently results in the for
mation of phosphoranyl radical species. The odd electron can he accom
modated in various geometrie and electronic configurations. For instance, 
the abovementioned q* configuration can he formed after electron cap
ture, preserving the tetrabedral geometry. Alternatively, the phosphorus 
atom can adopt a trigonal bipyramidal (TBP) structure with the odd elec
tron located at a vacant equatorial (TBP-e) or axial position (TBP-a). In 
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-- --
TBP-e TB P-a. 

Figure 1.2. Phosphoranyl radica.l structures. 

Figure 1.2 va.rious configurations are depicted. In general, these radical 
configurations are interconvertible and a continuurn of intermediate struc
tui'es between u* , TBP-e, and TBP-a exists. 

Based on several single-crystal ESR studies it has been concl~ded that 
the choice for a certain phosphoranyl configuration depends on the type of 
ligands surrounding the phosphorus nucleus. Likewise it has been shown 
that P-substituent bond energy and electron affinity of the ligands are key 
factors governing phosphoranyl radical formation. The latter is especially 
relevant to the magnitude of the 31 P hyperfine interaction. 

Only recently we observed that the microenvironment of the precur
sor has a great infiuence on the formation of radiogenie radicals. 5 In this 
respect a close parallel can he drawn with solid-state photochemical re
actions of organic substances.6 In single crystals, the radical precursor 
is tightly encapsulated by neighboring molecules. Therefore, excessive 
geometry changes during the reaction are hampered, and consequently 
the reaction pathways are enforced. In this thesis the envirqnmental 
control on radiogenie reactions is envisaged more extensively. We show 
that various principles, such as topochemical control, reaction cavity, and 
intermolecular-directed reactivity, originating from solid-state photochem
istry, also apply to solid-state radiochemistry. As will he shown through
out this thesis, the formation of radical anions in single crystals is do
minated by intermolecular steric interactions. Obstruction of the thermo
dynamically most favorable configuration can result in alternative radical 
structures. In addition we will show that chiral induction from the crys
tal environment can lead to enantioselectivity in solid-state radiochemical 
reactions. 

Besides experimental detection by ESR, we employ ah initio quanturn 
chemical calculations to gain insight into the geometry and stability of 
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the radical species. In addition, the spin-Hamiltonian parameters can he 
computed from the resulting wave function. Furthermore, we investigate 
the reaction pathways accessible for an initial radical state in its single
crystal surroundings. The intermolecular interactions, encountered upon 
geometry relaxation of the initial radical configuration, are monitored by 
calculating the change of van der Waalsenergyin the crystallattice. 

1.3 Theory of ESR 

This section briefly outlines the theoretica! principles which underlay ex
perimental ESR detection. The interactions of the electron and nuclear 
spins are described by the spin Hamiltonian. The general spin Hamilto
nian for an electronic spin S=i, coupled to nuclear spins~. in an exterior 
magnetic field B, is given by: 

1i = PS·g·B- .E9N,iPNB·~+ .ES·A··~ (1.1) 
i i 

The various parts of 1i are the electronic Zeeman term, the nuclear 
Zeeman term, and the magnetic electron-nuclear hyperfine interaction, 
respectively. Sis t_he electron spin angular momentum, ~ the ith nudear 
spin angular momentum, P and PN are the electron and nuclear Bohr 
magnetons, respectively. gis the electronic g tensor, 9N,i is the g factor of 
the ith nucleus, and Ai is the magnetic electron-nuclear hyperfine tensor 
on nucleus i. 

The g tensor serves the same purpose as the shielding tensor in NMR. 
It measures the coupling of the spin and orbital momenta to an applied 
magnetic field and the extent of their mutual interaction. In general we 
study radicals with nondegenerate ground states. Therefore, coupling of 
the orbital momenturn to the applied magnetic field is zero. The g tensor 
is usually written as: 

~.J = x,y,z (1.2) 

where 9e is the g value of the free electron (2.0023219 .. ), and 6ii is the 
Kronecker delta. l:l.gii is the result of mixing of the ground state wave 
function (\If0 ) with other electronic states (\Ifn)· Using second-order per
turbation theory, it is described by: 

(1.3) 
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Here ( is the atomie spin-orbit coupling con~tant and L, is the orbital 
angular momentum. In molecules, however, ( bas to he corrected, because 
the electron is distributed over several atoms with different ( values. 

Diagonalization of the g tensor yields the principal valnes 91 ,92 , and 
93 and their direction cosines. Averaging of the principal valnes yields 
the isotropie g value (9i•o)· The sign of Do9iJ is related to whether mix
ing involves electron promotion to or from the SOMO. Coupling with 
states resulting in electron transfer to the SOMO leadstoa positive value 
(E,.<Eo}, whereas promotion from the SOMO results in a negative sign 
(E,.>E0 ). The anisotropy of the g tensor of organic radicals is generally 
small (D.9iJ < 0.01), but, provided there is suflident resolution ofthe ESR 
field transitions, readily detected. 

The middle term of the spin Hamiltonian is the nuclear Zeeman in
teraction. lts modest contribution to 1i is the result of the small f3N 
value ([3 / f3N = 1836). Therefore, in equation (1.1) the 9N,i valu('.l is taken 
isotropic, although strictly speaking it bas a tensor form. 

The last term represents the magnetic electron-nuclear hyperfine inter
action. Hyperfine interaction is caused by two different mechanisms. The 
first mechanism is the isotropie or Fermi contact interact ion. The isotropie 
hyperfine interaction (AiH) represents the energy of a nuclear moment in 
the magnetic field at the nucleus produced by electric currents, which are 
associated with the spinning unpaired electron. The Fermicontact Hamil
tonian is given by: 

{1.4) 

with 

(1.5) 

Wh en integrating over the coordinates of the electron r, the K1ronecker 
li function imposes the condition that the interaction only occurs at r = r,, 
i.e. at the nucleus. Since p, d, f, or higher orbitals have zero probability at 
the nucleus, the Fermi contact interaction is associated with the s-orbital 
character of the SOMO. The approximate s-orbital spin density can be ob
tained by camparing the A,,0 value to the isotropie coupling expected for 
unit electron-spin density in the valenee s orbital (Af,0 ) via the expression: 

(1.6) 

Tbraughout the thesis, the Af,o valnes reported by Morton and Preston 
are used (Table 1.1 ).7 



1.3. Theory of ESR 7 

Table 1.1. Atomie parameters such as nuclear spin I, nudear YN value, natural 
abundance (%),unit spin density couplings (Af.,0 , 2A~1" in MHz), and spin-orbit 
coupling constants ( cm-1) of selected magnetic nuclei. 

Isotape I A bundance YN A9 o uo 2A1" o ( 

lH 1/2 99.99 5.586 1420 
2H 1 0.01 0.857 218 
13C 1/2 1.11 1.405 3777 215 28 
t4N 1 99.63 0.404 1811 111 76 
170 5/2 0.04 -0.758 -5263 -337 151 
tDF 1/2 100.00 5.258 52870 3520 272 
Slp 1/2 100.00 2.263 13306 734 299 
sss 3/2 0.75 0.429 3463 201 382 
ss cl 3/2 75.77 0.548 5723 351 586 
31Cl 3/2 24.23 0.456 4764 292 586 
11Se 1/2 7.60 1.069 20120 983 1688 

11 ref. 7 

The seeond meehanism, known as the dipolar magnetie interaction, 
originates from direct through-space coupli~g of the magnetic moments 
of electron and nucleus, and is anisotropic. It is entirely analogous to the 
classica} dipolar coupling between two bar magnets. The dipolar magnetic 
interaction Hamiltonian is described by: 

'H.,li"( i) = S · A'""( i) · ~ 

and the tensor components Adip,kt( i) are: 

(1.7) 

Adip is a symmetrie, traceless tensor. After diagonalization, the eigen
vector of the largest principal value is related to the principal direction of 
the atomie contribution to the SOMO. Only spin density in nonspherical 
orbitals can contribute to the anisatrapie coupling (p, d, f, and higher). 
Furthermore, the anisotropy can only he monitored in rigid systems. Fast, 
isotropie motion causes the interaction to be averaged beyond detectabil
ity. For first- and second-row atoms only p functions are considered to 
contribute to Ádip· Comparison to unit p-spin coupling ( A~ip• Table 1.1) 
results in the p character of the SOMO. 

(1.9) 
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After combining the two mechanisms, the total hyperfine interaction 
results in: 

(1.10) 

lf the X-ray crystallographic data of a substrate within the crystallat
tice are available, and a definite relationship can he ohtained between the 
ESR-reference axes (x, y, z) and the crystal cell parameters (a, b, c, a, P,;), 
the experimental three-dimensional unpaired electron distribution can he 
mapped on the geometry of the parent substrate. This often results in 
a detailed insight into the radical structure and the geometry relaxation 
which has occurred. 

1.4 Speetral analysis 

ESR spectra of phoshorus-centered radicals usually exhibit very large 81P 
hyperfine interactions. This often simplifies detection and rapid identifi
cation. However, at X-band frequencies (v0 = 9-10 GHz), interpretation 
of the spectra in terms of spin-Hamiltonian parameters is not straight
forward. Hyperfine patterns, obtained after solving the spin Hamiltonian 
(1.1) with first-order perturbation theory, do not adequately describe the 
experiment. Therefore, higher-order corrections to the eigenvalnes of (1.1) 
are necessary to obtain the true values. Throughout the thesis we correct 
the spin-Hamiltonian parameters up to secoud order using the Breit-Rabi 
equations. 8 

As an example, the extraction of hyperfine data from ESR powder 
spectra is presented for an S=l spin system coupled to a single nucleus 
with spin /. If the nuclear Zeeman interaction is neglected, the resonant 
perpendicular (B.1.) and parallel (Bu) field absorptions in ESR powder 
spectra for coïncident g and Ai tensors are expressed by:9 

hvo (1.11) 

and, 

(1.12) 

The resulting equations are solved numerically. 
Calculation of spin-Hamiltonian parameters from single-crystal analy

ses is usually further complicated by noncoïncident g and Ai tensors and 
random orientation of the external magnetic field B with respect to the 
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tensors axes. Various procedures have been proposed to tackle this prob
lem and the interested reader is referred to literature for discussion.9,10 

The usual way to perform an ESR single-crystal analysis for an I= l 
nucleus, is to determine its low- and high-field transitions when rotating 
the X-irradiated crystal perpendicular to the magnetic field about three 
mutually orthogonal ESR reference axes (x,y,z). We devised a comput
erized procedure to obtain the hyperfine A. and electrooie g tensors from 
the single-crystal ESR field transitions. First, the sets of experimental 
low- and high-field ESR absorptions within the three rotation series are 
fitted, via least-squares analysis, to the analytic expression: 

(1.13) 

where 0 is the rotation angle of the irradiated single crystal with respect to 
the direction of the magnetic field. 4> is defined as the angle at which B(O) 
reaches it maximal value (a BI ae = 0}. N ext, the si x 0 angles representing 
the ESR reference axes x, y, z ( every axis is found twice in the xy, yz, and 
xz ESR reference planes) are located. Subsequently, the initia} g;.; and 
~;tensor components on the xx,xy,xz,yy,yz, and zz positions are cal
culated, and corrected up to second order. These initia! g and A;. tensors 
serve as input of an exact diagonalization of the • tot al spin Hamiltonian 
{1.1 ). Subsequently, the g and A;. tensors are iteratively adjusted until all 
experimental ESR field absorptions at the xx, xy, xz, yy, yz, and zz posi
tions are optimally reproduced. Finally, an accuracy test is performed in 
which the resonant fields throughout the rotation series are calculated via 
exact diagonalization of (1.1) using the final g and A, tensors. The fit to 
the experimental field transitionsis expressed in the rms-error. 

1.5 Outline of the thesis 

In Chapter 2, an ESR study on X-irradiated single crystals of two di
astereoisomeric organophosphorus compounds reveals, that the yield of 
electron-capture radicals is modulated by intermolecular interactions. Ir
radiation of both corripounds in frozen 2-methyltetrahydrofuran solutions 
results in identical radical products. In their respective crystalline states, 
however, the substances react differently. A high yield of phosphoranyl 
radical anions is observed in one of the two isomers, whereas in the other 
diasteroisomer practically no radicals can be detected. An analysis of the 
van der Waals interactions in the crystal shows, that the geometry relax
ation necessary for the radical stabilization is easily accommodated in the 
first isomer, whereas it is obstructed in the second. 
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In Chapter 3 the intermolecular-directed radiogenie formation of phos
phoranyl radicals from ebiral diphosphine disulfides is presented. In {rozen 
tetrahydrofuran solutions the meso and racemie precursors yield one and 
the same radical product via electron ca.pture, namely a symmetrie two
center three-electron P...:.. P (1'* configuration. This is in good agreement 
with quanturn chemica} calculations, predicting this radical to he the ther
modynamically most favorable species in vacuo. In single crystals, how
ever, this radical structure is absentforsome meso derivatives, but invari
ably present in the corresponding racemie compounds. This phenomenon 
is only observed when both an alkyl and an aryl substituent are linked to 
each phosphorus nucleus. An analysis of the van der Waals interactions 
correlates the absence of formation of the P...:.. P (1'* radkal in these meso 
compounds with severe steric bindrance during geometry relaxation of the 
initial P...:.. P (1'* radical. In contrast, minimal obstruction is computed for 
geometry relaxation in those compounds where the P...:.. P (1''" configuration 
is encountered experimentally. 

Chapter 4 describes the topochemica.l-directed course of the ena.ntio
selective stereoinversion of a ebiral phosphonyl radical ( Ar2PO ). The radi
cal is formed via dissociative electron capture. The conversion of the initial 
phosphonyl radical into its stereoisomer can he adequately monitored via 
the single-crystal ESR technique, whereas ESR powder or frozen tetrahy
drofuran solutions do not disclose the inversion reaction. Computation 
,of the steric interactions encountered during the stereoinversion demon
strates that the driving force of this enantioselective process is the release 
of strain energy whitin the initial phosphonyl radical. 

In Chapter 5 we study the nature of two-center three-electron P...:.. S 
(1'* honds in progressively substituted trialkylphosphine sulfide phospho
ranyl radicals R3P...:..SR~n-t) (n=0,1,2). In contrast to predictions from 
quanturn chemical calculations, formation of (1'* honds is observed in all 
three oompounds. The experiments show that an unfavorable balance 
of the ionization potentials of the fragments involved, is counteracted in 
some way by intermolecular interaction, and hence does not affect radical 
formation in the oondensed phase. 

In Chapter 6 radical cation formation in mixtures of phosphorustrichlo
ride and dimethylsulfide in various halocarbon matrices is presented. We 
identified several phosphorus- and sulfur-centered radical cations. Fur
thermore, various homo and hetero-association reactions of the radical 
cations are detected. The assignments are supported by ah initio quanturn 
chemica} calculations. Finally, the formation of an unexpected trimeric as
sociate is reported. Basedon the very large 31P hyperfine interaction, the 
resulting phosphorus-centered cation is thought to he the C]sP(SMe2)t" 
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radical, possessing an octahedral phosphorus configuration. 
Chapter 7 deals with intra- or intermolecular homo association reac

tions of radical cations from bis( diphenylphosphino) derivatives in dichlo
romethane. The formation of the cyclic intramolecular reaction product 
requires a specific favorable orientation of the phosphine moieties whereas 
intermolecular-association merely depends on the concentration of the 
radical precursor. Experimental and theoretica! evidence is provided for 
a strongly bent P..:.. P a* bond, formed in an intramolecular-association 
reaction. 
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Chapter 2 

Topochemically-directed radical formation 
1: Quantitative control of the radical 
concentration* 

Abstract 
ESR experiments on X-irradiated single crystals of the (2R,4S,5R) 
and (2S,4S,5R) diastereoisomers of2-chloro-3,4-dimethyl-5-phenyl-
1,3,2-oxazaphospholidine 2-sul:fide reveal that the yield of radio
genie electron-capture reactions in the solid state strongly depends 
on intermolecular interactions in the crysta.l. In the present case a 
high yield of P-Cl three-electron bond phosphoranyl radical anions 
is found in crystals of the (2R,4S,5R) isomer, whereas no radical 
formation can he detected for the (2S,4S,5R) isomer. An analy
sis of non-bonded interactions with neighboring molecules reveals 
that the geometry relaxation necessary for the radical stabilization 
is easily accommodated in crystals of the (2R,4S,5R) isomer but 
not in the (2S,4S,5R) isomer, explaining the observed dUferenee 
in electron-capture efficiency. Experiments on radical formation 
in a 2-MeTHF host matrix give further insight in the importance 
of the environment on radiogenie radical formation. The possible 
concurrent effect of the matrix on the electronic contiguration and 
spin density distribution of the resulting phosphoranyl radical is 
discussed. 

•o.M. Aagaard, R.A.J. Janssen, B.F.M. de Waal, H.M. Buck, J. Am. Chem. Soc. 
1990, 11!, 938-944. 
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14 Topochemically-directed radical formation I 

2.1 Introduetion 

It has been established that the radical configuration, formed as a re
sult of the electron-addition process, strongly depends on the nature of 
the substituents linked to the central phosphorus atom.l Recently, how
ever, it has become clear that other effects, which are not generally taken 
into account, can also be decisive for the nature of the observed radical 
products. McBride and co-workers stuclied the influence of stress encoun
tered in a single-crystal environment, determining the course of a biradical 
recombination reaction. 2 In addition, we reported on the pronounced dif
ference observed in electron capture of meso- and rac-1,2-dimethyl-1,2-
diphenyldiphosphine disulfide, demonstrating the importance of stereo
chemica! effects. 3 Simultaneously, Cattani-Lorenteet al. showed, by study
ing tlie electron capture behavior of 1,2-phenylenephosphoro chloridate 
in the pure compound and in froze~ solutions, that the environment of 
thè precursor molecule influences the resulting radical configuration af
ter X irradiation.4 In this chapter we investigate a combination of the 
latter two subjects and examine the influence of the surrounding matrix 
by studying radical formation in single crystals of two diastereoisomerie 
compounds, (2R,4S,5R)- and (2S,4S,5R)-2-chloro-3,4-dimethyl-5-phenyl-
1,3,2-oxazaphospholidine 2-sulfide (1 and 2). These two compounds dif-

2 

fer by the configuration of the central phosphorus atom, while the chiral 
centra on C(4) and C(5) are identical. Possible difference in intrinsic 
radiogenie electron-accepting properties are minimized because the chi
ral centra are sufficiently far apart. However, the molecules are packed 
differently in their crystal structures, which results in different microenvi
ronments of the radiochemical center. lt is stressed that the use of crys
talline diastereoisomerie compounds in the study of matrix effects has an 
important advantage over frozen solutions because, unlike in a randomly 
oriented glassy matrix, the microenvironment can be accurately accessed 
via X-ray crystallographic analyses. 
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It will he shown that crystalline 1 and 2 behave very differently towards 
low-temperature X irradiation, especially in the yield of electron-capture 
radicals. A detailed analysis of the crystallographic structural data5,6 
reveals that this difference is a consequence of non-bonded interactions 
modulating the geometry relaxation which accompanies the stabilization 
of the initial electron-capture radical product. 

2.2 Experimental 

2.2.1 X irradiation and ESR 

Single crystals were mounted on a quartz rod and subsequently sealed 
in a quartz tube. The quartz tubes containing single crystals, powdered 
samples or frozen solutions were X irradiated in a glass Dewar vessel con
taining liquid nitrogen (77 K) with unfiltered radiation from a Cu souree 
operating at 40 kV and 20 mA for approximately 6 h. ESR spectra were 
recorded on a Bruker ER 200D spectrometer, operating with an X-band 
standard cavity and interfaced to a Bruker Aspect 3000 data system. In a 
typical run a sweep width of 0.1875 T was sampled with 4k points, result
ing in a digital resolution of 0.045 mT. The single crystals were rotated 
perpendicular to the magnetic field, in 100 steps, using a single-axis go
niometer. Temperature was controlled with the aid of a Bruker ER 4111 
variabie temperature unit. Photobleaching experiments were performed 
using a Philips SP 500 W high-pressure Hg vapor lamp. The beam was 
focussed on the sample in the microwave cavity. 

2.2.2 Synthesis 

Experiments were done in an atmosphere of dry nitrogen. Solvents were 
dried by standard methods. NMR spectra were recorded on a Bruker 
AC 200 spectrometer at frequencies of 200.1 and 81.3 MHz for 1 H and 
31P, respectively. Chemica} shifts are reported relative to TMS or a 85% 
aqueous H3P04 solution { external standard), respectively, and downfield 
shifts are quoted positive. 

(2R,4S,5R), and (2S,4S,5R)-2-chloro-3,4-dimethyl-5-phenyl-
1,3,2-oxazaphospholidine 2-sulfide (1 and 2) were synthesized ac
cording to the method described by Lesiak et al. 7 The pure diastereoiso
merie compounds were obtained after chromatography of the crude re
action product on a silica-60 gel column. A mixture of n-hexane and 
diethylether (75:25 v/v) was used as eluent (R,(l) = 0.20, and R1(2) = 
0.15). The compounds were obtained as viscous oils. Single crystals were 
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obtained after several recrystallizations from n-hexane at 4°C. 1: 31P NMR 
(CDCla) é 80.8; 1H NMR (CDC13 ) é 0.80 (3 H, d, CCH3 ), 2.73 (3 H, d, 
NCHa, 3JPNCH = 16.7 Hz), 3.75 (1 H, ddq, C(4)H, 3JPNCH = 13.1 Hz), 
5.60 (1 H, dd, C(5)H, 8Jpoca = 7.2 Hz), 7.30-7.44 (5 H, m, PhH), mp 
58°C. 2: 31 P NMR (CDC13 ) é 75.9; 1H NMR (CDC13 ) é 0.88 {3 H, d, 
CCH3 ), 2.92 (3 H, d, NCHa, 3 JPNCH· = 14.7 Hz)', 3.84 (1 H, ddq, C(4)H, 
3JPNCH = 28.9 Hz), 5.83 (1 H, dd, C(5)H, 8JpocH = 0.7 Hz), 7.29-7.48 (5 
H, m, PhH), mp 130°C. 

2.3 Results and assignment 

2.3.1 Radical formation in tbe pure compounds 

The ESR spectrum ofthe (2R,4S,5R) isoroer (1), recorded at 105 K aftèr 
X-irradiation at 77 K, is shown in Figure 2.1a. The spectrum consistsof 
three groups of lines. The low- and high~ field ahsorptiohs àre due to a 
radical, lahf:llled la, exhihiting hyperfine coupling to hotli a 31 P and 35Cl 
or 37Cl isotope. Based on the large 31P hyperfine coupling, radical la 
is assigned to an electron-capture phosphoranyl radical. The central ah
sorptions which also appear in the ESR spectrum (Figure 2.1a) result from 
superimposed spectra oftwo other radical products, inarked lband lc. 
The individual ahsorptions of tb and lc werereadily ohtained hy'selective 
UV photohleaching arid temperature resolved ESR methods, respectively. 
First, UV irradiation of the single crystal, inside the microwave cavity, for 
1 minute using a high-presssure Hg vapor lamp, leads hesides the loss of 
the lateral signals la, to an enhanced resolution of the central hyperfine 
pattern assigned to lb as a consequence of the lossof lc (Figure 2.1h). 
Alternatively, in a second experiment, the spectrum of lc is ohtained via 
slow annealing of the crystal to 225 K, which results in the irreversihle 
lossof hoth la and lb. Radicals lb and lc are assigned, respectively, to 
electron loss and aromatic anion centers. 

In sharp contrast to the high yield and corresponding strong ESR ab
sorptions estahlished upon X irradiation of 1, X irradiation of a single 
crystal of the {2S,4S,5R) isoroer (2) results in a very weak ESR spectrum. 
The spectrum, shown in Figure 2.2a, displays only a single weak central 
ahsorption hut shows virtually no signals in the lateral regions. Only after 
prolonged X irradiation of a large powdered sample of 2 the very weak 
features of an electron-capture phosphoranyl radical (2a) can he detected 
(Figure 2.2h ). The extra couplings, which are discernable on the low- and 
high-field 31 P manifolds, are attrihuted to 35Cl and 37 Cl hyperfine inter
actions. It is important to note that the ESR spectra of 1 and 2 shown in 
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1 b 

1c 
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Figure 2.1. Single-crystal ESR spectra of the X-irradiated (2R,4S,5R) isomer 
1: (a) at 105 K; (b) at 105 Kafter UV bleaching for 1 min; (c) at 105 Kafter 
annealing to 225 K 
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a 

H H 

2a · 2a 

b 

Figure 2.2. ESR spectra of the X-irradiated (2S,4S,5R) isoroer 2: (a) single 
crystal at 105 K; (b) powdered sample at 105 K, lines marked H result from 
trapped hydrogen atoms in the quartz tube. 

Figures 2.1a and 2.2a were obtained from single crystals of approximately 
the same weight which were exposed to the same radiation dosis. Hence, 
Figures 2.la and 2.2a clearly demonstrate the different efficiency of the 
electron-capture process for the radical precursor in the crystalline state. 

2.3.2 Single-crystal ESR analysis 

In order to obtain a detailed description of radical la we performed a 
single-crystal ESR analysis. In this way it is possible to obtain accurate 
hyperfine coupling tensors which give information on the amount of spin 
density on the various nuclei. 
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Figure 2.3. Angular variation of the resonant fields in single crystals of the 
(2R,4S,5R} isomer 1 for radicalla in the ac, eb, and ba crystallographic planes. 

Since the X-ray crystallographic analysis of 1 has been reported, it is 
possible to relate the principal directions of the magnetic tensors mutu
ally and to the molecular coordinates. Compound 1 crystallizes in the or
thorhombic space group P212121 with four molecules in the unitcellat spe
cial orientations (x,y,z), (x,l+y,l-z), (t-x,y,l+z), and (t+x,t-y,z).5 
X-irradiated single crystals of 1 were rotated in the three perpendicular 
crystallographic planes with respect to the direction of the magnetic field. 
The angular variation of the observed ESR transitionsis depicted in Fig
ure 2.3. As a consequence of the internal symmetry of the unit cell and 
the perpendicular orientation of the magnetic field relative to the rotation 
axis, the spectra of the four molecules coalesce into two observable sites. 
For orientations where the magnetic field exactly parallels one of the crys
tallographic axes, all four sites become magnetically equivalent and the 
ESR spectrum reduces to a simple eight-line pattem (Figure 2.la). The 
spectra were analyzed using the following spin Hamiltonian:8,9 

1i = ,8S·g·B-gN,P.8Nip·B-gN,CI.8Nim·B+S·Ap·lp+S·Am·lct (2.1} 

where Ap and Am describe the 31 P and 35Cl hyperfine interactions and 
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the remaining symbols have their usual definition. The 37Cl satellite reso
nances were not always resolved in the spectra thus hampering the analysis 
in full detail. 

The magnetic parameters were optimized to reproduce the experimen
tal field positions via an exact diagonalization of (2.1 ). For the final Ap, 
Ac1 and g tensors the rms-error of all observed and calculated field values 
is 0.25 mT, substantially less than the line width of the transitions. Table 
2.1 shows the Ap, Ac1 and g tensors of radical la. The isotropie and 
dipolar components of the hyperfine coupling tensors can be derived from 
the three principal values via the equations:8 

Aï.ó = (At + A2 + As)/3 

Adip = . (A3 - Aï.o)/2 
(2.2) 
(2.3) 

As mentioned in Chapter 1, A,,0 and Adip give a measure of the valenee s 
and p orbital spin densities (p, and Pp).lO For radical la both p, and p" 
óf the central phosphorus atom and the chlorine substituent (Table 2.2) 
indicate a large unpaired electron density in the P-Cl bond. The principal 
directions of the maximum 31 P and 36Cl hyperfine couplings are inclined 
by an angle of 35.3°. 

Without additional information it is not possible to give a definite cor
relation between the four molecules in the unit cell and the four sets of 
magnetic parameters. In principle, four different assignments are possi
ble. Nevertheless, these four assignments are rather similar and lead to 
the result that the angle of the 31 P-A3 direction with the P-Cl bond of the 
undamaged molecule lies between 12 and 17°, whereas the corresponding 
angle for 35Cl-A3 lies between 19 and 33°. A similar single-crystal analysis 
for the corresponding phosphoranyl radicals in 2 proved to be impractica
ble because of the small radical concentration. Consequently, the magnetic 
parameters of 2a were obtained from the powder spectrum (Figure 2.2b ). 
Due to the low signa! intensity and the complicated appearance of the 
patterns associated with the 36Cl/37Cl couplings, the principal couplings 
cannot be determined accurately. Via the parallel (Au) and perpendicular 
(AL) components ofthe 31P and 35Cl couplings, which can be found in the 
spectrum, the isotropie and dipolar hyperfine interactions can be obtained 
from the expressions:8 

Ai•o = (Au+ 2A.L)/3 

Adip = (Au- Aï,o)/2 

(2.4) 
(2.5) 
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Table 2.1. Principa.l va.lues and direction cosines ofthe A (MHz) and g tensors 
of la.• 

direction cosines 
tensor a b c 

alp At 2111 0.164 0.794 0.585 
A, 2143 0.144 0.568 -0.810 
As 2575 -0.976 0.217 -0.022 

as cl At 61 0.071 0.581 -0.881 
A2 69 0.431 -0.751 -0.500 
As 157 -0.900 -0.314 -0.304 

g 91 2.001 0.736 0.545 0.402 

92 2.003 0.677 -0.602 -0.422 

9s 2.010 0.012 0.583 -0.813 

11 The direction cosines are listed for one of the four possible sites. The re
maining three orientations are related to (x, y, z) by (x, -y, -z), ( -x, -y, z), and 
(-x, y, -z) 

Table 2.2. Isotropie and dipolar hyperfine couplings (MHz), g values and 
approxima.te orbita.l spin densities (%)of phosphorus-centered ra.dicals. 

' 
radica.l 911 9.1. Aï.~ 2Adïp p. Pp 

la Slp 2.001 2.010 2276 299 17.0 40.7 
as cl 95 62 1.7 17.5 

ld 31p 1.999 2.006 1350 269 10.1 36.6 

2a 3lp 1.998 2.014 2336 246 17.5 33.5 
as cl 93 55 1.6 15.7 

2b 3lp 1.999 2.006 1385 247 10.4 33.6 
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The resulting A..o, 2Acöp and valenee orbital spin densities for 2a are oom
piled in Table 2.2. Table 2.2 shows that the magnetic parameters of la 
and 2a are very similar. The experimental spin-density distribution and 
the directional information of la lead to the condusion that the extra 
electron of both la and 2a, occupies an antibonding u* orbital. In ad
dition, the present hyperfine coupling parameters are in good agreement 
with previous data on similar p..:.. Cl u* configurations.4,11,12 

2.3.3 Matrix analysis 

The ESR analysis presented above demonstrates that the efficiency of the 
radiogenie formation of· electron-capture phosphoranyl radical products 
does not solely depend on the nature of the atoms linked to phosphorus. 
The central phospholidine moieties of 1 and 2 are enantiomeric and there
fore expected to possess identical electron accepting properties. According 
to Bartczak et al. 5,6 the molecular geometry of 1 (2R,4S,5R} resembles 
rather closely that of its diastereoisomer 2 (2S,4S,5R). Their P-Cl bond 
[engths are reported to be almost identical (2.047 and 2.049 Á}. Fur
thérmore, both P-Cl honds are in an axial position with respect to the 
ring defined by the least-squares plane, constituted by N, P, 0, and C(5). 
The angle of the P-Cl bond with the normalto the plane for 1 (19.1°) 
is very similar to the corresponding angle for 2 (26.5°). The geometrie 
equivalence of the phospholidine moieties of 1 and 2 leads to the tentative 
condusion that the intrinsic molecular properties of 1 and 2 are not likely 
to cause the pronounced difference in electron-capture yield. 

We favor an explanation in termsof steric intermolecular interactions, 
which affect the geometry relaxation accompanying the stabilization of 
an initially formed P-Cl bond electron adduct. In the present case of 
molecules 1 and 2 it is expected that the necessary relaxation takes the 
form of P-Cl bond stretching. We therefore studied the steric molecu
lar interactions which result in the single-crystal matrix· u pon elongation 
of the P-Cl bond. The precursor molecules 1 and 2 in their respective 
crystal lattice and surrounded by their nearest neighbors are depicted in 
Figure 2.4. This figure shows that the steric bindrance encountered upon 
stretching the P-Cl bond is less for compound 1 than for compound 2. 

A more quantitative determination of the steric interactions involved 
in P-Cl bond elongation and distortion was obtained by expanding the 
crystal lattice, using the reported crystallographic data around a single 
central molecule. All nearest neighboring molecules (total of 27 cells, 108 
molecules) were included and the steric interaction of the chlorine nucleus 
was monitored as a function of the P-Cl bond length and the orientation 
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Figure 2.4. Van der Waals representation of the precursors 1 (left) and 2 
(right) intheir respective crystallattice, surrounded by the nearest neighboring 
molecules. The phosphorus and chlorine atoms in the radical precurors are 
respectively indicated by filled and hatched spheres. 

of the P-Cl vector with respect to the original P-Cl bond by calculating 
the distance between chlorine and each of the surrounding nuclei. Of all 
distauces determined, the shortest steric interaction distance for a parti
cular elongation and orientation was then defined as the distance of the 
nearest-neighbor interaction, when the value is less than the distance of 
the same interaction in the undeformed crystal. Figures 2.5a and 2.5b 
show the contour plots of the shortest steric interaction distance obtained 
for 1 and 2 for a constant elongation of the P-Cl bond to 2.30 A. The 
contour lines correspond to orientations for which the shortest steric in
teraction distance has a constant value. The x and y coordinates in these 
plots represent the projection of the position of the chlorine nucleus on a 
plane perpendicular to the original P-Cl bond. Since the shortest steric 
interaction distance of 1 reaches higher valnes than its isomer 2, it can he 
concluded that the space available to 1 is larger than the space available 
to 2. 

These plots and similar ones for other stretching distauces show that 
not only the total area embraced by the isosteric curves is larger for 1 than 
for 2, but also the direction in which the elangation can he accommodated 
is in favor of 1. For 1 the curves are centered around x= 0 and y = 0, i.e. 
elongation is possible without the need of a distortion of the tetrahedral 
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Figure 2.5. Contour plots of the shortest steric interaction distance (Á) en
countered upon elangation of the P-Cl bond to 2.30 A (x and y coordinates 
are in Á) (see text): (a) (2R,4S,5R) isomer 1; (b) (2S,4S,5R) isomer 2. 

geometry. For 2, on the other hand, some distartion is required to reach 
the region of lesser steric hindrance. 

In a second approach we calculated the change in van der Waals en
ergy associated with P-Cl bond elangation for the chlorine nucleus' with 
all other nuclei in the crystal. 13 Figure 2.6 shows the contour plots of 
the change in van der Waals energy for 1 and 2 for an elangation from 
2.05 to 2.30 A. The plots are rather similar to Figure 2.5 and give some 
insight in the energy required for the distortions. Figures 2.5 a.nd 2.6 
demonstra te that a change of the CIPS angle ( corresponding to the x co
ordinate in the plot) is a low-energy distartion for 1 but sev:erly hindered 
in 2. The importance of this distortion appears from previous studies on 
similar p..:.. Cl a• phosphoranyl radicals which have shown that the singly 
occupied molecular orbital (SOMO) is located in the pla.ne of phospho-

' rus, chlorine and the doubly bonded substituent (in the present case the 
sulfur atom).4,12 This is the result of some admixture of a trigonal bipyra
midal configuration with the unpaired electron in a.n equatorial position 
(TBP-e) to the a* configuration.l4,15 As a consequence, the geometrie and 
electronic configuration of the phosphoranyl radical is distorted to some 
extend from an exact a* towards a TBP-e structure. 

The single-crystal ESR experiments on la demonstrate that the angle 
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Figure 2.6. Contour plots of the change in van der Waals energy (kcal/mol) 
of the chlorine nucleus in the single crystal upon elongation of the P~Cl bond 
from 2.05 to 2.30 A (zand y coordinates are in A) (see text): (a) (2R,4S,5R) 
isomer 1; (b) (2S,4S,5R) isomer 2. 

of the 31P-A3 direction with the origina.l P-Cl bond lies between 12 and 
17° (vide supra). Since the 31P-A3 direction corresponds to the direction of 
the phosphorus 3p atomie orbital contributing to the SOMO, the SOMO 
is distorted by the same a.mount from the parent P-Cl bond. For 35Cl, 
the corresponding angle is even larger (19-33°), but this has a smaller 
effect because the atomie spin density on chlorine (19.2%) is much less 
than on phosphorus. The important effect of the distortion of the SOMO 
from the parent P-Cl bond is in fact twofold: first, the CIPS angle widens 
and second, the electron density in the plane between the two honds is 
increased. Both factors require appreciable space in the x direction which 
is available in the crystal environment of 1 hut not in the lat tice of 2. From 
the analysis presented above it is clear that the P-Cl bond elongation 
and distortion of the SOMO is easily accommodated in compound 1, but 
inhibited by non-bonded interactions in substance 2. This explains the 
observed difference in the yield of electron-capture radîcals in the two 
diastereoisomers. 



26 Topochemically-directed radical formation I 

2.3.4 Radical formation in a host matrix 

If the surrounding molecules exert a large effect on the stabilization of 
phosphoranyl electron-ca.pture radicals, it is to he expected tha.t stabiliza
tion can he influenced by changing the microenvironment. This is easily 
achieved by studying compounds 1 and 2 in a host matrix, e.g. a frozen 
organic solvent. 

Equimolar solutions of 1 a.nd 2 in 2-methyltetrahydrofuran (2-MeTHF) 
were rapidly frozen to form a glassy sample and suhsequently X irradi
a.ted for 6h at 77 K. Inspeetion of the resulting spectra at 105 K (Figure 
2.7) reveals that in 2-MeTHF compounds 1 and 2 beha.ve very similarly 
towa.rds X irradiation. If we confine ourselves to the lateral regions of the 
spectra, two different radical species can he detected for both 1 and 2. 
There is no douht that these are both phosphorus-centered radicals. The 
outer signals, which are broad transitions without any resolvable hyper
fine splitting correspond to the ·primary electron-capture products of the 
parent molecules la and 2a. The strong features labelled 1d (Figure 2.7a.) 
a.nd 2b (Figure 2. 7b) are assigned to a. thiophosphonyl radical, formed as 
a result of a dissociation of the p..:.. Cl u* bond. 

The hyperfine couplings of ld and 2b (Table 2.2) are comparable to 
those ofthe thiophosphonyl radical (Aï•o = 1153 MHz, 2Adip = 299 MHz), 
formed in single crysta.ls of dipyrrolidinochlorophosphine sulfide after an~ 
nealing of the primary p..:.. Cl u* electron-capture radical product.12 

The assignment is supported by the increase of the intensity of the 
signals ascribed to ld and 2b and the concurrent decay of the electron
capture radicals upon raising the temperature to 115 K. Besides the 2-
MeTHF matrix, we examined radical formation in a. frozen solution of 
diethyl ether too. It is found that both 1 and 2 almast exclusively give 
rise to a dissociative electron-capture reaction, giving the thiophosphonyl 
species ld and 2b. The differences observed between X irradiation of 
the pure crystalline compounds and those emhedded in a host matrix 
show unequivocally that the stabilization of radiogenie radical products is 
controlled hy the environment of its precursor. 

2.4 Discussion 

The present study demonstrates that the efficiency of the radiogenie for
mation of electron-capture radical products strongly depends on steric 
interactions with surrounding molecules in the solid state. The high 
yield of phosphoranyl radicals in crystals of 1 is a consequence of the 
space which is available for the elangation of the P-Cl bond after electron 
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Figure 2.7. ESR spectra in 2-MeTHF host matrix at 105 K: (a) (2R,4S,5R) 
isomer 1; (b) (2S,4S,5R) isomer 2. The parallel (11) and perpendicular (1.) 
transitions are given in the stick diagrams. The central parts of the spectra, 
which display strong absorptions resulting from radicals and trapped electrous 
in the X-irradiated quartz tube and frozen solvent, are omitted for clarity. 
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capture. For 2, non-bonded interactions in the crystal matrix prevent the 
elangation and distartion of the P-Cl bond and hence almost no phospho
ranyl radicals are formed. The experimentsin a 2-MeTHF and diethyl 
ether host matrix demonstrate that when both diastereoisomers possess a 
simHar environment, they react in almast the same way (Scheme 2.1 ). 

The strong effect of the matrix on radical stabilization raises the ques
tion whether the electronic configuration and especially the spin-density 
distribution are also affected by matrix effects. To address this question 
we have made a plot (Figure 2.8) of the isotropie phosphorus hyperfine 
coupling constant (Aï.o) vs. the sum of the Pauling electronegativities 
(}:::xP,i) of the four atoms directly linked to phosphorus for a. number of 
P ...:._ Cl u* phosphoranyl radicals, known from literature data. on both solid
and liquid-sta.te ESR experiments. It is found tha.t there exists a. linea.r 
rela.tionship between Aï.o and ExP,i· This unambiguously demonstrates 
tha.t the spin density distribution is primarily a consequence of intrinsic 
molecular properties a.nd not of intermolecular interactions with the en
vironment of the radical. It is interesting to note that the positive slope 
of the line depicted in Figure 2.8 reflects the antibonding character of the 
SOMO, i.e. A,.,0 and thus the spin density on phosphorus increa.ses when 
the surrounding substituents become more electronegative. 

There remains a.n important difference between the single-crystal and 
host-matrix experiments. In the single crystals of 1 the main radical pro-
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. Figure 2.8. The isotropie 31P hyperfine coupling constant Ai•o (MHz) vs. the 
sum of the Pauling electronegativities of the four atoms linked to phosphorus 
for a number of p..:.. Cl er* phosphoranyl radical configurations known from 
literature data. (1: la; 2: 2a; 3: ref. 11; 4: ref. 16; 5: ref. 4; 6: ref. 12; 7: ref. 
16; 8: ref. 17; 9: ref. 17; 10: ref. 18; 11: ref. 17; 12: ref. 19). 

duet is the electron-capture species la, whereas in 2-MeTHF or diethyl 
ether the dissociation product ld dominates. In addition, the thermal 
stability of la in the crystal is considerably higher than that in the frozen 
matrix, i.e. la can he detected in the crystal for temperatures up to 225 
K but a slight warming of the 2-MeTHF matrix to 115 K results directly 
in the dissociation of la into Id. Again, this effect can he attributed to 
steric interactions. The host matrix apparently provides sufficient space to 
allow a dissociation, whereas the same process in the crystal is hampered 
by neighboring molecules. 

Figure 2.9 gives a schematic plot of the energy curves involved in the 
electron-capture and dissociative processes of 1 and 2. Three different 
potential hypersurfaces are of importance in this respect; (i) the surface 
which describes the original precursor molecule M, (ii) the electron-capture 
radical surface M-, and (iii) the dissociative surface descrihing M' and x-. 
As can heseen from Figure 2.9 two charaderistic distances (r1 and r2 ) of 
the M-X bond exist. lf the matrix reatricts the geometry relaxation to 
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Figure 2.9. Schematic energy diagram for electron capture in an M-X bond 
a.s a function of the M-X distance (r(M-X)). Energy curves are given for the 
neutral molecule, the radical anion and the dissociative process. The arrow 
indicates the initia.l electron addition. 

a value below r1 no radical anions will be formed. This probably occurs 
in the pure (2S,4S,5R) compound 2. If, however, the limit lies above r1 

but below r2 an electron-capture radical can be readily formed and will be 
stabie towards dissociation because of the steric interactions encountered 
at r = r2 (radical la in the single crystal matrix). Finally, when there 
exists no steric bindrance below r2 , a dissociation can occur provided the 
intrinsic energy harrier at r2 can he reached at the temperature at which 
the experiment is performed. Si nee a three-electron P...:.. Cl u* bond is ex
pected to he rather weak, the force constant associated with the P-Cl bond 
vibration is low and the curve of M- will possess only a shallow minimum. 
As a consequence it can he expected that all molecular arrangements be
tween r1 and r2 possess a similar spin-density distribution. In this respect 
it is important to note that the mode of geometry relaxation, necessary 
for the stabilization of a particular electron-capture radical, first of all 
depends on the intrinsic properties of the precursor molecule. In general 
this relaxation will take the form of bond stretching or bond bending. In 
special cases, more than one deformation will be possible for stabilization, 
leading to different radical configurations.20 The actual relaxation process 
is expected to be an energetically favorable combination of intrinsic stabi
lization modes and external intermolecular constraints imposed upon the 
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molecule by its environment. This leads to the principle that in general 
an electron·capture radical product can only he generated when the space 
affered by the matrix corresponds to a favorable relaxation pathway of a 
hypothetical isolated molecule. The important result is that the electron
accepting properties of a molecule will only he fully expressed if the matrix 
easily accommodates the newly formed radical product. Nevertheless, the 
resulting radical structure corresponds to a low-energy contiguration of 
the isolated molecule. 
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Chapter 3 

Topochemically-directed radical formation 
11. Quantitative and qualitative control of 
radicals generated in chiral diphosphine 
disulfi.des * 

Abstract 
Single-crystal, powder, and frozen-matrix ESR experiments have 
b~n performed to study the radiogenie electron-capture properties 
of several diastereoisomerie and asymmetrie diphosphine disulfides 
(RtR2P(S)P(S)R3R.). The principal values of the hyperfine cou
plings of several phosphorus-centered radical configurations are de
termined and related to the spin-density distribution. Attention is 
focussed on the st rong differences in radiogenie properties, observed 
between the meso and racemie forms of phenyl and tolyl substi
tuted diphosphine disulfides. The most striking result is that X ir
radiation of the crystalline meso compounds MePhP(S)P(S)MePh, 
Me(p-Tol)P(S)P(S)Me(p-Tol), or Ph(PhCH2)P(S)P(S)Ph(CH2Ph) 
does not lead to the formation of a three-electron bond P..:.. P u* 
radical, but invariably results in configurations in which the un
pa.ired electron is primarily localized on one half of the molecule. 
X irradiation of the corresponding racemie forms, on the other 
hand, gives rise to P..:.. P u* configurations. The observed discrim
ination between symmetrie and asymmetrie configurations is ex
pla.ined in terros of intermolecular steric interactions affecting the 
geometry relaxation of the precursor molecule after initial electron 
addition. For a quantitative assessment, the change in van der 
Waals energy resulting from elangation of the P-P bond of the 
molecules in their respective crystallattices was calculated, using 
X-ray crysta.llographic data. The calculations reveal significantly 
stronger steric interactions for the aromatic meso compounds than 
for their racemie forms, in agreement with the absence of P..:.. P 
u* configurations in the first. X irradiation of diphosphine disulfides 
in a frozen THF matrix almost invariably results in a single radical 

•o.M. Aagaard, R.A.J. Janssen, B.F.M. de Waal, J.A. Kanters, A. Schouten, H.M. 
Buck, J. Am. Chem. Soc. 1990, 1111, 5432-5447. 
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product, being the P.:. P q* configura.tion and differences between 
meso a.nd racemie isomers disappear. This is a consequence of the 
fact tha.t in a. randomly oriented solid matrix the molecular pack
ing is less tight than in a molecular crystal, making more space 
available to the precursor molecule. It is concluded tha.t in case 
stabiliza.tion of the initial electron adduct via P~P bond elanga
tion is unfavorable because of steric interactions, other relaxation 
pathways become accessible resulting in alternative phosphora.nyl 
radical configurations. 

3.1 Introduetion 

Substituted diphosphine disulfides (R1R2P(S)P(S)RsR.t) ca.n serve as good 
probes to study phosphoranyl radical formation because of their intrin
sic ability to adopt va.rious radical configurations from a single molecule 
(Figure 3.1, Table 3.1)_1,2 X irradiation of a diphosphine disulfide almast 
invariably results in the formation of a.n electron-capture radical in which 
the unpaired electron is accommoda.ted in the antibonding q*orbital of 
the inter-phosphorus bond. As a consequence the electron is symmetrica.l 
distributed over the two phosphorus nuclei. In ad dition to this symmetri
cal P..::.. P q* configuration, several radical structures with an asymmetrical 
spin density distribution have been esta.blished. One of the asymmetrie 
structures frequently observed is a radical in which the odd electron is 
located in the vacant equatorial position of a trigonal bipyramidal con
tiguration (TBP-e). Another asymmetrie structure has been identified 
as a phosphoranyl radical in which the unpaired electron resides in an 
antibonding er* orbital of the phosphorus-sulfur bond (P.:.. S er*). 

Upon introducing different substituents (Rt =/= R2 and R3 =/= R.t), the 
phosphorus atoms of the diphosphine disulfide become ebiral centers and 
the compounds may exist as diastereoisomers in meso and racemie forms. 
We have recently established that X irradiation of the meso and racemie 
farms of 1,2-dimethyl-1,2-diphenyldiphosphine disulfide (1, 2) gives rise 
to completely different radical products.l The most striking difference ob
served, is the absence of a symmetrical p..::.. P er*radical in the meso com
pound (1), because in all other X-irradiated diphosphine disulfides previ
ously studied, this configuration prevailed over asymmetrie structures.2-4 
This result was not anticipated because a P.:.. P er* molecular orbital can be 
accommodated perfectly by the initial Ci symmetry of the molecule. More
over quanturn chemical calculations using a 4-31 G* basis set for meso
and rac-1,2-dimethyldiphosphine disulfide predict that the symmetrical 
p..::.. P q* structure is the most stabie contiguration for both isomers.l In or-
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Figure 3.1. Formation of p...:.p u*, TBP-e and p...:. S u* configurations by ra
diogenic electron-capture of diphosphine disulfide derivatives. 

der to investigate this phenomenon we performed extensive single-crystal, 
powder and frozen-matrix ESR studies on the radiogenie electron-capture 
properties of several diastereoisomerie and asymmetrie diphosphine disul
fides (':I;'able 3.1 ), in which we concentrate on intrinsic and intermolecular 
effects on radical formation. 

Table 3.1. Numbering of substituted diphosphine disulfide derivatives; 
RtRzP(S)P(S)Ra~ 

Compound Rt R2 Ra ~ 

la meso Me Ph Ph Me 
2a rac Me Ph Me Ph 
3 meso Me Et Et Me 
4 rac Me Et Me Et 
5 meso Me t-B u t-Bu Me 
6 rac Me t-B u Me t-B u 
7 meso Me p-Tol p-Tol Me 
8 rac Me p-Tol Me p-Tol 
9 meso Ph PhCHz PhCHz Ph 

10 rac Ph PhCH2 Ph PhCH2 

11 Me Ph Ph Ph 
12 Me Me Ph Ph 

a ref. 1 

The choice of the precursor molecules was based on several aspects. 
First, we were interested how radical formation of ebiral meso- and rac
diphosphine disulfides is affected by the difference in the size of the sub
stituents linked to the phosphorus nucleus. For this purpose compounds 
3-6 were studied (Figure 3.1, Table 3.1). 
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It is to be expected that if size-difference effects would be important, 
substituting an ethyl group (3, 4) by a bulky t-butyl {5, 6} should have 
a strong impact on the resulting radical products. Second, by studying 
the radiogenie bèhavior of compounds 7-10 (Figure 3.1, Table 3.1 ), being 
closely related to 1 and 2, the effect of an aryl substituent directly linked 
to a pho..sphorus nucleus can be probed in more depth. Finally, com
pounds 11 and 12 (Figure 3.1, Table 3.1) were used totest the relevanee 
of small symmetry distortions in discriminating between symmetrical and 
asymmetrica.l configurations. These two compounds possess an inherent 
asymmetry between the two phosphorus moieties, which possibly inhibits 
the formation of a symmetrical P..:. P a* radical. 

Apart from the aspects based on the intrinsic rea.ctivity of the pre
cursor, we examined the influence oî intermolecula.r steric contro}5-10 on 
thè radiogenie behavior of the precursor molecules. For this rea.son all 
compounds were not only X irradiated in their pure crystalliné state but 
also, in case of sufficient solubility, embedded in à {rozen tetra.hydrofuran 
(THF) host matrix. Furthermore, the X-ray crystallographic structure of 
compounds 2, 7, and 8 was determined. In combination with the cor
tesponding structures of 111, 5,12 and 612 we were able to calculate the 
change of the van der Waalsenergyin the crystal resulting frolfl the ge
ometry rela.xation after formation of the initial electron-capture 1adduct. 5 

Our experiments show that the absence of a symmetrical P..:. P a* con
figuration is a unique property of all meso compounds in which an aro
matic substituent is directly linked to phosphorus. Even the asymmetrie 
precursors 11 and 12 give rise to P..:. P a* radical formation. The results 
are rationalized on basis of the conformation of the precursor molecules 
in relation totheir crystal environment. The van der Waals energy calcu
lations demonstra te that in crystals of 1 and 7, where no P..:. P a* radical 
formation is detected, the elongation of the P-P bond is sterica.lly more 
restricted than in 2, 5, 6 and 8 in which the symmetrical radical configu
ration is readily formed. We conclude. that P..:. P a* radical formation is in 
general only possible when sufficient space is available for the elongation 
of the original P-P bond in the crystallattice. This provides new evidence 
for the {act that organic solid state radiogenie reactions are topochemically 
controlled and tend to occur with a minimum of deforming the surround
ing crysfialline matrix. 5-lO Important support for this assertion comes from 
the fact that significant differences are established between X-irradiated 
diphosphine disulfides in crystalline solid state and in a THF host matrix. 
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Figure 3.2. Molecular geometries of 2, 7 and 8 determined by crystallographic 
analysis. 

3.2 Experimental 

g values and hyperfine coupling constants, extracted from ESR powder 
or frozen THF solutions, are corrected up to second order.l3 The single
crystal spectra were analyzed with our computer program described in 
Chapter 1 using the spin Hamiltonian {1.1). Although the powder ESR 
spectra can he complex due to the noncoïncident g and hyperfine tensors, 
and also when these tensors are not perfectly axial to the applied mag
netic field B, a close agreement is obtained between the principal values 
emerging from powder and single-crystal analyses. Based on this corre
spondence we expect the error in the powder data to he in the order of 
magnitude of the line width, i.e. approximately 1 mT (25 MHz). 

3.2.1 X-ray crystal structure analysis of 2, 7, and 8 

For the three compounds crystal cell parameters and crystal orientation 
parameters were determined.14 For compound 2 the space group PÏ was 
confirmed.ll For compounds 7 and 8, respectively, the space groups P21 / a, 
and PZ1/ c were established. Crystallographic data of compounds 2, 7, and 
8 are listed in Table 3.2, and Figure 3.2 shows their molecular geometries. 
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Table 3.2. Crystallogra.phic data. for rac-1,2-dimethyl-1,2-diphenyldiphos
phine disulfide (2), meso-1,2-dimethyl-1,2-di-p-tolyldiphosphine disulfide (7), 
and rac-1,2-dimethyl-1,2-di-p-tolyldiphosphine disulfide {8). 

2 7 8 

formula C14HteP2S2 CtsH2oP2S2 C1eH2oP2S2 
Fw 310.35 338.40 338.40 
erystal system triclinic monoclinic monoclinic 
space group Pï P2t/a P2t/C 
a (Á) 6.873(1) 7.6520{4) 12.2375(7) 
b (Á) 9.052(1) 12.2705(5) 10.4163(5) 
c {Á) 13.698{3) 9.1212(4) 14.0144{7) 
o (deg) 94.50{1) 
{J (deg) 91.85(2) 92.102(4) 94.960(4) 
7 (deg) 112.05(1) 
V (Á3) 785.7(2) 855.85~7) 1779.7(2) 
z 2 2 4 
D(ca.lcd) (g cm--3) 1.312 1.313 1.263 
I'(Mo Ko) (cm-1 ) 5.1 4.7 4.5 
crystal dim (mm) 0.30•0.10•0.05 0.40•0.25•0.02 0.40•0.20•0.03 

3.2.2 Van der Waals energy calculations 

The energy of steric intera.etions involved in the geometry rela.xation af
ter electron capture was ca.lcula.ted using the empirica.! potentia.l fundion 
pa.ra.metrized by Allinger et al.:15 

Evdw = JëiT;(1.84·105 exp(-12.0·P)- 2.25·P6
) (3.1) 

P = RiJ I (Ri + Rj) (3.2) 

In which ei is the energy parameter rela.ted to the depth of the potential 
well, R; the van der Waals radius, a.nd RiJ the internuclear distance. The 
P-P bond of the molecules was elongated and the total change in Evdw of 
an expanded crystal lattice was ca.lcula.ted for all a.toms in the molecule. 
Allowa.nce was made for the molecule to reorient by a. change of the P-P 
bond direction. 

3.2.3 Synthesis 

General information on synthesis and NMR spectroscopy is described in 
Chapter 2. In all the NMR experiments we used CDCla as solvent. 
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meso- and rac-1,2-Dimethyl-1,2-diethyldiphosphine disulflde {3 
and 4) were synthesized according to the procedure described by Maier.16 
The meso-compound 3 was readily obtained after recrystallization from 
ethanol. The rac-compound was purified by chromatography on a silka-
60 column using chloroform as eluent (Rt(3) = 0.49, Rt(4) = 0.40) but 
due to a low yield of compound 4, it could not he separated completely 
from 3 ( 3:4::: 1:7.8). 3: 31P NMR: ó 43.8; 1H NMR: ó 1.36 (6 H, dt, 
CCH3 ), 1.89 (6 H, m, CH3 ), 2.26 (4 H,m, CH1C). mp 159-161°C (lit.16 mp 
159-1600C). 4: 31.P NMR: ó 44.1; 1H NMR: 6 1.29 (6 H, dt, CCH3), 1.86 
(6 H, m, CH3), 2.12 (2 H, m, CH2C), 2.35 (2 H, m, CH2C). mp 98-9goC 
(lit.16 mp 103-l04°C). 

'meso- and rac-1,2-Dimethyl-1,2-di-t-butyldiphosphine disulflde 
(5 and 6) were prepared according toa procedure reported by Hägele et 
al.l7 The individual meso- and rac-components were obtained after chro
m.atogra.phy on a silica.-60 column using n-hexane-diethyl ether as eluent 
(1:1 v/~, Rt{5) =0.35, R1(6) =0.50). Single crystals of both components 
were obta.ined hy crystallization from ethanol. 5: 31P NMR: li 56.3; 1H 
NMR: ó 1.48 (18 H, m, C(CH3) 3), 2.08 (6 H, d, CHa, 2Jpca = 15.3 Hz). 
mp 143-144°C (lit.l7 mp 141°C). 6: 31P NMR: ó 63.7; 1H NMR: li 1.49 
{18 H, m, C(CH3) 3), 2.02 (6 H, d, CH3, 2Jpca = 4.4 Hz). mp 115-llSOC 
(lit.l7 llSOC). 

meso- and rac-1,2-Dimethyl-1,2-di-p-tolyldiphosphine disulflde 
(7 and 8) were synthesized analogous to a procedure of Maier16 using 
dichloromethylphosphine sulfide and p-tolylmagnesium bromide as reac
tants. Single crystals of 7 and 8 were ohtained by crystallization from 
acetone and ethanol, respectively. 7: 31P NMR: li 36.4; 1H NMR: li 1.92 
(6 H, m, CH3 ), 2.41 (6 H, s, PhCH3), 7.32-7.40 (4 H, m, m-PhH), 7.95-8.08 
(4 H, m, o- PhH). mp 215-216°C. 8: 31P NMR: li 37.2; 1H NMR: li 2.35 (6 
H, m, CHa), 2.36 (6 H, s, PhCHa), 6.97-7.17 (4 H, m, m-PhH), 7.32-7.48 
(4 H, m, o-PhH). mp 177-17goC. 

meso- and rac-1,2-Dibenzyl-1,2-diphenyldiphosphine disulflde 
(9 and 10) were prepared analogous to the procedure of Crofts and 
Gosling18 using dichlorophenylphosphine sulfide and benzylmagnesium 
chloride as reactants. The meso-component was obtained after recrystal
lization from chloroform, the me-component from several crystallizations 
from ethanol-ethyl acetate (5: 1, v/v). 9: 31P NMR: 6 40.8; 1H NMR: li 
3.28 (2 H, m, CHPh), 4.09 (2 H, m, CHPh), 6.90-7.08 (10 H, m, CPhH), 
7.46-7.58 (6 H, m, m-PhH and p-PhH), 8.22-8.33 (4 H, m, o-PhH). mp 
206-20~C. 10: 31P NMR: 6 42.8; 1H NMR: 6 3.82 (2 H, m, CHPh), 3.98 
(2 H, m, CHPh), 7.12-7.25 (10 H, m, CPhH), 7.25-7.38 (6 H, m, m-PhH 
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and p-PhH), 7.72-7.83 {4 H, m, o-PhH). mp 193-194°0 (Iit.l8 mp 189.5-
190.500). 

1-Methyl-1,2,2-triphenyldiphosphine disulfide {11) was synthe
sized by adding dropwise 0.81 g (0.0042 mol) chloromethylphenylphosphi
ne sulfide, which was prepared according to a literature procedure of 
Maierl&,.in 25 mi of dry toluene.at roomtemperature to 0.93 g (0.0043 
mol) diphenylphosphine sulfide and 0.45 g (0.0044 mol) triethylamine in 

. 25 ml of dry toluene. After stirring for two hours the solution was fil
tered, .the solvent evaporated and the crude reaction product was chro
matographed on a silica-60 column with n-hexane-diethyl ether (3: 1 v/v) 
as eluent (R/(11)=0.50}. Aftera second column using ethyl acetate-n
hexane (4: 1 vfv, R1(11)=0.40) the pure compound was obtained and 
crystallized from ethanol. 11: 31P NMR: 6 37.5 (AB, Ph2P(S), Jpp =25 
Hz), 38.7 (AB, PhMeP(S)); 1H NMR: 6 2.30 (3 H, dd, CH3 , 2Jpc8 = 12.4 
Hz, 3Jppca=6.7 Hz), 7.25-7.60 (9 H, m, m-PhHandp-PhH), 7.77-7.92 (4 
H, m, o-PhH), 8.27-8.41 (2 H, m, o-PhH). mp 105-10SOO. 

1,1-Dimethyl-2,2-diphenyldiphosphine disulfide (12) was pre
pared by adding dropwise 9.47 g (0.043 mol) diphenylphosphine sulfide in 
75 of mi dry toluene at room temperature to 5.58 g (0.043 mol) dimethyl
chlorophosphine sulfide and 4.90 g (0.047 mol) triethyl amine in 100 mi 
of dry toluene and subsequent stirring for two hours. The solution was 
fittered and the solvent was evaporated. The áude reaction mi'.{ture was 
chromatographed on a silica-60 colm:rin using n-hexane-chloroform {1: 1 
vfv, R/(12)=0.15). The pure compound was obtained by crystallization 
from ethanol. 12: 31P NMR: 6 33.1 (d, Ph2P(S), Jpp =23Hz), 40.7 (d, 
Me2P(S)); 1H NMR: 61.93 (6 H, dd, OH3, 2Jpca=12.3 Hz, 3Jppca=7.5 
Hz), 7.50-7.60 (6 H, m, m-PhH and p-PhH), 8.30-8.40 (4 H, m, o-PhH). 
mp 108-109°0 (lit.20 mp 112.7°0). 

3.3 Results and assignment 

3.3.1 meso-1,2-Dimethyl-1,2-diethyldiphosphine disulfide (3) 

The ESR powder spectrum of 8-hour X-irradiated 3, recorded at 105 K, 
reveals the characteristics of three different phosphoranyl-type radicals 3a, 
3b and 3c (Figure 3.3a). 

The spectrum of radical 3a displays the three I= 1 ( m1 = + 1, 0, -1) 
lines of a triplet powder spectrum. The second centralline (I= 0, m1 = 0) 
is bidden under the intense absorption lines of the irradiated quartz. The 
four-line pattern, resulting from the non-degeneracy of the m1 = 0 lines 
(second-order splitting), is caused by the large hyperfine interaction of 
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Figure 3.3. ESR spectra. ofX-irradiated meso-1,2-dimethyl-1,2-diethyldiphos
phine disulfide {3). (a.) Spectrum of a. powdered sample a.t 105 K showing the 
tra.nsitions of ra.dicals 3a, 3b a.nd 3c. (b) Spectrum of 3a in a. THF host matrix 
a.t 105 K. 
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the unpaired electron with two identical 31P nuclei.21 Radical3b displays 
the powder spectrum associated with a double doublet arising from the 
coupling with two different 31 P nuclei. Radical 3c results in a doublet 
powder spectrum in which hyperfine interaction with a single 31P nucleus 
is present. The parallel (Au) and perpendicular (A.L) partsof the hyperfine 
coupling ,constant and g values determined for 3a-3c from the spectra are 
listed in Table 3.3 along with the calculated isotropie (At.o, equation (2.4)) 
and anisotropic or dipolar (Adi1" equation (2.5)) hyperfine constants. From 
~..., and Adip the valenee s and p orhital spin densities are estimated (Tahle 
3.4).22 . . 

On basis of the hyperfine coupling with two identical 81P nuclei we 
attribute radical 3a to a symmetrical p..:.. P _u* type radical. Moreover, 
the hyperfine couplings of 3a are similar to symmetrical P..:.. P u* type 
radicals previously generated in tetramethyl- and tetraethyldiphosphine 
disulfide. 2 Based on the different, hyperfine interactions with two non
equivalent 31P nuclei we attribute radical 3b to a TBP-e configuration. 
This assignment is supported by the result that the parallel features of the 
largest coupling display the perpendicular · transitions of the smallest 31 P 
coupling. This is a çonsequence of the almost perpendicular orientation 
of their respective parallel principal directions, which indicates a TBP-e 
structure with a central 31 P nucleus and the contiguons 31 P nucleus in an 
axial position. The second axial position is occupied by the sulfur atom. 
The isotropie and dipolar hyperfine constants are again similar to TBP:
e radicals generated in related diphosphine disulfide derivatives. 2 Radical 
3c is assigned to an asymmetrical three-electron bond adduct between 
phosphorus and sulfur (P..:.. S u* ) and its hyperfine data agree well with 
previous results.2,23 Upon warming the X-irradiated sample, the signals 
diminish and are irreversibly lost at 230 K. Subsequently a secondary 
phosphorus-centered radical appears (3d). This radical exhibits hyperfine 
interaction with one 81P nucleus and is assigned toa dissociation product 
resulting from a ropture of the P-P-linkage. A schematic representation 
of the observed radiogenie radical formation in 3 is depicted in Figure 
3.4. Interestingly, when 3 is X irradiated, being solvated in a frozen THF 
matrix, only the symmetrical p..:.. P u* radical can be detected (Figure 3b, 
Tables 3.3 and 3.4 ). 

This experiment demonstrates the decisive role of intermolecular ge
ometrical considerations in controlling the course of the reaction. In the 
crystalline state with its packed three-dimensional periodic environment 
a variety of products {3a-3d) is formed, whereas in a randomly oriented 
THF host matrix only one radical product is generated. 
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Table 3.3. Spin-Hamiltonian parametersAP for powder a.rid host-matrix ESR 
experiments of radicals formed in diphosphine disulfide deriva.tives. 

pl p2 

A.L Án ~ 2Aàîp A.L Au ~ 2AcUp U.L un Uuo 
3a 1287 1553 1383 170 1287 1553 1383 170 2.004 2.002 2.005 

1308 1308 2.008 
3ac 1224 1484 1311 173 1224 1484 1311 173 2.008 2.004 2.009 

1225 1225 2.014 
3b 1444 1785 1590 195 527 630 564. 66 2.006 2.007 2.007 

1540 
' 

535 2.007 
3c 1517 1924 1653 271 2.011 1.997 2.006 
3d 845 1303 998 305 2.017 2.003 2.012 
4a 1283 1553 1380' 173 1283 1553 1380 173 2.002 2.000 2.003 

1305 1305 2.008 
4ac 1209 1362 1260 102 1209 1362 1260 102 2.009 2.004 2.007 
Sa"· 1245 1518 1336 182 1245 1518 1336 182 2.011 1.999 2.007 
5c" 1288' 1760 1445 315 2.013 2.002 2.009 
6a" 1252 1529 1345 184 1252 1529 1345 184 2.013 1.999 2.008 
6c" 1278 1751 1436 315 2.013 2.003 2.010 
9a 1383 1960 1575 385 2.000 1.998 1.999 
9bC 1171 1416 1254 162 1171 1416 1254 162 2.007 2.001 2.002 

1174 1174 1.997 
lOa 1157 1404 1239 165 1157 1404 1239 165 2.007 2.000 2.005 
10ac 1164 1386 1243 144 1164 1386 1243 144 2.016 2.003 2.006 

1177 1177 1.998 
lObd 1521 2072 1705 368 2.011 2.004 2.009 
lOc 1305 1635 1415 220 2.015 2.007 2.012 
10dc 693 1122 836 286 2.017 2.003 2.012 
uac 1096 1408 1206 202 1096 1408 1206 202 2.001 2.000 2.004 

1115 1115 2.010 
llcc 669 1150 829 321 2.013 2.002 2.009 
12a 1176 1396 1249 147 1176 1396 1254 147 2.017 2.003 2.012 
12ac 1098 1371 1189 182 1098 1371 1189 182 2.006 2.001 2.004 
12b 1281 1672 1412 261 2.012 2.002 2.009 
12c 785 1264 931 332 2.014 2.002 2~010 

a· A in MHz. b For a number of ra.dicals. two different perpendicular A.1 and 
U.L values can he extracted from the ESR spectrum. c In THF host matrix. 
d Extra coupling of 65 MHz. 
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Table 3.4. Approxima.te valenee orbital spin densities (%) for the phosphorus-
centered ra.dicals identified upon X irra.dia.tion of diphosphine disulfide deriva.-
tives 3-12. 

Pi p2 
R.adical p. Pt> p7s p, . Pt~ P7s Total 

3a. 10.3 . 23.2 2.25 10.3 23.2 2.25 67.0 
3a" 9~8 23.6 .· 2.41 .9.8 23.6 2.41 66.8 
3b 11.9 26.6 2.24 4.2 9.0 2.14 51.7 
3c:: 12.4. 37.0 2.98 49.4 
3d 7.5 41.6 5.54 49.2 
4a 10.3 23.5 2.28 10.3 23.5 2.28 67.4 
4a" 9A i3.9 1.48 9.4 13.9 1.48 46.6 
58. 10.5. 28.3 2.70 10.5 28.3 2.70 77.6 
5&" 10.0 24.5 2.45 10.0 24.5 2.45 69.0 
5b 11.5 23.9 2.08 6.1 24.8 4.07 66.3 
5c 13.4· 53.5 3.99 66.9 
5c" 10.8 42.9 3.97 53.7 
f.:la 10.7 30.5 "2.85 10.7 30.5 2.85 82.4 
6a" 10.7 25.1 2.35 10.7 25.1 2.35. 71.6 
6b 12.5 27.5 2.20 4.0 15.9 3.98 59.9 
6c 11.8 44.1 3.74 0.9 4.2 4.67 61.0 
6c0 10.8 42.9 3.97 53.7 
6d 6.6 47.3 7.17 53.9 
7a 12.7 51.3 4.04 64.0 
Sa( A) 9.8 23.1 2.36 9.8 23.1 2.36 65.8 
8a{B) 10.0 25.6 2.56 10.0 25.6 2.56 71.2 
Sb 13.6 39.0 2.87 2.2 1.9 0.84 56.5 
9a 11.8 53.4 4.53 65.2 
ob• 9.4 22.1 2.35 9.4 22.1 2.35 63.0 
lOa 9.3 22.4 2.41 9.3 22.4 2.41 63.4 
lOa" 9.3 19.6 2.11 9.3 19.6 2.11 57.8 
lOb 12.7 50.1 3.94 4.6 67.4 
lOc 10.5 30.0 2.85 40.5 
10d4 6.3 39.0 6.23 45.3 
lla 9.5 23.1 2.43 9.5 23.1 2.43 65.2 
lla" 9.0 27.5 3.06 9.0 27.5 3.06 73.0 
llb 10.4 44.2 4.25 1.6 8.1 5.06 64.3 
llc" 6.2 43.7 7.05 49.9 
12a 9.3 20.0 2.14 9.3 20.0 2.14 58.6 
12a" 8.9 24.8 2.79 8.9 24.8 2.79 67.4 
12b 10.6 35.6 3.37 46.2 
12c 7.0 45.2 6.46 52.2 

• In THF host matrix. 
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Figure 3.4. Structure of radJeals 3a, 3b, 3c and 3d formed u pon X irradiation 
of 3 · and subsequent annea.Jing. 

3.3.2 rac-1,2-Dimethyl-1,2-diethyldiphosphine disulfide ( 4) 

Due to a low yield of compound 4, we could not separate it from 3 com
pletely, and a mixture (3: 4 = 1: 7.8) was used. After 8-hour X irradia
tion, 4 displays the powder ESR spectrum depicted in Figure 3.5. From 
the spectrum we ca.n a.ssign radical 4a with certa.inty. Other radicals, 
present in low coneentration, could originate from 4, but cannot he iden
tified una.mbiguously beca.use of interference by radicals generated from 
the impurity 3. Ra.dical 4a shows the sa.me speetral features as radical 3a 
and is therefore attributed to a p.:.. P o-• type radical {Figure 3.6). If X 
irradiation of 4 is preformed in a frozen THF matrix, the ESR spectrum 
is essentially identical to that of the crystalline compound, giving pre
dominantly 4a (Tables 3.3 and 3.4).24 Apparently, the symmetrie p..:.. P 
o-• structure prevails in both diastereoisomerie forms 3 a.nd 4 over asym
metrie radica.l configurations and is the only phosphorus centered radical 
formed when the compounds are enclosed by a THF host matrix. 

3.3.3 meso-1,2-Dimethyl-1,2-di-t-butyldiphosphine disulfide (5) 

The X-ra.y crystallographic data of Wunderlich and Wussow12 reveal that 
5 crystallizes in the triclinic space group PÏ with one molecule in the 
unit cell (a= 6. 765 A, b = 7. 788 A, c = 8.060 A, a= 73.29°, ,8 = 64.94° a.nd 
"'= 80.54°). The crystals are flat plates. After 6-hour X irradiation, the 
ESR spectrum of a randomly oriented single crystal of 5 revea.ls the pres
enee of three phosphoranyl-type radicals Sa, Sb and Sc (Figure 3.7). The 
most intense absorptions, belonging to radical Sa, constitute a four-line 
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4a 

4a 

Figure 3.5. ESR powder.sp~ctrum of X-irradiated rac-1,2~dimethyl~l,2-di
ethyldiphosphine disulfide (4)at 105 K revelll.ing the three I= llines of radical 
4a. · . . · · ' 

pattem and reveal hyperfine interaction with two identical 31 P nuclei. The 
central mr = 0 lines are split as aresult of the non-degeneracy of the I= 1 
ánd I= 0 energy levels due to the large. hyperfine intera.ction. 21 Radica.l 
5b shows hyperfine interaction with two different 31P nuclei, rèsulting in 
a. double doublet. Finally, radical 5c displays hyperfine interaction with a 
single phosphorus atom resulting in a doublet. In order to get a detailed 
insight in the spin-Ha.miltonian parameters of these radicals a. full single
crystal ESR analysis was performed in which the X-irradiated crystal was 
rotated about three mutually orthogona1 ESR reference axes. Through
out the rotations each radical showed only one orientation in agreement 
with the crystallographic data ( Ci symmetry, and Z = 1 ). The hyperfine 
and g tensors of radicals 5a, 5b and 5c and their isotropie and dipo
lar components, derived from the three principal values via the equations 
(2.2) and (2.3), are shown in Tables 3.3 and 3.5. The corresponding ap
proximate valenee s and p orbital spin densities are given in Table 3.4. 
Calculating the field transitions using the final g and A tensors, yields 
an rms-error of 0.16 mT which is substantially less than the line width 
of the absorptions. Radical 5a is assigned to a P..:.. P 0'"' structure, si nee 
the hyperfine couplings are similar to radical3a (Figure 3.8). Radical 5b 
is attributed to a TBP-e type radical with the adjacent phosphorus atom 
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and the sulfur atom in the axial positions. Radical 5c is an asymmetrical 
p..:.. S a* type radical and its spin-Hamiltonian parameters are similar to 
the asymmetrical p..:.. S a* type radical formed in tetraethyldiphosphine 
disulfide. 2 

From the direction cosines of the largest principal hyperfine coupling, 
which correspond to the direction of the SOMO, it is possible to calculate 
the relative orientations of the SOMOs of 5a-5c (Table 3.6). It is read
ily shown that the directionsof all the hyperfine couplings are coplanar. 
Single-crystal ESR experiments on tetramethyldiphosphine disulfide and 
ah initio quanturn chemical calcu]ations have shown that the principal 
direction of the SOMO of a symmetrie p..:.: P a* radical is located in the 
S-P-P-S plane and makes an angle of approximately 25-30° with the P-P 
bond.2 Since all principal couplings of 5a-5c are coplanar, a schematic 
representation of their SOM Os can he obtained by locating the directions 
in the S-P-P-S plane and fixing the angle of 5a with the P-P bond to 25° 
(Figure 3.9). 

The ESR spectrum of 5 in frozen THF is different from the spectrum 
of the pure compound. Now two radical species could be identified, the 
p..:.. Pa* radical 5a present in low concentration and the strong signals of 
a species comparable to radical 5c but with a smaller con tribution of the 
phosphorus valenee s orbital ( Tables 3.3 and 3.4 ). 

Comparing the meso forms 5 and 3, it appears that the radicals gen
erated in the crystalline matrix are very simi1ar, the only differencc being 
the dissociation product, which is not detected for 5. This leads to the 
suggestion that the t-butyl group does not exert a large inftuence on the 
electron-capture behavior. Moreover, an absence of a p..:.. P a* as in the 
meso compound 1 is not observed. Consiclering the bulkiness of the t
butyl group, this leads to the imperative condusion that the size of the 
substituents in itself is not the principal driving force for the observed 

77K 

4 4a 

Figure 3.6. Structure of radical 4a formed u pon X irradiation of 4. 
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Figure a;T. Sirigle-crystal ESR spectrum o( X-irradiàted meso~1,2-dimethyl-
1,2-di-t-butyldiphosphine disulfide (5) showing the' transitions of radicals 5a; 
5b and 5c atl05K. ', 
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Figure 3.8. Structure of radicals 5a, 5b and 5c formed upon X irradiation of 
5. 
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Table 3.5. Hyperfine" and g tensors~» of radicals 5a, 5b and 5c. 

Nucleus 9i•o direction cosines 
Aa•o A"'" x y z 

5a g 2.002 -0.932 0.181 0.314 
2.007 2.007 0.362 0.425 0.830 
2.014 -0.016 -0.887 0.462 

Pt, P2 A 1294 -113 -0.444 -0.103 -0.890 
1313 1407 -94 0.117 0.978 -0.171 
1614 207 0.889 -0.180 -0.422 

5b g 2.003 0.999 -0.044 0.015 
2.006 2.006 -0.003 -0.373 -0.928 
2.010 -0.005 -0.927 0.372 

Pt A 1418 -119 -0.954 -0.039 -0.298 
1481 1537 -56 0.067 0.938 -0.340 
1713 176 -0.293 0.344 0.892 

p2 A 717 -97 -0.276 -0.045 -0.960 
727 814 -87 0.149 0.985 -0.089 
996 182 0.950 -0.167 -0.265 

5c g 2.000 -0.978 -0.096 0.184 
2.003 2.003 0.169 0.141 0.975 
2.004 -0.120 0.985 -0.122 

Pt A 1589 -204 0.175 0.902 -0.394 
1605 1793 -188 0.172 -0.422 -0.890 
2186 393 0.970 -0.088 0.229 

11 A in MHz. b The ESR reference x axis was chosen perpendicular to the plate 
face of the crystal, the other two, y and z, were chosen arbitrarily but mutually 
orthogonal in the plane of the plate. 

discrimination between radiogenie radical configurations generated i u meso-
and rac-1,2-dimethyl-1,2-diphenyldiphosphine disulfide, 1 and 2, rcspec-
tively. 

3.3.4 rac-1,2-Dimethyl-1,2-di-t-butyldiphosphine disulfide (6) 

According to Wunderlich and Wussow12 6 crystallizes in the molloclinie 
space group P21 with two molecules in the unit cell (a= 6.582 A, b = 14.663 
Á, c = 8.463 A, and ,8 = 110.27° ). The crystals obtained from ethanol are 
flat needles. The two molecules in the unit cell are of the same absolute 
configuration. The conformation of 6 is totally different from the onc usu-
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s 

Figure 3.9. Schematic representation of the principal hyperfine coupling di
rection of Sa, Sb and Sc with respect to the molecular frame. 

ally encountered for diphosphine disulfides, i.e. the bulky t-butyl groups 
are trans oriented and force the sulfur atoms into a gauche conformation. 
The crystal anàlysis furthermore reveals tha.t the two phosphorus rooieties 
of the molecule are slightly different, a fact tha.t h.as been confirm~d by 31 P 
MAS solid state NMR.25 The ESR spectrum of an X-irradiated, randomly 
oriented single crystal reveals.the presence of two phosphoranyl type rad
icals, 6a and 6b, at low temperature (105 K). Slightly warming leads to 
a rapid loss of 6b a.nd the concurrent formation of two new phosphorus
centered radical species, 6c and 6d (Figure 3.10). Radical 6a displays 

Table 3.6. Relative orientation ( deg) of the principal directions4 of the hyper
fine couplings for radicals formed.in 5. 

Rad ie al 5a 5bl 5b2 5c 

5a 0 
5bl 45.7 0 
5b2 9.7 55.1 0 
5c 38.7 96.3 29.0 0 

a Because no absolute sign can attributed to direction a principal 
value, there is an am biguity of ± 180° in the listed angles. 
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6c 6d 

Figure 3.10. Single-crystal ESR spectrum of X-irradiated rac-1,2-dimethyl-
1,2-di-t-butyldiphosphine disulfide (6) showing the transitions of radicals 6a, 
6e and 6d at 120 K. 

an intense four-line pattern, where each Hne reveals an additional small 
hyperfine splitting (1.2 mT), probably resulting from hyperfine interac
tion with a 1 H nucleus. The spectrum of 6a is readily associated with a 
radical possessing two identical 31 P nuclei. Radical 6b gives rise to a dou
ble doublet as aresult of the hyperfine interactions with two different 31P 
nuclei. This radical is rather unstable and vanishes rapidly upon anneal
ing. The ESR spectrum attributed to 6c, which is a secondary radical, 
constitutes of four equally intense triplets. This complex pattern is the 
result of hyperfine interactions with two different 31 P nuclei and probably 
two identical 1 H atoms. The other secondary radical, 6d, appears in the 
spectrum as a 31P doublet. 

Accurate spin-Hamiltonian parameters were obtained from a single
crystal ESR analysis. The X-irradiated single crystal was rotated in three 
mutually orthogonal planes. For this purpose the x axis was chosen along 
the long needie axis, the y axis perpendicular to the flat needie face and 
the z axis along the short needie axis. The orientation dependenee of the 
resonant fields is depicted in Figure 3.11. A special feature which can 
he noted is the fact that in the xz plane only one orientation of every 
radical product is detected. This can he rationalized only when the y
reference axis corresponds to the crystallographic b axis (two-fold screw 
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Figure 3.11. Angula.r dependenee of the resonant fields for radicals 6a, 6b, 
6c and 6d. 

axis). Magnetically inequivalent sites are observed for 6a in the xy and yz 
planes and for 6b in the xy plane. The resonant field values were analyzed 
using the computer program and the resulting hyperfine and g tensors are 
enumerated in Table 3. 7. The corresponding valenee orb i tal spin densities 
are listed in Table 3.4. The rms-error of the calculated field transitions, 
averagedover the different radical species, amounts to 0.25 mT. 

The assignment of 6a-6d to specific radical structures is not straight
forward and will be elaborated into some detail. The most plausible in
ference of the result that radical 6a possesses two identical phosphorus 
nuclei is that 6a represents a symmetrical · P u* configuration. Since 
the hyperfine couplings of the two 31 P nuclei appear to be equivalent for 
all orientations of the magnetic field,26 the principal directionsof the hy
perfine tensors must coincide. As a consequence of the near C2 symmetry 
of the precursor molecule these principal directions must either coincide 
with, or else be perpendicular to the C2 axis. The SOMO of the p..:... P 
u* radical must therefore be located in the t-Bu-P-P+Bu plane, which 
also accounts for the high total spin density on the two phosphorus atoms 
{82.4%) due to a decreased spin delocalization onto the adjacent sulfur 
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Table 3.7. Hyperfine4 and g Tensors" of Radicals 6a, 6b, 6c and 6d. 

Nucleus 9i•o direction cosines 
Ai.., A .lip x y z 

6a g 2.003 -0.526 0.224 -0.821 
2.008 2.008 -0.658 0.504 0.559 
2.012 0.539 0.834 -0.118 

Pt. P2 A 1299 -124 0.567 -0.600 -0.563 
1325 1423 -98 0.620 0.762 -0.188 
1647 224 -0.542 0.242 -0.804 

6b g 2.003 -0.344 0.292 0.896 
2.004 2.005 0.706 0.706 0.049 
2.007 0.619 -0.649 0.442 

Pt A 1552 -123 0.242 -0.132 0.961 
1596 1675 -79 -0.544 0.802 0.247 
1876 201 0.803 0.583 -0.122 

p2 A 467 -61 -0.892 0.186 0.411 
487 534 -50 0.107 0.973 -0.206 
651 117 -0.438 -0.140 -0.888 

Oe g 2.003 0.122 -0.061 0.991 
2.008 2.007 0.989 0.091 -0.116 
2.009 -0.083 0.994 0.071 

Pt A 1399 -178 -0.757 0.485 -0.438 
1431 1577 -146 0.454 0.873 0.181 
1901 324 0.470 -0.062 -0.880 

P:z A 100 -23 -0.989 -0.137 0.051 
115 123 -8 -0.134 0.990 0.045 
154 31 -0.057 0.0037 -0.998 

6d g 2.002 -0.132 0.005 -0.991 
2.016 2.012 -0.986 -0.102 0.131 
2.017 -0.100 0.995 0.019 

Pt A 702 -182 -0.979 0.049 0.196 
719 884 -165 0.048 0.999 -0.013 

1232 348 -0.196 -0.003 -0.981 

a A in MHz. See text for definition of x, y, and z. The secoud orientation is 
related to (x,y,z) by (-x,y,-z). 
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Table 3.8. Relative orientation ( deg) of the principal directions" of the hyper
fine couplings for radicals formed in 6. 

Radkal 6a 

6a 0 

6bt 88.7 

6b2 23.3 

6c1 64.0 

6c2 32.6 

6d 47.0 

0 

109.3 

63.3 

84.4 

92.3 

0 

54.3 

25.1 

16.9 

0 

31.8 

39.5 

0 

8.2 

6d 

0 

" Because no absolute sign can he attributed to the direction of a principal 
value, there is an ambiguity of ±180° in the listed angles. 

atoms. Radical 6b is attributed toa TBP-e type radical with the neigh
boring phosphorus and sulfur atoms in the axial positions. The spin
Hamiltonian parameters of 6b are similar to those of radical 3b. Radical 
6c is assigned to an asymmetrie P..:.. S u* type radical with a small hy
perfine coupling from the second phosphorus nucleus.27 Radical 6d is a 
dissociation product resulting from a rupture of the P-P linkage. A care
ful evaluation of the direction cosines and the total number of observed 
magnetically inequivalent sites of 6b, 6c and 6d reveals that each of these 
radical species, in which the unpaired electron is primarily localized on one 
half of the molecule, must be derived from only one of the two geometri
cally non-identical phosphorus moieties present in the molecule (e.g. the 
TBP-e radical6b cannot he located in one molecule on P1 and in another 
molecule on P 2 ). This interesting effect emphasizes the complexity of fac
tors involved in the formation of electron-capture products. The relative 
orientations of the SOMOs calculated from the direction cosines of the 
largest hyperfine coupling constauts are given in Table 3.8. A schematic 
representation of the radical structures is depicted in Figure 3.12. 

We also stuclied the radiogenie radical formation of 6 in a THF host 
matrix. X irradiation results in an ESR spectrum which is essentially 
identical to that of its meso isomer, 5, and hence similar radicals must 
have been formed. They are assigned to p..:.. P u* (6a) and p..:.. S a* (6c) 
structures (Tab les 3.3 and 3.4 ). It is to he noted that compounds 5 and 
6, when X irradiated in a THF host matrix, react differently from all 
other diphosphine disulfides by the fact that the p..:.. P a* configuration is 
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Figure 3.12. Structure of radicals 6a, 6b, 6c and 6d formed upon X irradia
tion of 6 and subsequent annealing. 

not the most abundant electron-capture product, but instead the p..:. S 
u* contiguration prevails. 

3.3.5 meso-1,2-Dimethyl-1,2-di-p-tolyldiphosphine disulfide (7) 

The meso isoroer 7 was crystallized from acetone. X-ray crystallographic 
analysis (Table 3.2) reveals a P2I/a space group with two molecules of Ci 
symmetry with centers at (0, 0, t) and ( t, t, t) in the unit cell (a= 7.6520 
A, b = 12.2705 A, c = 9.1212 A, and (3 = 92.102°). The molecules possess a 
P-P bondlengthof 2.2309(6) Aandatrans conformation of the two sulfur 
nuclei. The bond distances and angles are in agreement with other known 
diphosphine disulfides.11,12,28-30 The ESR spectrum of a randomly ori
ented, X-irradiated single crystal of 7 shows the weak features of a single 
phosphoranyl type radical 7a (Figure 3.13). The ESR absorptions of 7a 
constitute a doublet, indicating hyperfine interaction with one 31 P nu
cleus. Upon warming, no new radical species can he detected, and 7a is 
irreversibly lost at 250 K. 

Based on the P2I/ a symmetry of the crystal, two magnetically dif
ferent orientations of 7a can he expected. The fact that during rotation 
of the crystal in three mutual orthogonal planes only one orientation is 
observed, can he rationalized with either an orthogonal or parallel orien
tation of the SOMO with the two-fold crystallographic screw axis ( b axis ). 
The results of the single-crystal ESR analysis are comprised in Table 3.9. 
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Figure 3.13. Single-crystal ESR spectrum ofX-irradiated meso-1,2-dimethyl-
1,2-di-p-tolyldiphosphine disul:fide (7) showing the transitionsof radical 7a at 
105 K. 

The y component of the eigenvector corresponding to the largest principal 
hyperfine coupling amounts only to -0.081, suggesting that the SOMO is 
orthogonal tob. The two-fold symmetry transfers a SOMO in the (x, O,z) 
direction to the magnetically equivalent direction (-x, 0, -z ). The rms
error of the calculated field transitionsis 0.17 mT, substantially less than 
the line width. 

We assign 7a to an asymmetrical p.: S o-* type radical (Figure 3.14). 
The spin-Hamiltonian parameters are similar to those for previously re
ported P.: S o-* radicals. 2,23 The very low solubility of 7 in etheric solvents 
predurled a host-matrix study. 

p-Tol ~e 
s-

p-Tol t:1e s 
~ '· I e-

, .. 
p 

\ 77K 
p P, 

I I \'p-Tol p-Tol s Me s Me 
7 7a 

Figure 3.14. Structure of radical Ta formed upon X irradiation of 7. 



3.3. Results and assignment 57 

Table 3.9. HyperfineG a.nd g Tensorslt of Ra.dical 7a. 

Nucleus Yi•o direction cosines 
Ai•o A.np x y z 

7a g 1.997 0.768 0.214 0.604 
1.999 1.999. 0.238 -0.970 0.040 
2.000 -0.595 -0.113 0.796 

P1 A 1487 -205 0.537 0.307 -0.786 
1521 1692 -171 -0.102 0.948 0.301 
2069 377 0.838 -0.081 0.540 

4 A in MHz. lt The x axis is located perpendicular to the flat lozenge-shaped 
face of the crystal, the y and z axes were chosen along the diagonals of the 
lozen ge. 

In summary it appears that, analogous to 1, no symmetrical p..::.. P 
u• configuration is formed in this meso form a.fter X irradiation. 

3.3.6 rac-1,2-Dimethyl-1,2-di-p-tolyldiphosphine disulfide (S) 

Single crystals of S are obtained by crystallization from ethanol. The 
crystallographic analysis (Table 3.2) reveals a monoclinic P21/c space 
group with four molecules in the unit cell (a=12.2375 Á, b=10.4163 Á, 
c=14.0144 Á, and ,8=94.960°). This compound crystallizes as a meemie 
form containing both R,R and S,S molecules. The asymmetrie unit in the 
cellis one entire molecule. The molecules possess no intemal symrnetry 
element, the P-P bond distance is 2.2259(8) Á and the SPPS torsion angle 
amounts to 176.34( 4 )0

, indicating a small deviation from an exact trans 
location. The two halves of the molecules differ mainly by the orientation 
of the p-tolyl group with respect to the P-P bond (PPCC torsion angles 
of 112.9(2)0 and 77.9(2)0

). X irradiation of S results in an ESR spectrum 
in which two types of phosphoranyl radicals can he detected: Sa and Sb 
(Figure 3.15). 

The most intense absorptions (Sa) forma four-line pattem from which 
hyperfine interactions with two identical 31P nuclei can he deduced. Ra
dical Sb exhibits a double doublet pattem indicating hyperfine interac
tion with two different 31 P atoms. In order to obtain a better insight 
into the orientational dependenee of the hyperfine and g tensors a full 
single-crystal ESR analysis was performed. Prior to the calcuhtiion of 
the spin-Hamiltonian parameters, radical Sa seemed to he present in four 
orientations and radical Sb in two, but the computations reveal that the 
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Figure 3.15. Single-crystal ESR spectrum of X-irradiated rac-1,2-dimethyl-
1,2-di-p-tolyldiphosphine disulfide (S) showing the tra.nsitions of radicals Sa 
and Sb at 105 K. 

spectrum of radical Sa consists in fact of two orientations of two slightly 
different p_:_ P a* radicals Sa( A} and 8a(B) (Table 3.10). Radical Sb is 
attributed to an asymmetrical p..:.. S a* type radical having a small hyper
fine interaction with the neighboring phosphorus atom.27 The rms-error of 
the calculated field transitions amounts to 0.27 mT. Table 3.11 shows the 
relative orientations of the direction of the SOM Os. The fact that radicals 
8a(A), 8a(B) and Sb are present in two orientations accords with the 
symmetry of the P2t/ c space group in which the four molecules occupy two 
sets ofmagnetically unequivalent orientations (x, y, z) and (-x, y, -z). No 
experiments in a THF host matrix were done for 8, because a comparison 
with the corresponding meso structure 7 is not possible (vide supra): 

Figure 3.16 gives a schematic representation of the radical precursor 
and radical formation. 

3.3.7 meso-1,2-Dibenzyl-1,2-diphenyldiphosphine disulfide (9) 

The ESR powder spectrum of an X-irradiated sample of 9, recorded a.t 105 
K, reveals the features of a single phosphoranyl-type radical 9a (Figure 
3.17a). 

Radical 9a gives the powder pattem of a doublet, exhibiting hyperfine 
interaction with one 31P nucleus. The spin-Hamitonian parameters and 
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Table 3.10. Hyperfine4 and g Tensors" of radicals Sa{ A), Sa{B) and Sb. 

Nucleus 9i•o direction cosines 
Ai•o Adïp x y z 

Sa{ A) g 2.000 -0.681 -0.567 -0.463 
2.004 2.004 0.532 -0.818 0.219 
2.009 -0.503 -0.098 0.859 

P~o P2 A 1201 -101 0.331 -0.938 0.098 
1234 1302 -68 0.492 0.084 -0.867 
1471 169 -0.805 -0.335 -0.489 

8a{B) g 1.999 -0.445 -0.763 -0.470 
2.004 2.004 0.850 -0.525 0.047 
2.009 -0.282 -0.378 0.882 

P~o P2 A 1225 -115 0.903 -0.397 -0.164 
1266 1340 -74 0.066 0.504 -0.861 
1527 187 -0.424 -0.767 -0.481 

Sb g 2.002 -0.179 0.676 0.715 
2.009 2.009 0.973 0.231 0.025 
2.016 0.148 -0.700 0.699 

Pt A 1648 -173 0.259 0.736 0.626 
1708 1821 -113 0.234 -0.676 0.699 
2107 286 -0.937 0.035 0.347 

p2 A 18 -11 0.509 -0.622 0.595 
26 29 -3 -0.815 -0.125 0.566 
42 14 -0.278 -0.773 -0.571 

a A in MHz. 11 The three ESR reference axes (x,y,z) were arbitrary but rnutual 
orthogonal. 

p-Tol t;1e p-Tol t;ie S 
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Figure 3.16. Structure ofradicals Sa(A,B) and Sb formed upon X irradiation 
of S. 
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Figure 3.17. ESR spectra of X-irradiated meso-1,2-dibenzyl-1,2-diphenyl
diphosphine disulfide (9). (a) Spectrum of a powdered sample showing the 
transitionsof 9a at 105 K. (b) Spectrum of 9b in a THF host matrix at 105 K. 
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Figure 3.18. Structure of radicals 9a and 9b upon X irradiation of 9 in the 
pure compound and in a THF host matrix. 

corresponding orbital spin densities are given in Tables 3.3 and 3.4. We 
assign radical 9a to an asymmetrical p..:.. S a* type radical (Figure 3.18). 
Again the presence of an aryl group linked to phosphorus leads to the ab
sence of the symmetrical p..:.. Pa* radical in. the meso form. U pon warming 
no new phosphoranyl radical is formed and radical 9a is irreversibly lost 
at 250 K. 

In contrast to the meso compounds 1 and 7, 9 is readily soluble in 
etheric solvents, giving the opportunity to study its electron-capture be
havior in host matrix environments. X irradiation of 9 in a THF matrix 
results radical species 9b which is completely different from the crystalline 
state product 9a (Figure 3.17b ). Now the speetral features indicate hy
perfine interaction with two identical 31 P atoms, and we assign radica1 9b 
toa symmetrical p..:.. P a* type radical (spin-Hamiltonian parameters and 
approximate orbital spin densities are given in Tables 3.3 and 3.4 ). Ra
di cal 9b is rapidly lost upon annealing and no new phosphorus-centered 
radicals are detected. 

3.3.8 rac-1,2-Dibenzyl-1,2-diphenyldiphosphine disulfide (10) 

After X irradiation of 10 the ESR powder spectrum reveals the features 
of at least three phosphoranyl-type radicals IOa, lOb and lOc (Figure 
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3.19a). 
Upon warming radicallOa decreases rapidly and is irreversibly lost at 

135 K. Further annealing leads to the lossof lOb at 145 K. Radical lOc 
is lost at 215 K and no new phosphorus-centered radical species appears. 
The spin-Hamiltonian parameters and corresponding valenee orbital spin 
densities are enumerated in Tables 3.3 and 3.4. The speetral features of 
radical lOa indicate hyperfine interaction with t'wo identical 31P nuclei 
from which we condude that lOa is a P _:_ P u* type radical. Radical 
lOb displays the powder pattem of an asymmetrical p_:_ S u* type radical 
ha ving a large hyperfine interaction with one 31 P atom and a small, nearly 
isotropic, hyperfine interaction with another I= t nucleus (possibly a 1H 
atom or the adjacent 31 P atom). Radical species lOc, the most intenseand 
most persistent radical configuration, exhibits a doublet powder spectrum 
indicating hyperfine interaction with only one 31 P nucleus. We assign lOc 
to an alternative configuration of an asymmetrical P _:_ S u* type radical 
(Figure 3.20). 

X irradiation of 10, dissolved in a THF matrix, yields the samespeetral 
features as radical 9b, so again only the symmetrical p_:_ P u* type radical 
(tOa) is formed (Figure 3.19b). Upon siowly raising the temperature, the 
signals of lOa are lostand a thiophosphonyl radical (lOd) is formed as a 
result of a rupture of the P-P bond. Apparently, the differences between 
compounds 9 and 10 in the X-irradiated crystal solid state have disap
peared in the THF host matrix. The difference between radiogenie radical 
formation in the crystalline and host-matrix experiments must either orig
inate from the influence of the crystallattice or from a completely different 
conformation of the arylligands or from a combination of both. It is clear 
that the radiogenie behavior of the diastereoisomerie molecules changes 
dramatically by removing the molecule from its crystal environment and 
placing it in the THF host matrix. The absence of radicals lOb and lOc 
in the THF host matrix suggests that by offering enough space to the 
radical precursor to change its geometry after electron capture only the 
thermodynamically most stabie radical, being the P _:_ P u* configuration, 
will he formed ultimately leading to dissociation when the temperature 
is raised. The diversity of radicals formed in the solid crystal state must 
therefore originate from the strong inpact of the lattice on the kinetics of 
the p_:_ P u"' formation by which secondary reactions can occur.31 

3.3.9 1-Methyl-1,2,2-triphenyldiphosphine disulfide ( 11) 

Compound 11 was crystallized from ethanol and a single crystal, shaped 
as a tetragonal prism, was X irradiated for 8-hours. The ESR spectrum 
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Figure 3.19. ESR spectra of X-irradiated rac-1,2-dibenzyl-1,2-diphcnyldi
phosphine disulfide (10). (a) Spectrum of a powdered sample at 105 K showing 
the transitions of tadicals lOa, lOb and lOc. (b) Spectrum of lOa in a THF 
host matrix at 105 K. 
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Figure 3.20. Structure of radicals lOa, lOb, lOc and lOd formed upon X 
irradiation of 10. 

at 105 K of this randomly oriented single crystal shows the a.bsorptions 
of three phosphoranyl-type radicals of which only two could he a.ssigned 
with certainty, lla a.nd llh (Figure 3.21a}. 

Upon annea.ling lla is readily lost a.t 145 K. Concurrently there is a. 
small increase of the unassigned radical (indicated in Figure 3.2la with an 
asterisk}. Further warming does not result in new radical configurations 
and all phosphoranyl radicals are irreversibly lost at 245 K. The hyperfine 
and g tensors were obtained by performing a single-crystal ESR analysis 
(Tables 3.12 and 3.13). The computer program yields an rms-error of 0.17 
mT for the calculated field transitions. 

Radicallla is attributed toa symmetrical P..:.. P u* configuration which 
is formed in spite of the fact that the precursor possesses two completely 
different phosphorus nuclei. Radicalllh can he assigned to an asymmet
rical P..:.. S u* type radical, in which the extra coupling is due to the neigh
boring phosphorus atom (Figure 3.22).27 The isotropie and anisotropic 
hyperfine coupling constauts of P1 in llh closely resembie those of the 
asymmetrical p..:.. S 0'* type radical formed from 1.1 It is reasonable to 
assume that the main part of the spin density of the unpaired electron 
resides at the MePhP(S) moiety of the molecule. 

Like the other compounds, we also studied the electron-capture prop
erties of 11 embedded in frozen THF. The resulting ESR spectrum (Fig
ure 3.2lb) clearly shows tbe formation of the p..:.. P 0'* radical lla and 
the concurrent absence of P..:.. S 0'* or TBP-e configurations. The only 
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Figure 3.21. ESR spectra of X-irradiated 1-methyl-1,2,2-triphenyldiphosp hine 
disulfide (11 ). Single-crystal spectrum at 105 K showing the transitions of 
radicals 11a, 11 b, and an unidentified species, indicated with au asterisk. (b) 
Spectrum of lla in a THF host matrix. 
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Table 3.11. Hyperfine4 a.nd g Tensors" of Radicals lla a.nd llb. 

Nucleus 9i•o direction cosines 
Ai•o A,u" x y z 

lla g 2.000 0.032 0.999 -0.025 
2.006 2.005 0.613 0.000 0.790 
2.009 -0.790 0.041 0.612 

Pt. P2 A 1175 -87 -0.032 0.202 -0.979 
1179 1262 -83 0.989 0.150 -0.001 
1432 170 0.146 -0.968 -0.205 

llb g 2.003 -0.426 0.830 0.362 
2.007 2.007 0.245 0.490 -0.836 
2.010 -0.871 -0.267 -0.412 

pl A 1229 -165 -0.462 0.512 -0.724 
1234 1394 -160 0.745 0.667 -0.004 
1718 324 0.481 -0.541 -0.690 

p2 A 183 -32 0.341 0.467 -0.816 
188 215 -27 0.809 0.297 0.508 
275 60 0.480 -0.833 -0.276 

4 A in MHz. b The ESR-reference x a.xis wa.s chosen along the long side of the 
recta.ngula.r crysta.l, y a.nd z were chosen mutua.lly orthogonal a.nd perpendicula.r 
to the fa.ces of the crystal. The second orienta.tion is rela.ted to (x,y,z) by 
( -x,y,z). 

Table 3.12. Rela.tive orienta.tion ( deg) of the principal directions4 of the hy
perfine coupling for ra.dica.ls formed in 11. 

Radical lla 

0 
42.5 
21.0 

0 
29.4 0 

4 Beca.use no absolute sign can he attributed to the direction of a principa.l 
value, there is an amhiguity of ±180° in the listed angles. 
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Figure 3.22. Structure oiradieals lla and llb formed upon X irradiation of 
11. 

asymmetrical phosphorus-centered radical detected is a dissociation prod
uct 11c whose concentration increases upon annealing. This experiment 
disdoses two important aspects relevant to radical formation in diphos
phine disulfides. First, the discrimination between symmetrie and asym
metrie spin-density distributions as observed for 1 and 2 is not the result 
of a small asymmetry of the precursor molecule, since the intrinsic dif
ference of the two contiguons phosphorus moieties of 11 does not inhibit 
the formation of a symmetrie P _:_ P u* radical. Second, the dissociation 
reaction, which gives a confirmation of the decreased stability of the P
p bond, is not observed in the tightly packed crystalline matrix but is 
geometrically allowed in the randomly oriented THF environment. 

3.3.10 1,1-Dimethyl-2,2-diphenyldiphosphine disulfide (12) 

The powder spectrum of X-irradiated 12, recorded at 105 K, reveals the 
presence of at least two phosphoranyl-type radicals, 12a and 12b (Tables 
3.3 and 3.4). Upon annealing, radical 12a is readily lost at 125 K and 
further warming results in the formation of a secondary radical 12c at 
215 K. Radicals 12b and 12c are irreversibly lost upon further warming 
to 235 and 250 K, respectively. Radical12a displays the speetral features 
of a symmetrical p_:_ P u* type radical, and again such a radical is formed 
in a molecule in which the two halves are completely different. Ra.dical 
12b shows the intense absorption pattern typical of a hyperfine interaction 
with only one phosphorus atom, and we assign it to an asymmetrical p_:_ S 
u* type radical. Radical12c reveals hyperfine interaction with a single 31 P 
nucleus and, basedon the spin-Hamiltonian parameters, is attributcd to 
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Figure 3.23. Structure of radicals 12a, 12b and 12c formed upon X irradia
tion of 12 and subsequent annealing. 

a dissociation product, resulting from a rupture of the P-P bond (Figure 
3.23). X irradiation of 12 at 77 K, in frozen THF, leads to the formation of 
the symmetrie · P u* radical (12a). Other phosphorus-centered radical 
configurations cannot he identified. 

3.4 Discussion 

The present results demonstrate that stereochemical and environmental 
effects can he decisive for the formation of phosphorus-centered radicals 
in diphosphine disulfides derivatives. The most striking result is that X 
irradiation of the crystalline meso compounds I (MePhP(S)P(S)MePh), 7 
(Me(p-Tol)P(S)P(S)Me(p-Tol)), and 9 (Ph(PhCH2)P(S)P(S}Ph(CH2Ph}) 
does not lead to the usual · P u* configuration, but invariably results 
in the formation of alternative radical configurations in which thc un
paired electron is primarily located on one half of the molecule, i.e. a 
spin-localized structure. X irradiation of the corresponding crystalline 
racemie forms (2, 8, 10), on the other hand, gives rise to the symme
trical p..:.. P u* contiguration (spin-delocalized). It appears that the ob
served discrimination between symmetrie (spin-delocalized) and asym
metrie (spin-localized) configurations is a unique property of substituted 
diphosphine disulfides with aromatic substituents directly linked to the 
phosphorus nuclei. The marked difference in radical formation of meso-
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and rac-diastereoisomers is not observed for diphosphine disulfides with 
four aliphatie substituents and seems not to he related to the size or bulki
nessof the ligands. Aeeordingly, X irradiation of rac-MeEtP(S)P(S)MeEt 
( 4) results in P _.:._ P er* radicals and the meso form ( 3) gives both symmetrie 
and asymmetrie species. Likewise for meso- and rac-Me(t-Bu)P(S)P(S)
Me(t-Bu) {5 and 6) only small differences are eneountered between radical 
formation in the diastereoisomers. In part this close agreement was not 
anticipated, because the molecular conformation of the racemie molecules 
(6) is characterized by a gauche conformation of the sulfur atoms, com
pletely different from the usual trans location of other diphosphine disul
fides. Especially the formation of a symmetrie P _.:._ P er* radical is therefore 
to he noted. 

Besides the nature of the substituents, we investigated the possibil
ity that a small geometry distortion of one half of a symmetrie diphos
phine disulfide precursor, directs the unpaired electron to one of the 
two phosphorus nuclei. Such a distortion is mimicked by the precursors 
MePhP{S)P{S)Ph2 (11) and Me2P(S)P(S)Ph2 (12) which incorporate an 
intrinsic asymmetry between the two phosphorus moieties. Nevertheless, 
X irradiation of the crystalline compounds generates, among spin-localized 
structures, unmistakably radical configurations with equal spin density on 
the two phosphorus nuclei. Hence, it can be concluded that the forma
tion of a P _.:._ P er* radical is most likely not inhibited by small symmetry 
distortions. 

The excellent agreement between ~he results of the X-irradiated meso 
compounds containing aromatic substituents directly linked to the two 
phosphorus atoms indicates that there exists a mutual driving force which 
preelucles the formation of symmetrical p_.:._ P er* radicals. The explana
tion for this phenomenon cannot he purely based on intrinsic molecular 
properties of the isolated molecules. This is evident from the experi
ments in a frozen THF host matrix. X irradiation of the meso form 
of Ph(PhCH2)P(S)P(S)Ph(CH2Ph) (9) in a THF matrix gives the p_.:._ P 
er* radical, completely different from the · S u* radical encountered in 
the crystalline compound, but almost indistinguishable from the P..:.. P 
0'* configuration of the racemie form (10). This experiment demonstrates 
that environmental effects, possibly in combination with intramolecular 
forces, are very important to explain radiogenie radical formation in the 
crystalline compounds. 

It is clear that the rate of transformation of an initia! electron-capture 
product towards a stabie configuration determines the overall radiation 
process. Provided geometry relaxation is fast and leads to sufficien tly 
deep traps, the anion radicals can be detected via ESR spectroscopy.32 
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This concept gives an opportunity to explain the strong differences be
tween the radiogenie formation of p...:.. P u* configurations in the aromatic 
substituted meso compounds (1, 7 and 9) and the racemie analogues (2, 
8 and 10). Upon formation of a p...:. P u* radical the P-P bond will ac
quire some antibonding character and tend to elongate. This relaxation 
must be accommodated by the crysta.l lattice and will be strongly in
fluenced by neighboring molecules. Fortunatelyt it is possible to probe 
the environments of the crystalline compounds via X-ray crystallographic 
analysis and to mimic the solicl-state reaction involved in the radiation 
process. For several of the compounds studied, X-ray crystallographic 
data are available: 1,11 5,12, 6,12 7 and 8 (vide supra). In addition 
we performed a crystallographic analysis on racemie 2 (Table 3.2). This 
compound crystallizes in the triclinic PÏ space group with one R,R and 
one S,S molecule in the unit cell (a= 6.873 A, b = 9.052 A, c = 13.698 A, 
a= 94.50°, ,8 = 91.85°, and "'= 112.05° ). The P-P bond distance in the 
molecules is 2.240(2) A. The SPPS torsion angle of 158.3(1)0 indicates a 
significant deviation from the charaderistic trans conformation generally 
observed in diphosphine disulfides. Despite the absence of an internal 
symmetry element, there are only minor differences in the bond distauces 
and angles of the two halvesof the molecules, which are also in close agree
ment with those of related structures.11.12.28-30 The X-ray data allow a 
calculation of the change in van der Waals energy as a fundion of the P-P 
bond length. The meso compounds 1, 5, and 7 possess a crystallographic 
inversion center on the P-P bond, relating the two identical phosphorus 
rooieties of the molecule. The energy-difference resulting from an elanga
tion of the P-P bond in the meso molecules will therefore be the sum of 
two identical contributions. For the racemie compounds 2, 6, and 8, on 
the other hand, there is no internal symmetry in the molecule. Hence, 
the two phosphorus rooieties experience different steric interactions, pro
viding unequal contributions to the total change in van der Waals energy. 
To overcome this problem in the calculations, we first determined the en
ergy for elongation of each half independently, and afterwards constructed 
the curves depicted in Figure 3.24 by summing the separate iso-energetic 
bond length elongations and doubling the required energy. From Figure 
3.24 it is evident that the meso compounds 1 and 7 suffer most from 
steric interactions with their crystalline environment. This result is in 
complete agreement with the X-irradiation experiments giving no p...:.. P 
u* configurations in crystals of these compounds. For the racemie forms 
2, 6, 8, and meso 5 the change in Van der Waals energy is calculated 
to be initially negative and apparantly low enough (Figure 3.25) not to 
obstruct formation and stabilization of a P..:.. P u* radical in the crystal 



3.4. Discussion 

2.0 

!Evdw 

!kcal/mol J 

2 

o~~--~~~~~~--,~~0~-------,utor
P-P bond length {,8.) ___. 

-1.0 

5,6 

71 

Figure 3.24. The change in the sum of the van der Waals energy calculated 
as a function of the P-P bond length in the crystallattices of 1, 2, 5, 6, 7, and 
8. 

lattice. In the meso isomer 1 the largest contribution to the rise of the 
Van der Waals energy comes from the interaction .of the sulfur atoms with 
the peripheral hydrogen atoms (Figure 3.25a). For the racemie isomer 2, 
positive contributions result from hydrogen-hydrogen interactions (Figure 
3.25b ), whereas a lowering of the steric energy comes from the release of 
the intramolecular interactions between sulfur and the methyl hydrogens 
on the contiguons phosphorus moiety. 

ft can be expected that in case stabilization of the initia[ electron ad duet 
via P-P bond length elongation is unfavorable because of intermolecu/ar 
restrictions, other relaxation pathways wiJl become accessible resulting in 
either an alternative phosphoranyl radical configuration (e.g. TBP-e or 
p..:... S u•} or the loss of the extra electron. In this respect it can be noted 
that the presence of an aromatic substituent with a near perpendicular 
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a 

b 

Figure 3.25. Crystallattices of meso 1 (a) and racemie 2 (b), showing the 
most important steric interactions resulting from an elongation of the P-P bond 
to 2.5 A. 
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orientation of the aromatic ring and t~e P-P bond, as in 1 and 7, can 
he favorable for the transfer of the unpa~red electron from an initial P..::.. P 
er• configuration to the aromatic ring bec use of the overlap of the aromatic 
1r orbitals with the P..::.. P er* orbital. T is provides a convenient path for 
the molecule to form either an aromatic nion radical or to lose the electron 
to the matrix, ultimately leading to reco bination of the electron with the 
parent cationic species. 

Another point which must he noted i that X irradiation of the diphos
phine disulfides in a frozen T~F matrix ~lmost invariably results in a single 
radical product, being a P- P er• confir.uration. Only the two t-butyl
substituted compounds 5 and 6 hebave ifferently and give spin-localized 
radicals as major products. The ESR peetra of 5 and 6, however, are 
nearly i.dentical. The general tendency 1

1 

of diphosphine disulfides to give 
only P- P er* radicals in a frozen THF 

1

host matrix can he explained by 
the absence of strong intermolecular in~eractions. lt seems rea.sonable to 
assume that in a randomly oriented soli~ matrix the molecular packing is 
less tight than in a molecular crystal, a~d that more space is available to 
the precursor molecules. Upon electron, capture, the newly-formed radi
cal will tend to adjust its geometry via bond stretching or bond bending, 
which will he more favorable if the reaction cavity is larger. Hence, we 
propose that, since steric interactions do not strongly influence the molec
ular relaxation in a frozen matrix, X irradiation of precursor molecules 
in such a host environment will result iJ the configuration of lowest total 
energy, which appears to he the p..::.. P Ier* structure.33 According to this 
principle, only a single radical product is formed in the frozen solutions, 
wherea.s X irradiation of crystalline samples often gives rise to a number 
of different species. 

It is interesting to note that, despite the fact that the type of radi
cals formed upon X irradiation strongly depends on the packing of the 
precursors neighboring molecules, the spin-density distribution of the re
sulting configurations is not seriously affected by the environment. This 
condusion is based on the result that the valenee orbital spin densities 
of the respective configurations lie within a close range for the different 
compounds. Inspeetion of Table 3.3 reveals that the phosphorus valenee 
s contribution, p., for all p..::.. P er* radicals in crystalline solid state lies 
between 9-11 and the corresponding Pv value between 21-30%. Likewise 
narrow intervals are found for the TBP-e configurations (p.= 11.5-12.5%, 
pp= 24-27%), the p..::.. S er* radicals (p.= 12-14%, pp= 37-54%) and the 
dissociation products (p.= 6-8%, pp= 41-57%). For the p..::..p er*radicals 
it is also possible to compare the results from the crystalline state and 
the THF matrix. It appears that in THF p, has decreased by approx-
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imately 0.5% and that the p" values lie in a somewhat larger interval 
(19-28%).24 The results demonstrate that the spin density distribution 
of a specifi.c configuration is fairly constant over the various diphosphine 
disulfide derivatives and is only slightly influenced by its environment. A 
similar condusion was obtained in experiments on p..:.. Cl a* radicals.5 

We conclude that a factor of considerable importance in the radiogenie 
formation of radicals in molecular crystals is the fact that the reaction 
cavity can constrain the movements of the precursor and modulates the 
necessary geometry relaxation that accompanies the formation of a stabie 
radical product. It has been shown that ij the restraint of the environment 
inhibits the formation of the radical configuration energetically preferred by 
the isolated molecule, secondary relaxation modes become accessible lead
ing to alternative structures. This provides an unique possibility to study 
molecular states which are usually undetected. In agreement with this 
principle, recent experiments reveal that organic photoreactions in the 
crystalline state tend to occur with a minimum of deformation of the 
three-dimensional crystal lattice, being topochemically controlled. 6-10.31 

This leads to the condusion that the intrinsic reactivity of a molecule 
can be less important than the nature of the packing of its neighboring 
molecules. The most illustrative example of this concept is given by our 
experiments on meso-1,2-dibenzyl-1,2-diphenyldiphosphine disulfide (10). 
In its crystalline environment, X irradiation results in the exclusive forma
tion of an electron-capture product in which the extra electron is confined 
to one of the two contiguons phosphorus moieties (spin-localized). In con
trast, X irradiation of the same compound in a frozen THF host matrix 
selectively yields the spin-delocalized three-electron bond p..:.. P a* radical. 
It will be of interest to determine structure-reactivity relationships for ra
di cal precursors in the solid state based on a detailed knowledge of their 
micro-environment. 
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Chapter 4 

Topochemically-directed radical formation 
111. Enantioselective inversion of a chiral 
phosphonyl radical* 

Abstract 
ESR experiments on an X-irradiated single crystal of enantiomeri
ca.lly pure bis(2,4,6-tri-t-butylphenyl)phosphinic chloride (1, 
Ar2P( 0 )Cl), revea.l the formation of the corresponding phosphonyl 
radica.l (la, Ar2PO) via a dissociative.electron-capture reaction of 
the P-Cl bond. At 120 K this radica.l exhibits an exclusive and 
enantioselective stereoinversion in the single-crystal matrix lead
ing to the phosphonyl radica.l structure 1 b. This was monitored 
in detail using anisotropic ESR spectroscopy combined with X-ray 
crysta.llographic data. An analysis of the non-bonded steric inter
actions demonstrates that the stereoinversion is intramolecularly 
controlled and occurs in a synchronous reorientation of the P-0 
bond and two methyl groups of the ortho-t-butyl substituents. Be
sides the stereoinversion, other radical reactions observed in the 
crystal matrix are reported. Ab initio quanturn chemica.l ca.lcula
tions are employed to assess the electronk structure of the phospho
nyl radica.l in more detail. ROHF /6-31G* geometry optimization 
within Cs symmetry constraints yields two equilibrium structures 
which basically differ by their P-0 bond length (1.478 and 1.616 
Á). The two geometries correspond to the canonica.l valenee bond 
structures: H2:P+ -ö- and H2P-Ó, respectively. Calculated 31 P 
hyperfine interactions of the H2:P+-ö- equilibrium structure are 
in good agreement with experiment. 

*B.F.M. de Waal, O.M. Aagaard, R.A.J. Janssen, submitted for publication. 
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4.1 Introduetion 

Rea.ctions in organic molecular crystals often exhibit high regio- and stereo
selectivity.l In contrast to the conformational freedom and rapid motion 
in solution, substrates in a molecular crystal usually possess a motion
less singlè spatial structure and a well-defined intermolecular orientation. 
The reaction pathway of a solid-state conversion is in general controlled 
by steric interactions of the reacting molecules with their microenviron
ment. This is known as "topochemical control" .2 Accordingly, asolid-state 
transformation proceeds with a minimal distartion of the reaction cavity 
formed by the surrounding stationary molecules. Several exciting exam
ples, often photochemical in .nature, have been reported, including the 
near quantitative asymmetrie synthesis of enantiomerically pure products 
from crystalline achiral .reagents. 3 

We demonstrated in the previous Chapters 2 and 3 that topochemical 
concepts arealso relevant to X-ray indueed formation of radicals in crys
talline ( chiral) organophosphorus compounds.4 Following initia! radical 
formation, the geometry relaxation which accompanies the stabilization 
of a radical product from its precursor must be accommodated in the 
crystal lattice. If the restraint of the environment inhibits formation of 
the radical configuration which would be energetically preferred by an iso
lated molecule, secondary relaxation modes become accessible, leading to 
alternative structures. 

In this chapter we report the enantioselective stereoinversion of ebiral 
phosphonyl radicals derived from bis(2,4,6-tri-t-butylphenyl)phosphinic 
chloride (Ar2P(O)Cl, 1, Figure 4.1) in a single-crystal matrix at low tem
perature. X irradiation of 1 results in a dissociative electron-capture 
reaction giving the corresponding phosphonyl radical Ar2PO via loss of 
Cl- (la, Figure 4.1). The initial radical product appears to be stere
ochemically stabie at 100 K, but inverts on thermal annealing into its 
enantiomer (tb, Figure 4.1). The stereotransformation could be mon
itored in detail using the single-crystal ESR technique, which provides 
directional information on the orientation of the SOMO. The intercon
version between the two configurations occurs unidirectionally, and hence 
the process is enantioselective. Packing-energy calculations, using X-ray 
crystallographic data,5,6 are used todetermine the rninimum-energy path 
for the stereoinversion in the crystallattice. Furthermore, we report on 
other reactions accompanying and following this inversion and employ ab 
initio quanturn chemica} calculations to assess the phosphonyl radical con
figuration in more detail. 
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Figure 4.1. Strodure ofradicals la-lc formed a.fter X irradia.tion ofbis'(2,4,6-
tri-t-butylphenyl)phosphinic chloride (1) a.nd subsequent annealing. 

4.2 Experimental 

The techniques employed for X irradiation and ESR measurements have 
been described in Chapter 2. ESR parameters were obtained from a 
second-order analysis of the spectra.7 Single-crystal ESR analyses were 
carried out with the program described in Chapter 1. 

In order to reproduce the powder spectra, the A and g tensors were 
taken orthorhombic and noncoincident. With the spin-Hamiltonian pa
rameters derived from the single-crysta.l analysis, the powder spectra of 
tbe phosphorus radicals were simulated using a computer program de
signed for the present spin system: S = l, I= l, and 9N isotropic, using 
a full diagonalization of the spin Hamiltonian {1.1 ). 
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4.2.1 Synthesis 

Experiments were performed in an atmosphere of dry nitrogen and all 
solvents were dried by standard methods. NMR spectra were recorded 
on a Bruker AM 400 spectrometer, at frequencies of 400.0, 162.0, and 
100.6 MHz for 1H, 31P, and 13C, respectively. Chemica} shifts are reported 
relative to TMS or a 85% aqueous H3P04 solution (external standard) 
and downfield shifts are quoted positive. 

Bis(2,4,6-tri-t-butylphenyl)phosphinic chloride (1) was synthe
sized from bromo-2,4,6-tri-t-butylbenzene, n-butyllithium and phospho
rylchloride in tetrahydrofuran according to a a procedure described by 
Yoshifuji et alS After reaction, the solvent and volatile phosphorus com
pounds were removed using a rotary evaporator. The remaining solid was 
first filtered on a small silica-60 column with n-hexane in order to re
move non-phosphorus compounds and subsequently eluted with CH2Cb. 
Several slow recrystallizations from n-pentane afforded single crystals of 
1. 

The assignments of the 1 H and 13C signals are based on the results of 
Yoshifuji et aLs 31P NMR (CDCI3 ): 6 45.9; 1H NMR (CDCla): li 0.74 (9 
H, s, o-C(CHa)a), 0.77 (9 H, s, o-C(CHa)a), 1.317 (9 H, s, p-C(CHa)a), 
1.319 (9 H, s, p-C(CH3 )a), 1.60 (9 H, s, o-C(CHa)a), 1.66 (9 H, s, o-

; C(CH3)a), 7.22 (1 H, dd, PhH, 4JPPhH = 6.2 Hz, 4JPhHPhH" = 2.2 Hz), 
7.31 (1 H, dd, PhH', 4JPPhH' = 5.9 Hz, 4JPhH'PhHttt = 2.3 Hz?, 7.44 (1 
H, dd, PhH", 4JPPhH" = 4.7 Hz), 7.54 (1 H, dd, PhH"', 4JPPhH"' = 4.8 
Hz). 13C NMR (CDC13 ): li 30.93 (s, p-C(CH3 ) 3 ), 30.96 (s, p-C(CH3 ) 3 ), 

32.66 (s, o-C(CH3 )a), 33.47 (s, o-C(CHa)a), 34.08 (s, o-C(CH3)a), 34.42 
(s, o-C(CH3)a), 41.88- 42.99 (m, o-, p-C(CH3)3), 124.03 (d, m-C, 3Jpc = 
18.1 Hz), 124.90 (d, m-C, 3Jpc = 15.0 Hz), 126.40 (d, m-C, 3Jpc = 16.0 
Hz), 126.92 (d, m-C, 3Jpc = 15.0 Hz), 128.47 (d, i-C, 1Jpc = 134.2 Hz), 
132.18 (d, i-C, 1Jpc = 126.5 Hz), 151.55 (d, p-C, 4Jpc = 0.04 Hz), 151.71 
(d, p-C, 4Jpc = 0.04 Hz), 154.03 (d, o-C, 2Jpc = 12.3 Hz), 155.94 (d, o-C, 
2Jpc = 12.2 Hz), 160.25 (d, o-C, 2Jpc 7.4 Hz), 162.63 (d, o-C, 2Jpc = 
9.0 Hz); mp 204-205°C (lit.S 210-211°C ). 

Bromo-2,4,6-tri-t-butylbenzene was prepared analogous toa procedure 
reported by Pearson et al.9 A solution of 10.1 g (0.041 mol) 1,3,5-tri-t
butylbenzene, 8.1 g (0.050 mol) bromine, 120 ml of trimethylphosphate 
and 30 ml of CC4 was stirred in the dark at 50°C for two days. Filtration 
and recrystallization of the residual solid from ethanol foliowed by drying 
over P20 5 yielded 7.3 g bromo-2,4,6-tri-t-butylbenzene (55 %). 1H NMR 
(CD2Cb): li 1.31 {9 H, s, p-C(CHa)s), 1.57 (18 H, s, o-C(CH3)a), 7.41 (2 
H, s, PhH); mp 171-17~C (lit.9 171.5-173.5°C). 
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4.2.2 Determination of the crystal axes 

The extinction directions in the flat plane of the crystal were determined 
with a polarization microscope. With the rotating-crystal metbod using a 
small Debye camera and CuKa radiation, one of the extinction directions 
was found to correspond to the long crystallographic a axis. The other 
extinction direction corresponds to the two-fold screw axis b. Finally the 
c* axis of the righthanded crystal frame was defined perpendicular to the 
ab plane. 

4.3 Results and assignment 

A single crystal of 1 was X irradiated at 77 K for 8 hours. The ESR spec
trum of this crystal, aligned with the crystallographic b axis perpendicular 
to the magnetic field, is shown in Figure 4.2a. It reveals the character
istics of two phosphorus-centered radicals la and lb. The spectrum of 
each radical consists of a doublet resulting from hyperfine interaction of 
the 31P nucleus with the odd electron. At 100 K the absorptions of la are 
dominant (Figure 4.2a) but on slow thermal annealing la rapidly disap
pears with a concurrent increase of the signals belonging to lb (Figures 
4.2b, 4.2c). At 160 K, la is irreversibly lost and the concentration of 
lb remains constant until room temperature. On subsequent heating to 
340 K tb disappears, and at increased gain we detect a new phosphorus
centered radicallc (Figure 4.2d). lts double-doublet pattem is caused by 
a large 31 P interaction and a small isotropie coupling, probably from a 1 H 
nucleus. 

The ESR spectrum of an X-irradiated powdered sample of 1 at 100 K 
is shown in Figure 4.3a. On annealing to 160 K this spectrum does not 
change significantly (Figure 4.3b) in contrast to the single-crystal spectra. 
Essentially due to the low concentrat ion of Ie it proved to be impracticable 
to obtain its powder spectrum. 

The ESR results indicate that la and lb have essentially the same 
radical structure but are apparently differently oriented in the crystal 
lattice. Preliminary analysis of the powder ESR spectrum of la yields 
the principal parallel (Au = 1424 MHz) and perpendicular ( A.L = 902 
MHz) parts of the hyperfine coupling tensor. The isotropie and dipolar 
contributions arereadily obtained from equations (2.4) and {2.5). Based 
on the value of Ai•o we assign radicals la and lb to the bis(2,4,6-tri-t
butylphenyl)phosphonyl radical Ar2PO. The same radical has previously 
been observed in solution, generated by hydragen abstraction from the 
cortesponding phosphine oxide Ar2P(O)H or originating from Ar2P(O)Cl 
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Figure 4.2. Single-crystal ESR speetraiO of X-irradiated bis(2,4,6-tri-t-butyl
phenyl)phosphinic chloride (1): (a) at 100 K; (b) at 120 K; (c) at 160 K; (d) 
at room temperature after warming to 340 K. Single crystal alligned with the 
crystallographic b axis perpendicular to the magnetic field. 
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Figure 4.3. ESR spectra of X-irradiated bis(2,4,6-tri-t-butylphenyl)phosphinic 
chloride (1): (a) powdered sample at 100 K; (b) powdered sample at 160 K; 
(c) in a THF host matrix at 100 K. Central part of the spectra is leftout for 
clarity. 
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Table 4.1. Spin-Hamiltonian parameters for various phosphonyl radicals re
ported in literature. 

radkal host T Ai•o 2Adïp gJIIO ref. 
(K) (MHz) (MHz) 

Ar2PO" toluene 298 31p 1024 2.005 12 
Ar2PO" cyclopropane 284 31p 1040 2.0030 11 

benzene 1:1 (v/v) 17Q -26 
Me2PO Me3PO 77 31p 1052 443 2.005 13 

powder 
Ph2PO Ph2P(O)H 293 ·31p 1092 347 2.0036 14 

single crystal 
Ph2PO cyclopropane 280 31p 1013 2.0035 15 

benzene 1:1 ( vfv) 
(n-Hex)2PO cyclopropane 276 31p 930 2.0043 15 

benzene 1:1 (v/v) 
Ar'2POb propanol-2 293 3lp 1044 16 

" Ar = 2,4,6-tri-t-butylphenyl. b Ar' = 2,4,6-trimethylphenyl. 

in the presence of an electron-rich olefin.11,12 The (isotropic) phosphorus 
hyperfine couplings of 1040 and 1024 MHz, respectively (Table 4.1) are in 
good agreement with the present value. 

4~3;1 Single-crystal ESR analysis 

In order to obtain the orientations of the SOMOs of the radicals la and 
lb in the crystal lattice, we performed a full single-crystal ESR analy
sis. Yoshifuji and co-workers have shown that single crystals of 1, grown 
from n-pentane, belong to the ebiral monoclinic space group P21 with 
two molecules in the unit cell at the special orientations (x, y, z) and 
(x, y + ~, z). The unit cell parameters are a= 14.939(6), b = 10.924(2), c 
= 11.136(4) Á, and {3 = 101.8(1)0 .5 The reported phosphoryl double bond 
(1.684 Á) in 1 is extremely long compared to normalvalues {1.4-1.5 A)17 
and even longer than PO single honds (1.58-1.61 Á).17c A closer look at 
the molecular structure reveals that the aromatic substituents in 1 are dis
torted into a boat form and are mutually inequivalent. This is very likely 
caused by intramolecular interactions since the complex NMR spectra re
veal that even in salution the two large aryl substituents are different. 
The strained structure is induced by the presence of four bulky t-butyl 
groups close to the phosphorus atom.l8 This results in a ebiral center on 
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Table 4.2. Principal valnes and direction cosines ofthe A (MHz) and g,tensors 
of radicals la( A) and lb(A).4 

direction cosines 
radical tensor a b c* 

la( A) 3tp At 867 -0.879 -0.384 0.283 
A2 889 0.302 0.011 0.953 
As 1429 -0.369 0.923 0.106 

g Ut 2.002 -0.091 0.972 0.216 

92 2.004 0.974 0.041 0.224 

93 2.006 -0.209 -0.231 0.950 

lb(A) 3tp At 839 -0.123 0.642 0.757 
A2 855 -0.329 -0.746 0.579 
A a 1371 -0.936 0.178 -0.303 

g Ut 2.003 0.870 -0.249 0.425 

92 2.004 -0.332 -0.934 0.132 

93 2.006 -0.364 0.256 0.895 

4 The direction cosines of the second orientation B are related to ( a,b,c*) by 
( -a,b,-c*). 

phosphorus, and conseqnently two enantiomeric forms of 1 exist. During 
crystallization, spontaneons resolntion occurs resnlting in optically pure 
single crystals. 

From one single crystal the cell parameters were redetermined using 
a diffractometer. The cell parameters a = 14.898(5), b = 10.917(9), c 

= 11.111(4) Á, and f3 = 101.86(3)0 ohtained, are in agreement with the 
data of Yoshifnji and confirm that the crystal corresponds to the reported 
crystal strnctnre. 5 The orientation dependendes of the ESR spectrum at 
100 K in the c*a, ab, and bc* planes depicted in Figure 4.4. In the c*a 
plane both radicals display only one orientation, since the two-fold screw 
axis b is perpendicular to the magnetic field direction. Rotation in the 
ab and bc* planes reveals two magnetically distinct orientations for both 
radicals, consistent with the crystal structure (Z = 2). The hyperfine and 
g tensors of radicals la and 1 b along with their direction cosines were 
obtained from a computerized analysis described in Chapter 1 and are 
presented in Table 4.2. For the final tensors of la and lb the rms error 
of all observed and calculated field positions is 0.21 mT, which is smaller 
than the line width. 

From the single-crystal analysis the values of the isotropie {Aüo) and 
dipolar couplings (Adip) were calculated from equations (2.2) and (2.3) 
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Figure 4.4. Angular dependendes of the resonant fields for radicals là and 
lb in the c*a, ab, and bc* crystallographic planes. 

(Table 4.3). The spin-Hamiltonian parameters of la and lb derived from 
the single crystal show a close agreement with the results obtained from 
the powder spectra. In addition, simulation of the powder spectra using 
these single crystal spin-Hamiltonian parameters reproduced the experi
mental spectra with high accuracy. 

The present spin-Hamiltonian parameters correspond well with lit
er at ure data of the same and related phosphonyl radicals (Table 4.1 ), 
and confirm our assignment of la and lb to different orientations of the 
bis(2,4,6-tri-t-butylphenyl)phosphonyl radical. Aüo and Adip give a di
rect measure of the phosphorus valenee 3s and 3p orbital spin densities (p. 
and pp) of la and lb (Table 4.3).19 Approximately 55-58% spin density 
is located on phosphorus with a p/s ratio of 6.3. Radical la is very likely 
formed by dissociative electron capture of the phosphorus-chlorine bond. 
Following this process a reorientation occurs, leading to the formation of 
lb. 

Concurrent with the transformation la ~ lb, thermal annealing 
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Table 4.3. Isotropie and dipolar hyperfine couplings (MHz), and approximate 
orbital spin densities (%)of the Ar2PO radicals. 

radical Ai•o 2Adïp p. Pp p/s 

single-crystal analysis la 1062 367 8.0 50.0 6.3 
lb 1022 349 7.7 47.5 6.2 

powder spectrum la 1076 348 8.1 47.4 5.9 
lb 1026 351 7.7 48.0 6.2 

THF spectrum 1039 360 7.8 49.0 6.3 

also results in an increase of the absorptions in the central region of the 
spectrum. At 160 Ka well defined ten-line pattem (Figure 4.5) is observed 
and assigned to the t-butyl radical. The 1H coupling obtained from the 
spectrum {63.9 MHz) is in excellent agreement with literature data (63.6 
MHz).20 The concentration of the t-butyl radical increases in the same 
temperature traject as lb, but at present it is not clear whether these two 
phenomena are coupled (vide infra). At temperatures above 160 K the 
t-butyl radical gradually disappears and is lost from the ESR spectrum at 
230 K. In addition, a large central absorption is present at 100 K which 
decreases on annealing but is persistent at room temperature even after 
heating to 340 K (Figure 4.2d). 

4.3.2 Temperature dependenee and seeondary radieals 

In an additional experiment we recorded the ESR spectrum of an X
irradiated single crystal of 1 aligned along the b axis, as a function of 
temperature. For both radicals the signal intensity relative to the signal 
intensity of la at 100 Kas a function of temperature is displayed in Figure 
4.6a. The figure reveals that la not only disappears by reorientation to 

, lb but also by other processes (Figure 4.6). 
Eventually, after reaching room temperature, lb disappears and upon 

subsequent warming to 340 K extremely weak signals of a new phosphorus
centered radical Ie appeared in the spectrum (Figure 4.2d). Ie exhibits 
a large 31 P hyperfine interaction and an additional doublet splitting. Un
fortunately, we did not succeed in performing a full single-crystal analysis 
of Ie. Only one ( c*a plane) of the three independent rotation series re
quired, showed sufReient signal to noise ratio for an unambiguous speetral 
assignment. From the angular dependence, however, it is clear that the 
anisotropy of Ie (Figure 4.7) closely resembles lb (Figure 4.4). We assign 
Ie to the Ar2POH+ radical formed by hydragen uptake of the phosphonyl 
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Figure 4.5. ESR spectrum of the t-butyl radical formed after annealing of an 
X-irradiated sample of 1. 

oxygen of lb (Figure 4.1). The additional I= l splittingis assigned to 
the · interaction of the hydroxyl proton with the unpaired electron. The 
observed nearly isotropie 1 H coupling of 45-48 MHz for te is in accor
dance with the value of the related PhP(O)OH radical (Au = 49, A.L = 
42 MHz).21 

Concurrent with the initial transformation la ~ tb, thermal an
nealing also results in the formation of t-butyl radicals. Analogous to the 
procedure for la and lb, we recorded the temperature dependenee of the 
t-butyl radical in a large powdered sample (Figure 4.6b). As mentioned 
before, the increase of the t-butyl radical concentration might be coupled 
with the simultaneons loss of la. However, the mechanism involved in 
such a process is unclear. Tordo et al.ll determined that the decomposi
tion of the Ar2PO radical la in solution proceeds via first-order kinetics 
and presupposed an intramolecular hydrogen abstraction reaction leading 
to a derivative of the 2-methyl-2-phenylpropyl radical (2, Figure 4.8). In 
a subsequent rearrangement reaction an 1 ,2-aryl migration could in prin
ciple afford a neophyl derivative (3, Figure 4.8). Accurate 1 H hyperfine 
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Figure 4.6. Relative signal intensity as a function of temperature recorded 
for: (a) radicals la, 1 b in a single crystal; ( b) the t-butyl radical in a large 
powdered sample. 
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coupling parameters are known for both species, but neither of them can 
account for the observed ten-line spectrum.22 

4.3.3 Frozen solution 

X irradiation of a frozen salution of 1 in tetrahydrofuran (THF) also leads 
to the formation of the Ar2PO radkal (Figure 4.3c, Table 4.3). The radical 
disappears on annealing without formation of new phosphorus-centered 
radicals. The t-butyl radical was not detected in the THF matrix. 

4.3.4 Directional analysis 

The direction cos in es of the maximum principal 31 P hyperfine coupling 
(

31 P-A3 ) give useful information on the direction of the phosphorus va-
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lence 3p orbitals contributing to the SOMO. It is tempting to match the 
single-crystal ESR data of la and lb to the orientation of the undamaged 
molecules using the crystal structure data (Tables 4.4 and 4.5). However, 
an unambiguous correlation of the molecular frame and the 31 P hyperfine 
tensors is not possihle due to the two-fold crystallographic symmetry. As 
a consequence of the two molecules (1 and 2) in the unit cell, two orienta
tions (A and B) for both la and lb are generated, and it is not trivia! how 
they are related. In principle four different assignments can he envisaged: 

I molecule 1 X rals la( A) 
6. lb(A) ---t 

molecule 2 X ra!s la(B) 
6. 

lb(B) ---t 

II molecule 1 X ra}a la( A) lb(B) 

molecule 2 X rafs la(B) 
6. 

lb(A) ---t 

III molecule 1 X rafs la(B) 
6. 

lb(B) ---t 

molecule 2 X ra}s la( A) lb(A) 

IV molecule 1 X ra~a la(B) lb(A) 

molecule 2 X ra}s la( A) lb(B) 

The problem is now to discriminate between the various possihilitics. 
It is practical to calculate the mutual orientations of the P-Cl honds, the 
P-0 honds, and the principal directionsof 31 P-A3 (Table 4.6). Becausc no 
absolute sign can he attributed to a principal direction of a hyperfine ten
sor, there exists an ambiguity of ±180° in the values concerning la(A,B) 
and lb(A,B). 

As mentioned before, radicalla is likely to he formeel via a dissociative 
electron-capture reaction of the P-Cl bond. The intermediate three-elec
tron p..:... Cl u* structure remains undetected. Nevertheless, similar p..:... Cl 

RCHJ ~' ~' >- CH3 CH] ----- CH3 --- CH2 
H] CH2 H . 

P-0 
A/\ 

p 

Ar/ A/\ 
r 0 r 0 

la 2 3 

Figure 4.8. Mechanism proposed for thc intramolccular proton abstraction 
and 1,2-aryl migration in the isomerization·of la into 2 and 3. 
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Table 4.4. Fractional coordinates of the atoms linked to phosphorus for 1.6 

at om x y z 

Cl 0.7116 0.6510 0.5401 
p 0.7961 0.5110 0.5161 
0 0.9092 0.5356 0.5614 
Cl 0.7629 0.3873 0.6139 
C7 0.7712 0.4778 0,3487 

Table 4.5. Normalized P-Cl and P-0 bond veetors in cartesian coordinates 
(abc*) for the two molecules in the unit cell. 

direction cosines 
molecule bond a b c* 

1 PC1(1) -0.647 0.752 0.129 
P0(1) 0.943 0.160 0.293 

2 PC1(2} 0.647 0.752 -0.129 
P0(2) -0.943 0.160 -0.293 

Table 4.6. Relative orientations ( deg) of the P-Cl and P-0 bond veetors of 
the two molecules in the unit cell and the major principal couplings of the 
phosphonyl radicals la{A,B) and lb{A,B). 

PC1(1) PCI(2) PO{ I) P0(2) la( A) la(B) lb(A) lb(B) 

PCI(l) 0 
PC1(2) 82.6 0 
P0(1) 116.9 46.2 0 
P0(2) 46.1 116.9 161.6 0 
la( A) 18.9 63.8 99.8 62.4 0 
la(B) 63.8 18.9 62.4 99.8 45.2 0 
lb(A) 45.5 115.7 160.6 1.2 61.5 98.6 0 
lb(B) 115.7 45.5 1.2 160.6 98.6 61.5 159.5 0 
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q* radicals have been observed and stuclied in a number of single-crystal 
ESR studies, giving anisotropic information. For example, in a study 
on the electron-capture reaction of dipyrrolidinochlorophosphine sulfide, 
both the p..:.. Cl q* radical and its dissociation product were observed.23 
Their respective 31P-A3 directions are indined by 12°. This small angle 
indicates a near in-line mode of the dissociation process which can he 
rationalized by the elangation until cleavage of the three-electron bond 
due to its partial antibonding character. In addition it was shown that 
the directions of the maximum principal 31 P and 35Cl tensor elements 
lie in the ClPS plane of the undamaged molecule. In a related study, 
Cattani-Lorente and co-workers24 presented a single-crystal analysis of 
the P..:.. Cl q* radical derived from 1 ,2-diphenylenephosphonochloridate. 
In this radical the 31P-A3 and 35Cl-A3 directions reside in the ClPO plane. 
The directions of these couplings relative to the precursor molecule are 
unknown, since the dissociation product was not detected in the crys
talline matrix but only in a frozen solution from which no directional 
information can he obtained. Finally, we have shown in Chapter 2 that 
during X irradiation of (2R,4S,5R)-2-chloro-3,4-dimethyl-5-phenyl-1 ,3,2-
oxazaphospholidine-2-sulfidéa a p..:.. Cl q* radical is formed by electron 
capture. In this structure 31P-A3 is inclined by 12-17° to the P-Cl bond 
of the precursor molecule. 

All this information strongly suggests that in the present case the 31 P
A3 direction of the dissociative electron-capture product la should he close 
to the original P-Cl bond. This result is equivalent to the condusion that 
upon dissociation the tetrabedral configuration of the four-coordinated 
phosphorus atom is essentially preserved. From Table 4.6 it appears that 
processes I and II are in accordance with this conclusion, since the initia! 
reorientation amounts to only 18.9°, whereas the alternative reactions III 
and IV would imply a serious deviation of 63.8°. In addition, the devi
ation of la( A) and the ClPO(l) plane is small (8.2°). Upon annealing, 
la reorients to Ib. The choice between the two remaining possibilities I 
and II cannot he made unambiguously from the experimental data. Nev
ertheless, there is a perfect fit of the direction of PO(l) with lb(B) and 
of P0(2) with lb(A) ( deviation of only 1.2°) in favor of process II. How
ever, the alternative process I, which leads to a deviation of 160.6° (or 
19.4°) of the P-0 and Ib(A) directions, cannot he ruled out. In addition, 
Ib(A) is also close to the original ClPO(l) plane ( deviation = 7 .4°). lt is 
clear that the reorientation of la to lb involves a major rearrangement of 
the 31P-A3 direction. Depending on the actual process taking place, the 
rotation of 31P-A3 amounts to 61.5° (or 118.5°) for I, or 98.6° (or 81.4°) 
for 11. The reorientation of 31P-A3 does not influence the p/s ratio of the 
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Ar2PO phosphonyl radical and hence a rehybridization of phosphorus is 
unlikely, i.e. la and lb possess essentially the sameelectrooie configu
ration. The most likely explanation for the transformation of la into lb 
is a stereoinversion on phosphorus, schemetically depicted in Figure 4.1. 
The possibility that the inversion occurs by rearrangement of the bulky 
2,4,6-tri-t-butylphenyl groups cari he ruled out because of severe steric in
teractions in the crystal. Therefore we propose a stereoinversion involving 
a translocation of the phosphonyl oxygen. Such a process explains the 
significant reorientation, the similarity of the two electronic structures, 
and can proceed with a minimum of molecular motion in the matrix. 

4.3.5 Electrooie structure 

Recently there has beensomede bate in literature concerning the electronic 
structure of phosphonyl radicals (R2PO). Tordo and co-workers reported 
the isotropie 31P and 170 hyperfine couplings of the Ar2PO radical (Ta
bie 4.1).11 The negative sign of the 170 coupling (.Aï.o(O) = -26 MHz) 
is a consequence of the negative 9N value for 170, and signifies a posi
tive spin density at the oxygen nucleus. The positive spin density has 
been interpreted as evidence for an important con tribution of the Ar2P-Ó 
canonical structure to the electrooie configuration. Ah initio calculations 

· on the H2PO prototype at 6-31G* unrestricted Hartree-Fock (UHF) level, 
seemed to concur with this condusion, but are open for discussion. First, 
the theoretica} hyperfine couplings were obtained indirectly via a Mul
liken atomie spin-population analysis and not from a direct evaluation of 
the Fermi contact integrai.25 Second, a planar geometry was imposed on 
·H2PO. This geometry results in a C2v point group which prohibits, by 
symmetry, any contrihution of the phosphorus and oxygen (valence) s or
bitals to the SOMO of the 2B1 ground state. Consequently, the reported 
isotropie hyperfine couplings and valenee s orbital spin densities can only 
he the :tesult of spin contamination as an artefact of the UHF theory. 

In a more elaborate ab initio study, Nguyen and Ha tried to overcome 
some of these limitations by performing UHF, unrestricted Ml1!ller-Piesset 
(UMP) and configuration interaction (Cl) calculations on fully optimized 
structures of H2PO and H2PS.26 However, their conclusions need to be 
commented on. Using the appropriate spin operator, Nguyen and Ha ob
tained a quanturn chemically correct estimate of the spin densities at the 
magnetic 31P, 170 and 338 nuclei. In the subsequent conversion to hy
perfine coupling constauts they did not include the negative sign of the 
170 9N value and consequently arrive, mistakenly, at the condusion that 
their calculations fail to reproduce the negative sign of the 170 coupling. 
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The isotropie 31P hyperfine coupling of 860 MHz (obtained correctly from 
a CISD/DZP / /UMP2 6-3IG** calculation) is less than the experimental 
value, (Tables 4.1 and 4.3) but indicates that the calculations are pro
bably qualitatively correct. The corresponding value for the thiophospho
nyl H2PS radical, is predicted to he only half for that of its phosphonyl 
analogue. Although unmentioned, this is in contrast with experimental 
evidence. 27,28 

In our opinion, some of the obscurities and discrepancies encountered 
can he solved by examining the anisotropic ( dipolar) hyperfine coupling 
which is determined experimentally and can also he obtained from ah 
initio calculations. The present single-crystal ESR analysis reveals large 
{349-367 MHz) dipolar hyperfine couplings (Table 4.3), pointing to an 
important con tribution ( R:i 50 %) of the phosphorus 3p orbital to the 
SOMO of Ar2PO. To examine the electtonic structure we performed UHF 
and restricted open-shell Hartree-Fock (ROHF) calculations on different 
H2PO geometries, using a 6-31G* basis set.29 Unlike the UHF theory, the 
ROHF procedure yields a wave function that describes a pure spin state. 

The most importlint results of the calculations are comprised in Figure 
4.9, and Tables 4.7 and 4.8. Initially, the optimized planar (C2v) and 
pyramidal (Ca) structures were considered (Figure 4.9a and 4.9b). The 
2 A' ground state of the C.(I) geometry is energetieally preferred over the 
2Bt ground-state eonfiguration of the C2v structure. The isotropie and 
dipolar 31 P hyperfine couplings obtained for the pyramidal c.(l) H2PO 
radical (Table 4.8) are substantially lower than the experimental values of 
the Ar2PO radicals la and 1 b (Table 4.3). For the c.( 1) structure, the 
odd electron is entirely localized in the valenee 2p orbital of the oxygen 
atom, and consequently this species does not represent a phosphorus
centered radical. For the planar C2v geometry, the calculated isotropie 
31P and 170 hyperfine couplings are dramatically different for the two 
methods used. The restricted (ROHF) calculation gives zero isotropie 
interaction in accord with the fact that neither the phosphorus 3s nor 
the oxygen 2s atomie orbital contributes to the SOMO. The unrestricted 
(UHF) calculation, on the other hand, erroneously prediets a large value 
for Aiso(P) of 538 MHz. Despite the modest deviation of the corresponding 
< S2 > value (0.7709) from the pure-spin-state eigenvalue (0.75), this 
result is entirely due to spin contamination! The ROHF calculation on 
C2v H2PO shows that it describes a phosphorus-centered radical since the 
spin density is mainly confined to the valenee 3p orbital of phosphorus, 
perpendicular to the molecular plane. 

The significant difference in the calculated spin density distribution 
between C.(l) and C2v structures must he the result of their respective 



98 Topochemically-directed radical formation 111 

H, 1.482 
' • (1.4781 

1.377 /;pI 0 
11.3671 '-..../ 

123.0 
H (123.3) 

I c I Cs 12 I 

• I 1.4 711 

11.397_1, ;j 0 

H' ,(116.3) 
H 

HOPH = [120.2 J 

I bi Cs 111 

(d) c1 

1.590 
1.400 {1.616) • 

,,'iJ 0 H''l 103.7 (101.6) 
H 

HOPH = 102.2 199.8) 

1 553 12~6;H11 

1.132 . 7óJl 
1.385 ~~ 0.959 

,':J'J,o6.4 
H"' ,1.379 . 

H 

H"OPH= 44.7 (45.8) 

H"OPH' = 177.4 (1.68.6 I 

Figure 4.9. Optimized geometries of H2PO and H2POH+ at UHF/6-31G* 
and ROHF /6-31G* (values in parentheses, if different from UHF). 

Table 4.7. Total energies (au) and < S2 > valnes for H2PO and H2POH+ at 
UHF /6-31G* and ROHF /6-3IG* level. 

rad ie al symmetry state total energy 

UHF < S2 > ROHF 

-416.670699 0.7709 -416.663984 

-416.700473 0.7744 -416.694063 
-416.690191 

-417.014465 0.75 -417.012128 
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Table 4.8. Isotropie and dipolar hyperfine couplings for H2PO and H2POH+ 
at UHF /6-31G* and ROHF /6-31G* level. 

radkal symmetry method nucleus Ai•o 2Adip 

au MHz au MHz 

H2PO C2v UHF 31p 0.2974 538 1.8031 387 
17Q 0.1388 -84 1.5600 -113 

ROHF 31p 0.0 0 1.8650 403 
17Q 0.0 0 0.9936 -72 

H2PO c.(1) UHF 3lp 0.0992 179 0.5258 113 
17Q 0.1441 -87 3.1985 -231 

ROHF 31p 0.0746 135 0.1554 34 
17Q 0.0001 0 3.3644 -242 

H2PO c.(2) ROHF 31p 0.5199 942 1.5400 333 
11Q 0.0088 -5 0.8895 -64 

H2POH+ Ct UHF 31p 0.7650 1384 2.3529 508 
17Q 0.0602 -36 0.7266 -52 
lH -0.0039 -18 0.0041 22 

ROHF 31p 0.7098 1285 2.3079 499 
17Q 0.0045 -3 0.3981 -29 
lH 0.0002 1 0.0253 13 

geometries. Apart from being planar, the C2v geometry differs from the 
c.(I) structure in the lengthof the P-0 bond by more than 0.1 A. Ap
parently, the P-0 bond length is decisive forthespin density distribution. 
This can he rationalized by examining the two most important canonical 
valenee bond structures, I and II, of a phosphonyl radical (Figure 4.10). 

For structure I the unpaired electron is localized on phosphorus and 
formal positive and negative charges are associated with the phosphorus 
and oxygen nuclei. In structure II there are no formal charges and the spin 
density is found at oxygen. A con tribution of canonical structure I implies 
a partial separation of charge, which is electrostatically unfavorable for 
long P-0 honds. Therefore, the calculated C.(l) contiguration (P-0 = 
1.616 A, ROHF) is essentially an oxygen-centered radical (II), whereas the 
C2v form (P-0 = 1.478 A, ROHF) is a phosphorus-centered radical (I). To 
study the effect of the P-0 bond on the spin distribution in more detail, 
we optimized several C. structures for fixed P-0 bond lengtbs ranging 
from 1.4 to 1.6 A using both the UHF and ROHF formalisms. The results 
are summarized in Figure 4.11 and show a dramatic increase of Aï4o(P) 
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and 2Adi,.(P) on contrading the P-0 bond. Concomitantly, the HPOH 
dihedral angle changes from 102.2° (99.8°) at the UHF {ROHF) optimized 
geometry to 119.6° (121.0°) at P-0 = 1.4 A. 

There is only a modest rise in energy associated with the P-0 bond 
length reduction: a contraction of 0.2 A requires less than 7 kcal/mol 
(ROHF}. Much to our surprise, however, the ROHF calculations revealed 
a second minimum on the C. potential energy surface (C.(2), Figure 4.llb) 
which lies only 2.43 kcal/mol above C.(1 ), and possesses an appreciably 
shorter P-0 bond length. The isotropie and dipolar hyperfine couplings 
calculated for the C,(2} configuration amount to 942 and 333 MHz, respec
tively, and are in good agreement with experimental data for phosphonyl 
radicals (Tables 4.1 and 4.3). 

In this respect it is worth mentioning that N guyen and Ha estab
lished that optimization of H2PO using a 6-31 G** basis set at UHF and 
UMP2level results in P-0 bond lengths of 1.589 and 1.495 A respectively. 
Compared to UHF -SCF level, the effect of taking electron correlation ap
parently into account (UMP2} reverses the absolute minimum position 
from C.(l) towards c.(2).26 The isotropie hyperfine couplings reported by 
Nguyen and HalO for both structures, are in accordance with the present 
assertion that shorter P-0 honds lead to higher phosphorus spin density.30 

The reason for these strong effects of the quanturn chemica} ;method 
used on the geometry and hyperfine couplings is the fact that two nearby 
states of H2PO exist, orginating from the resonance structures I and II 
in Figure 4.10. The preierred geometry of the two states is significant]y 
different. A hypothetical geometry optimization of canonical structure I 
results in a shorter P-0 bond and a smaller degree of pyramidalization 
compared to relaxation of 11, where the decreased electrastatic attraction 
will elangate the P-0 bond and the !ree-electron pair at phosphorus will 

R~~ R 
.. ""·· • 

/p 0 ... .... /p 0 

R R 
I II 

Figure 4.10. Canonical resonance structures of phosphonyl radicals. 
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Figure 4.11. (a) Isotropie (filled) and dipolar (open) 31 P hyperfine interac
tions of the Cs H2PO radical as a function of the P-0 bond length, calculated 
at UHF/6-31G* (triangles) and ROHF (circles) SCF level; (b) Relative total 
energy of the Cs H2PO radical as a function of the P-0 bond length, calculated 
at UHF ( triangles) and RO HF ( cii·des) SCF level. 
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ensure strong pyramidalization. This simple rationale is elegantly illus
trated by the respective C.(2) and C.(1) minima on the ROHF energy 
surf ace. 

In summary it appears that a ROHF/6-31G* calculation can give a 
quantitatively correct evaluation of the isotropie and dipolar hyperfine 
couplings. Nevertheless, we agree with Nguyen and Ha that in this par
ticular case high-level configuration interaction calculations are necessary 
to assess the structure and electronk properties of H2PO in depth. 

Computations on H2POH+ as a model for radicallc at UHF/6-31G* 
and ROHF /6-31 G* level invariably result in a phosphorus-centered species. 
Geometry optimization affords a non-symmetrie molecule in which the 
hydroxyl proton is in a trans-orientation with respect to one of the phos
phine hydragen nuclei (Table 4.7). Both isotropie and dipolar 31P hy
perfine interactions are large, and presumably overestimated (Table 4.8). 
In addition, the hyperfine coupling to the hydroxyl proton is small. The 
net effect of adding a single proton to the oxygen atom of H2PO is thus 
a stabilization of resonance structure I (Figure 4.10) which confines the 
spin density to phosphorus. 

It is our experience that calculations on isolated molecules often predict 
a much stronger effect of protonation than is observed experimentally. 
E.g., experiments on progressively substituted R3PS~n-1) (n ::::; 0, 1, 2) 
phosphoranyl radicals have shown, in contrast with quanturn chemica! 
calculations, that the unpaired electron distribution is fairly insensitive 
to the number n.ll A similar condusion emerges now from comparison of 
the calculations on H2PO and H2POH+ with the experiments on radicals 
la, lb and Ie. 

4.3.6 Van der Waals energy calculations 

Basedon the spin-Hamiltonian parameters, the radical structures la and 
lb are similar, though differently oriented in the crystallattice. We have 
indicated that the conversion of la into lb corresponds to a stereoin
version. The only rational explanation for the stereoinversion involves 
the transposition of the oxygen atom, since a reorientation of the bulky 
tri-t-butylphenyl groups is severely hindered in the crystal lattice. lt is 
conceivable that the space of the lost chlorine atom will be filled by the 
smaller oxygen atom, resulting in tbe inverted geometry. This description 
is in accordance with the directional information of the 31 P-A3 hyperfine 
interaction of la and 1 b. 

In order to obtain an estimate of the steric energy required for the 
proposed inversion in the crystal we calculated the change in van der Waals 
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Figure 4.12. Initial molecular structure of the bis(2,4,6-tri- t-butylphenyl)
phosphonyl radical la, indicating the three geometrie parameters (} (PO-inver
sion), 1/>1 (C2s-C26 bond rotation), and 1/>2 (C21-C24 bond rotation) involved 
in the stereoinversion process. 

energy associated with the migration of the oxygen atom to the vacant 
chlorine location. For this purpose we used the X-ray crystallographic 
data.5,6 The van der Waals energy was calculated from Allingers empirica} 
potential fundion described in equations (3.1) and (3.2).32 

Initially the radical geometry was taken identical to that of the pre
cursor molecule lacking the chlorine atom. We calculated the change in 
van der Waals energy (!:..EvdW) in the crystal encountered upon migration 
of the P-0 bond towards the former P-Cllinkage. These preliminary cal
culations gave three main results. First, the activation energy harrier of 
28.6 kcal/mol is much too large to explain the observed inversion at 120 
K. Second, there is a direct increase of the harrier when the P-0 vector is 
allowed to move out of the original CIPO plane ofthe precursor. The last 
important result is the fact that the dominant contributions to the ac
tivation energy result from intramolecular steric interactions rather than 
from the surrounding molecules. Examination on atomie level reveals that 
severe steric bindrance is encountered between the oxygen atom and the 
methyl hydrogens of the ortho-t-butyl carbon atoms c24 and c26 (Figure 
4.12). 

In order to avoid these close CH··Ü contacts, we stuclied the change 
in van der Waals energy of the phosphonyl radical (without environ
ment) caused by P-0 bond migration, while simultaneously allowing for 
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Figure 4.13. Contour plots of the change in van der Waals energy (kcal/mol) 
in the single crystal as a function of the methyl group rotations 4>'1 and 4>2 for: 
(a) the initial state (0 0°); (b) the transition state (0 = 50°); (c) the final 
state (0 = 110°) orientation of the PO-inversion angle. The specHic points I, 
II, lil, IV and V are explained in the text. 
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the adjustment of the methyl hydrogen positions via rotation around the 
Cn-C2a (4>t) and C21-C24 (4>2) honds (Figure 4.12). We computed the 
van der Waals potential energy surface for the methyl group rotations 
at several orientations of the P-0 bond (angle 0, Figure 4.13). It ap
pears that for every 0 value of the P-0 orientation nine distinct min
ima and maxima are predicted, which is a direct result of the rigid ro
tor approximation. Figure 4.13 displays the contour plots for the initial 
geometry (0 = 0°), the transition state (0 = 50°), and the inverted con
figuration (0 = 110°) as a function of the two methyl group orientations 
4>1 and t/>2. The calculations for 0 = 0° show that the crystal structure 
data do not correspond to a van der Waals minimum. A small rota
tion to conformation I (Figure 4.13a, 4>1 = 340°, t/>2 = 350°) results in 
alowering of the energy (D,.EvdW = -1.6 kcal/mol). From this minimum 
two other adjacent minimum-energy packings II and UI, at coordinates 
t/>1 = 220°, t/>2 = 350° (D,.EvdW = -1.6 kcal/mol) and 4>t = 340°, t/>2 = 220° 
(D,.EvdW = -1.4 kcal/mol), can be reached via low-energy transition states 
of D,.EvdW = 1.9 kcal/mol and D,.EvdW = 3.5 kcal/mol, respectively. In con
trast to migration of the oxygen atom at t/>1 = t/>2 = 0°, the transposition 
of the P-0 vector from the minimum at t/>1 = 220°, 4>2 = 350° is a low
energy process with a transition state of D,.EvdW = 1.1 kcal/mol at 0 = 50°, 
4>1 = 200°, and t/>2 = 320° (IV in Figure 4.13b ). In addition, the final in
verted geometry at 0 = 110°, t/>1 = 230°, and t/>2 = 340° possesses a D,.EvdW 
value of -6.3 kcal/mol (V in Figure 4.13c). The latter value confirms 
the experimental result that the conversion of la into tb is a unidirec
tional process. The results remain essentially unaltered when surround
ing molecules are included in the calculation, which demonstrates the 
intramolecular nature of the reaction. A release of the P-0 vector out of 
the CIPO plane of the radical precursor immediately leads to high AEvdw 
energies for all valnes of 0, t/>1 , and 4>2 • A shortening of the P-0 bond of 
5% shifts the total energy surface to a lower value by approximately 0.2 
kcal/mol, hardly affecting the relative energies. 

Summarizing it appears that the inversion will probably occur via a 
coupled motion of the P-0 bond vector and the two ortho-t-butyl methyl 
groups. Perhaps, even more synchronous motions are involved. The sim
plification made in the present computational model prohibits a quantita
tive assessment of the actual activation harrier. However, our calculations 
are in qualitative agreement with the experimental results and provide 
insight into the geometry relaxations which might occur. 
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4.4 Condusion 

The present study shows that the ebiral phosphonyl radical la, formed 
from bis(2,4,6-tri-t-butylphenyl)phosphinic chloride by a dissociative elec
tron-capture reaction, exhibits an enantioselective stereoinversion at ap
proximately 120 K into its isomer lb. This result was obtained via a 
single-crystal ESR study which affords directional information on the orî
entation of the SOMO. In combination with X-ray crystallographic data; 
a detailed description of the radical geometriesof the two isomers la and 
lb could he obtained. Packing-energy calculations show that the stereoin
version occurs in a coupled rotation of the phosphonyl oxygen bond and 
the two methyl groups of the ortho-t-butyl substituents. The process is 
entirely controlled via intramolecular steric interactions. The surrounding 
molecules are only involved in confining the 2,4,6-tri-t-butylphenyl groups 
in their predefined crystallographic spatial structure. Van der Waals en
ergy calculations confirm the experimental result that the stereoinversion 
is a unidirectional process by the fact that the steric energy in the crystal 
is reduced when the phosphonyl oxygen is transferred to the more spa
cious vacant chlorine location. There is evidence for a secondary reaction 
in which the inverted structure lb abstracts a proton from a t-butyl group 
leading to the protonated phosphonyl radical lc. 
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Chapter 5 

Two-center three-electron u* honds I. 
The nature of three-electron p..:..s honds* 

Abstract 
An ESR study on three-electron p..:..s honds in progressively sub
stituted trialkylphosphine sulfide phosphoranyl radicals R3PS~-l 
(n=O, 1, 2) is presented. The experiments show, in contrast with 
quanturn chemica! calculations, tha.t the structure is not seriously 
a.ffected by the electronega.tivity of the sulfur fragment. lt is con
cluded tha.t three-electron honds ca.n be formed in condensed phases, 
despite a.n unfa.vora.ble bala.nce of the ionization potentials of the 
fra.gments involved. 

*R.A.J. Ja.nssen, O.M. Aa.ga.a.rd, M.J. va.n der Woerd, H. M. Buck, Chem. Phys. 
Lett. 1989, 171, 127-130. 

111 



112 Two-center three-electron u* honds I. 

5.1 Introduetion 

During the past few years the structure and stability of 2o--lu* three
electron bond radicals have received increasing theoretica! and experimen
tal attention.l-8 The large number of studies dealing with homonuclear 
three-electron A:_A honds reflects the intrinsic stability of a symmetri
cal 2u-lu* configuration. Recently, however, several heteronuclear three
electron honds have been reported between different types of atoms.9-11 
Asymmetrie three-electron A:_B honds are of special interest since they 
generally possess a lower stability than their homonuclear analogues. The 
reduced stability towards bond fission is a consequence of the electroneg
ativity difference between the two atoms. This results in an energy differ
ence between the two resonance structures A: ·Band A· :B, which causes 
an asymmetrie distribution of the unpaired electron. Accordingly, Clark 
obtained .a general equation, based on ab initio quanturn chemica} calcu
lations, which describes the dissociation energy of odd-electron u honds in 
terms of the energy, .Ó.IP, required to transfer an electron from one part
ner in the complex to the other.l Since these calculations apply strictly 
to isolated radicals, it is of interest to determine the effect of .Ó.IP on the 
structure and stability of these systems in solution or the solid phase. 

Using single-crystal ESR we recently established the structure and 
spin-density distribution of three-electron bond R3P:...s- radkal anions, 
generated via an X-ray induced electron-capture reaction of the corre
sponding neutral trialkylphosphine sulfides (R3P=S).l2,13 These radicals 
are formed in spite of the large difference between the ionization potentials 
of the two fragments involved. In this chapter we extend these studies and 
report the formation of P :...s 2u-lu* configurations in radicals containing 
a trialkylphosphine moiety and a progressively substituted sulfur atom. 

R R 

\ \ 
~P-"-5 

R'/ 
R 

p-·-s wJ \ 
R R 

I II Ill 

Figure 5.1. Structure of R3P..:..s~-l (n=O, 1, 2) three-electron bond phospho
ranyl radicals. 
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It will he shown that the spin-density distribution of structures I, IJ, and 
lil (Figure 5.1) is rather similar and not seriously affected by increasing 
substitution and electronegativity of the sulfur fragment. 

5.2 Experimental 

Trimethylphosphine (Me3P) was prepared from the corresponding silver 
iodide complex (Janssen Chimica) by heating in vacuo. Dimethylsul
fide (Me2S, Janssen Chimica) and CFC13 (Aldrich) were used as received. 
Methylthiotriethylphosphonium iodide (Et3PSMe+I-) was prepared by re
ading triethylphosphine sulfidel2 (0.8 g) and methyl iodide (8.52 g) in 25 
mi of nitromethane at 45 oe for 3h. Single crystals were obtained by slow 
evaporation of a solution of Et3PSMe+I- in pentane/methyl iodide in a 
stream of dry nitrogen (31 P NMR: E 71.6 ppm). Solutions of Me3P 
and Me2S in CFC13 were degassed and frozen at 77 K. ESR quartz tubes 
containing CFCI3 solutions or oriented single crystals were subsequently 
exposed to X rays for 4 h. Recording of ESR spectra bas been described 
in Chapter 2. 

5.3 Results and assignment 

The ESR spectrum of an X-irradiated single crystal of methylthiotri
ethylphosphonium iodide (Et3 PSMe+ I-) recorded at 105 K (Figure 5.2) 
reveals the features of a phosphorus-centered radical with a large 31 P hy
perfine coupling. The radical is present in two magnetically distinct ori
entations. The angular variation of the ESR transitions was obtained by 
rotating the crystal in three mutual orthogonal planes, and used in an 
iterative procedure to obtain the 31 P and g tensors via an exact diago
nalization of the spin Hamil tonian ( 1.1) (Table 5.1) .13 I t appears that the 
parallel hyperfine interactions of the two orientations of the radical in the 
crystal are inclined by an angle of 103°. The spin-density analysis14 results 
in p.=IO. 7% and pp=29.6%, which is comparable to the spin-density distri
bution of the previously detected Et3P...:.s- radical anion (p.,=12.5% and 
pp=38.7%).12 Basedon this similarity there is no doubt that the present 
species is the Et3P...:.SMe phosphoranyl radical (structure II, Figure 5.1 ), 
formed via an electron capture reaction of the cationic precursor. Com
pared to Et3P...:.s-, the pfs ratio of Et3P...:_SMe is slightly reduced: 2.77 
vs. 3.10 (Table 5.2). Another support to our assignment comes from the 
fact that Me3P...:_SMe radicals have been detected by Giles and Roberts af
ter reaction of thiyl radicals with trimethylphosphine in liquid propane.15 
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2 

Figure 5.2. Single-crystaJ ESR spectrum of the Et3P.:SMe radical at 105 K 
showing two distinct magnetic orientations. 

They report an isotropie 31P hyperfine coupling of 1539 MHz (54.73 T, 
g = 2.0091) which is similar toA, • .,= 1428 MHz for Et3P..:..SMe in the solid 
state. The signals assigned to Et3P..:..SMe are irreversibly lost from the 
ESR spectrum at 140 K. No secondary phosphorus-centered radicals are 
observed. 

Radiogenie formation of R3P..:..sRt radical cations in a single crystal 
via an electron-capture rèaction requires a dicationic R3PSR~+ precur
sor, which is unknown to us.l6 An alternative route to R3 P..:..SRt radical 
cations proceeds via X irradiation of a 1.:1 mixture of a trialkylphosphine 
and a dialkylsulfide in a freon matrix. It is well known from recent lit
erature that various cationic radicals can he generated via ionization of 
their precursors in a halocarbon matrix.l7,18 Moreover, it has been demon
strated that in sufficiently concentrated solutions of phosphines or sulfides 
it is possible to generate both the parent cationic RaP+ and R2S+ radi
cals as wellas the homodimeric species R3P..:..PRt and R2S..:..sRt result
ing from a reaction of the parent radical cation with a secoud precursor 
molecule.19- 25 Af ter X irradiation of a 1:1 mixture of trimethylphosphine 
(Me3P) and dimethylsulfide (Me2S) in CFC13, the ESR spectrum shown 
in Figure 5.3a is obtained. Compared to the spectrum of pure Me3P in 
CFCla (Figure 5.3b), giving signals due to the MeaP+ and Me3P..:..PMet 
radical cations, 19,20 the spectrum in Figure 5.3a shows an additional set 



5.3. Results and assignment 115 
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Figure 5.3. ESR spectrum of CFCla solutions after exposure to X rays at 77 
K. (a) 1:1 mixture of Me3 P and Me2S in CFC13, showing the extra features 
assigned to MeaP ..:..sMei. (b) pure MeaP in CFCla with signals of Me3P+ and 
MeaP..:..PMet radical cations. 
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Table 5.1. Hyperfine (MHz) and g tensors0 ofthe EtaP..:..SMe radical. 

9i•o Direction Cosines 

Ai•o Adip x y z 

g 2.000 -0.585 0.464 -0.665 
2.008 2.009 0.016 0.826 0.563 
2.019 0.811 0.319 -0.490 

A 1305 -123 -0.707 0.080 -0.703 
1333 1428 -95 -0.706 -0.148 0.693 
1645 217 0.049 -0.986 -0.161 

" The z axis of the ESR reference frame was chosen perpendicular to the face 
of the plate-shaped crystals, the x and y axes were defined by the extinction 
directions of the crystal perpendicular to z. 

Table 5.2. 31P hyperfine coupling constauts (MHz) and valenee orbital spin 
densities (%) for several p..:..g radicals. 

Rad ie al Al. Au Aioo 2Adip p. Pp pfs 

EtsP_:_SMe 1333 1645 1428 217 10.7 29.6 2.77 
1308 

. + MesP-SMe2 1385 1840 1537 303 11.5 41.3 3.59 
MeaP+ 0 813 1636 1087 549 8.1 74.8 9.19 

. + MeaP-PMe3 1333 1605 1424 181 10.7 24.7 2.32 
MeaP..:..s-" 1660 2021 1776 245 13.3 33.3 2.50 

1647 
EtaP..:..s-" 1517 1943 1659 284 12.5 38.7 3.10 

1517 
MeaP_:_SMe c 1539 

0 Au (H) = 33.2 MHz, A1. (H) = 34.2 MHz, with coupling to 9 equivalent pro-
tons. "ref. 12. " ref. 15 
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Table 5.3. g values determined for several p...:..s radicals 

Rad ie al Ui Ytl 9iw 

EtaP..:.SMe 2.008 2.000 2.009 
2.019 

MeaP..:.SMet 2.006 2.003 2.005 
MeaP+· 2.007 2.002 2.005 

. + MeaP-PMe3 2.006 1.998 2.003 
MeaP..:.s- 4 2 .. 003 2.004 2.006 

2.010 
EtaP..:.s- 4 2.006 2.002 2.005 

2.006 
MeaP...:..SMe b 2.009 

4 ref. 12. ref. 15 

of lines which we attribute to,the asymmetrie MeaP..:.SMet diroer radical 
cation (structure UI, Figure 5.1). 

The perpendicular and parallel hyperfine couplings of Me3P..:.SMet 
lead to A;..o = 1537 and 2Adip = 303 MHz, again very simHar to tl:Îose of 
related species like Me3P..:.s-, EtaP..:.s-, Et3P..:.SMe, and Me3P..:.SMe 
(Tables 5.2 and 5.3). The signals of Me3P..:.SMet persist untilthe sample 
roelts at 145 K. Quanturn chemical calculations on the prototype three
electron bond radical H3P..:.sHt have been performed with a variety of 
methods and reveal a stabie structure with a dissociation energy of 13-
22 kca.l/motl•12,26 The isotropie and dipolar hyperfine interactions, cal
culated for H3P..:.SHt from the spin-annihilated UHF wave fundion by 
computing the expectation values of their corresponding operators, show 
a close agreement with the present experimental values: Ai:OO = 1438 and 
2A~~=327 MHz.12 

"'P 

5.4 Condusion 

The experiments demonstrate that the spin density distribution of a three
electron p..:.g bond in R3P..:.SR~-l (n=O, 1, 2) phosphoranyl radicals is 
fairly insensitive to n, the number of alkyl substituents of the sulfur atom. 
Table 5.2 shows that approximately 40-50% of the unpaired electron den
sity in these species is localized on the phosphorus atom with a p/s ratio 
ranging from 2.5 to 3.6. In contrast to this experimental result, previous 
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quanturn chemica! calculations on H3P...:..sH:-t prototype systems reveal 
a stabie structure only for n = 2 and predict a barrierless dissociation for 
n=O and n=Ll2 This behavior is in agreement with the respective ~IP 
values. Further rationalization of the theoretica! results comes from the 
fact that a contribution of a R3P·+ :SH:-2 resonance structure (with the 
unpaired electron density on phosphorus) to the three-electron bond im
plies an unfavorable separation of charge for n = 0 or n = 1, but not in 
case n = 2.1 The apparent con tradietion between experiment and theo
retica} results can he solved by assuming either an inadequate quanturn 
chemica} description, or an effective shielding of the developing charge 
separation in condensed phases by neighboring molecules. On basis of the 
present results it can he expected that a large number of heteronuclear 
three-electron honds between a variety of elements will he experimentally 
accessible in solution and solid phase despite an unfavorable balance of 
the ionization potentials of the fragments involved. 
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Chapter 6 

Two-center three-electron a* honds 11. 
Radical cationsin mixtures of ChP and 
Me2S* 

Abstract 
Exposure of mixtures of phosphorustrichloride ( Cl3P) and dime
thylsulfide (Me2S) dissolved in halocatbons ( CFC13, CF 3 CC13 , CF 2-
ClCFC12, and CH2Cl2), to X rays at 77 K, results in the correspond
ing parent radical cations and several cation-substrate adducts. 
The radicals are detected and identified by ESR spectroscopy. In 
addition, extensive ab initio quanturn chemical calculations are per
formed to support our assignments. In dilute solution exclusive 
formation of the Cl3P+ and Me2S+ radical cationsis observed. In 
CFC13 , Me2S+ exhibits superhyperfine interactions due to chlorine 
and fluorine nuclei of the matrix molecule( s ). At increased concen
tration, or on warming of the sample, the parent radical cations 
readily react with dissolved Cl3P or Me2S molecules, to form ho
modimeric ClaP..:.. PClt and Me2s..:..sMet, and heterodimcric 
ClaP..:.. SMet radical ca ti ons with a two-center three-electron a* 
bond. The heterodiroer is formed in spite of a significant differ
ence between the ionization potentials of the two constituents in 
reduced form. On further annealing, the Cl3 P..:.. PClt cation rear
ranges to the well-known trigonal bipyramidal Cl4P radical and 
an as yet unidentified configuration. Candidates for the latter are 
proposed. In addition, in concentrated frozen solutions an unex
pected reaction of Me2S..:.. SMet and Cl3P is observed resulting 
in the heterotriroer Cl3 P(SMe2)t" with an octahedral configura
tion, exhibiting a very large 31 P hyperfine interaction (Ai•o = 5115 
MHz). Extensive ab initio calculations at the HF/3-21G* level, 
including calculation of isotropie and dipolar electron-nuclear hy
perfine interactions, confirm the assignments and provide detailed 
insight into the molecular geometries, electronic configurations and 
stability of the radical products. 

•o.M. Aagaard, B.F.M. de Waal, M.J.T.F. Cabbolet, R.A.J. Janssen, submittedfor 
publication. 
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6.1 Introduetion 

The use of halocarbon matrices has eminently contributed to the know
ledge of radiogenie formation and reactivity of phosphorus- and sulfur
centered radical cations at low temperature. Depending on the concen
tration of the radical precursor~ temperature and mobility in the frozen 
halocarbon solution, radical cations can react with free-electron pairs of 
other molecules. Such an ion-molecule reaction usually affords a q* two
center three-electron bond for which an increased interest is noted in 
literature.l-5 Basedon high level quanturn chemica! calculations, Clark 
postulates that in vacua the stability of a q* bond will diminish exponen
tially with increasing difference in ionization potential of the two reduced 
parent substrates (.óqp ).6,7c,d Therefore, formation of an ion-molecule 
ad duet consisting of two equivalent molecular parts (homodimer) is pre
ferred over an ion-molecule adduct comprised of two different molecular 
fragments (heterodimer ). 

Several ESR studies report on the radiogenie radical cation formation 
from phosphines and sulfidesin freon. 3,4.8,9 For instance, if trimethylphos
phine (Me3P) or dimethylsulfide (Me2S) is X irradiated in a freon matrix at 
low temperature, the corresponding Me3P+ or Me2S+ radical cations are 
generated. These radicals readily react with a second molecule to form 
homodimcric q* Me3P_:_ PMet and Me2S...:.. SMet radical cations.3,4 In 
the previous chapter we established the formation of the heterodimcric 
Me3P...:.. SMet ion-molecule adduct by X irradiation of a mixture of 
Me3P and Me2S in freon.Ic Due to the small diP (IP(Me2S) = 8.68 eV, 
IP(Me3P ) = 8.60 eV, diP= 0.08 eV) the hetero p...:.. S q* bond is intrinsi
cally stable, and our results are corroborated by several high level quanturn 
chemical calculations predicting experimental detection.7c,d However, we 
have shown experimentally, that formation of a p_:_ S q* bond is hardly 
affected by the Ó.IP of the two molecular fragments involved. As an ex
ample p_:_ Sa* honds were detected in X-irradiated single crystals of both 
trialkylphosphine sulfides (R3P -=-s- ), la,b and methylthiotriethylphospho
nium iodide (Et3P -=-sMe, I- ).te In spite of the different coordination 
of the sulfur atom, which results in different ionization potentials, the 
spin-density distribution throughout these species is very similar. Abu
Raqabah and Symons very recently reported2j,k that Me3P+ or Ph3P+ 
radical cations react at elevatcd temperature with a chlorine anion, re
leased by the irradiated freon solvent. This results in neutral q* Me3P_:_Cl 
and Ph3 P_:_Cl radical structures. Evidently, the diP of Me3 P and CI- is 
too large to allow the formation of an intrinsically stabie a* bond (IP( CI-) 
= -EA(Cl·) = 3.61 eV, Ó.IP = 4.99 eV). 
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In this chapter we report on the homo and hetero ion-molecule adduct 
formation in mixtures of phosphorustrichloride (Cl3P) and Me2S in frozen 
halocarbon solutions. After X irradiation we detect. various phosphorus
and sulfur-centered radicals. In diluted solutions the Me2S+ and CiaP+ mo
nomer radical cations are observed and identified. It is noted that, in con
trast to several studies dealing with Cl2P and Cl4P radicals formed from 
pure Cl3P, 10 the formation of the Cl3P+ radical cation has never been 
reported to our knowledge. By increasing the mutual concentrations we 
detected the homodimcric Me2S..:_ SMet and ClaP..:_ PCit radical cations, 
and also the heterodimeric ClsP ..:_ SMet radical cation in spite of an en
larged .Ó.IP of the contributing molecular fragments (IP(ClaP ) = 9.81 eV). 
In addition to these radicals, which are analogous to cations produced in 
mixtures of Me3P and Me2S, Ie we established three other phosphorus
centered radical structures and their structure assignments are reported. 
By changing the reaction conditions, e.g. ratio or concentration of the 
substrates, different halocarbon matrices (CFC13, CH2Cl2 , CF3CCla, or 
CF2ClCFCb), or temperature, we were able to study formation and reac
tivity of each individual radical product. 

35Cl and 37Cl hyperfine interactions in most cases broaden the 31P ESR 
transitions, and except for the 31 P hyperfine coupling little structural in
formation can he gathered from the spectra. Therefore, we used ah initio 
quanturn chemical calculations to gain insight into the electronic distribu
tion of the radical structures. Both geometry optimization and hyperfine 
coupling calculations were performed at the 3-21 G* HF /SCF leveL Vibra
tional analyses validated the computed stationary points to correspond to 
local minima or saddle points. 

6.2 Results and assignment 

6.2.1 Experimental 

ClaP (Merck) was distilled prior to use. Me2S, CFC13 (freon-11), CF3CCI3 , 

and CF2ClCFCh (freon-113) (Aldrich) were used as received. CH2Cb 
(Merck) was purified over a basic-alumina column and stored on 4 Á 
molsieves. A quartz tube containing a freon or CH2Ch solution, rang
ing from 1-70 % v /v ChP and/ or Me2S, was degassed by repeated freeze
pump-thaw cycles in liquid nitrogen prior to irradiation, and subsequently 
rapidly frozen at 77 K under argon. The X irradiation and ESR mca
surement procedures have been described in Chapter 2. In a typical run 
the field-sweep width of 0.3750 T (0.1 mT = 1 G) was sampled with 
4k data points, resulting in a digital resolution of 0.09 mT (0.9 G). Ex-
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panded runs were measured with a 0.0375 T sweep width affording a 0.009 
mT (0.09 G) digital resolution. The klystron frequency was determined 
from ESR field positions of the hydrogen atom which is always present 
in X-irradiated quartz. The g valnes and hyperfine coupling constants, 
determined from the spectra, were corrected up to second order with the 
Breit-Rabi equations.ll 

6.2.2 The Me28+ and Me2s...:.. SMet radical cations 

ESR studies on both radicals are numerous,4,9 and in Table 6.1 some inter
esting results are listed along with those of the present study. In all halo
carbon matrices, X irradiation of a mixture of Me2S and Cl3P invariably 
leads to Me2S+, and at increased Me2S concentration subsequently to 
Me2S...:..SMet. Me2S has the lowest IP within the matrix, and conse
quently the amount of Me2S+ formed exceeds any other radical concentra
t ion. Interestingly, in contrast to concurrent detection of the Me2S+ and 
Me2S...:.. SMet radicals in CF 3CC13 and CF 2CICFCb,4k we were not able to 
observe the monomer and dimer radical cations simultaneously in CFCla 
or CH2Ch. In CFC13 formation of either Me2S+ or Me2S...:.. SMet is related 
to the Me2S concentration. If the concentration is below 10% vjv, only 
Me2S+ is observed, above 10% vjv, solely the Me2S...:.. SMet radical cation 
is detected. The Me2S+ and Me2S...:.. SMet radical cations are mutually 
clearly discemible by the larger 1 H hyperfine coupling of the Me2S+ radical 
cation (60 MHz vs. 18 MHz, Figure 6.1 ). Furthermore, Me2S+ has an 
anisotropic g tensor whereas theg value of Me2S...:.. SMet seemsisotropie 
(Figure 6.1 ). The monomeric Me2S+ cation can be detected until the 
melting of the CFCh matrix (145 K). The dimeric form is stabie up to 
135 Kat which temperature the signal intensity rapidly decrease$. In Fig
ure 6.1a the ESR spectrum of the Me2S+ radical cation in CFC13 at 98 K 
nicely illustrates the complex pattem caused by overlapping 1 H hyperfine 
couplings and the anisotropic g tensor of the radical. The positions of the 
orthorhombic g components are indicated in Figure 6.la, and our assign
ments correspond well with g valnes reported by Bonazzola et al.9b Prior 
to annealing, the spectrum at low temperature clearly shows superhyper
fine couplings on the 9z direction (Figure 6.1a). These splitti.ngs were 
previously attributed by Symons and co-workers9a to weak u* bonding 
between Me2S+ and a chlorine atom of CFC13 • A closer look, however, 
reveals a five-line pattem (ratio 1:2:2:2:1, Figure 6.la) which points to 
more nuclei contributing to the superhyperfine interaction. In fact, the 
pattem can be interpreted by a 2.5 G (7 .0 MHz) superhyperfine interaction 
of one 35 Cl and one 19F nucleus. Likewise, additional hyperfine splittings 
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Table 6.1. 1 H Hyperfine couplings4 and g valnes of the Me2s+ ra.dical cation, 
its homodiroer Me2s..:. SMet , and related ra.dical cations generated in irra.di
ated halocarbon solutions. 

Ra.dical 

Me2Se+ 
Me2se..:.seMet 

T (K) 

71" 
81" 

124d 

77" 
771 

1301 
989 
77" 
81' 

120" 
158.1 
29511 

wo• 
1051' 

77' 
77m 

A (MHz) 

123; 119; 119 

57 
57 

61;60; 57 

59 
60;60;56 
58;58; 56 

58 

18 
18 
19 
18 
19 

44 

13 

2.0138 

2.019 
2.019 
2.033 
2.032 
2.019 
2.032 
2.033 
2.032 

2.1316 

2.0702 

2.0072 

2.019 
2.0145 
2.016 

2.0145 
2.015 
2.017 
2.017 

2.0647 

2.0366 

2.0045 

2.0023 
2.0076 
2.001 
2.002 
2.0076 
2.001 
2.002 
2.002 

1.999 
1.9964 

2.0085 

2.0134 
2.0137 
2.017 
2.012 
2.0137 
2.016 
2.017 
2.017 

2.010 
2.0102 
2.0103 
2.010 
2.012 

2.0651 

2.0344 

4 A,(MHz) = 2.80247(g,fg .. )a..(G)." CFCla, ref. 12. c CFaCCl:h ref. 4h. 
d CFCla , ref. 4f,g. " CFCla , ref. 9b. I CFCla , ref. 9a. g CFCla , this 
study. h CF2ClCFC12, ref. 9b. i CF2ClCFCh, ref. 4k . .i Cydopropane, ref. 
4d. Ie H20, ref. 4a. l CFCla , ref. 6. m Single crystal of Me2Se, ref. 5. 

of 1.5 G ( 4.2 MHz) were resolved on the Yz component, though no decisive 
pattem could he established. No extralines could he detected, neither by 
us nor previously,9a on the gy tensor component. However, Symons9a re
ported superhyperfine splittings of 1.5 G (4.2 MHz) on the gy direction of 
the ( CD3 )2S+ radical cation. Weak u* matrix interactions of radical cations 
witheither 35Cl or 19F are frequently observed in CFCb solutions,6,9a,13 
but we now show that they can occur simultaneously. 

6.2.3 The Cl3P+ radical cation 

X irradiation of ClaP solutions in all halocarbon matrices used, results in 
the formation of the Cl3P+ radical cation. For CFCI3 the resulting ESR 
spectrum is depicted in Figure 6.2a. The ESR transitions are charaderistic 
of an isotropie spectrum composed of a large 31 P hyperfine interaction and 
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Figure 6.1. (a) ESR spectrum, recorded at 98 K, of the Me2s+ radical 
cation formed after X irradiation of a frozen 11% v/v ClaP : Me2S (1:10) 
CFC13 solution. Additional 35Cl and 19F superhyperfine couplings are dis
cernible on the g", tensor direction. (b) ESR spectrum, recorded at 105 K, 
of the Me2s..:. SM ei radical cation formed after X irradiation of a 30% v fv 
ClaP: Me2S (1:1) CFCla solution. 
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several chlorine hyperfine couplings (Figure 6.2a, Table 6.2). Due to in
terference of the 36Cl and 37Cl hyperfine interactions, no clear assignment 
can he made for the actual chlorine couplings. The isotropie 31 P hyperfine 
coupling is in good agreement with vaiues established for the (H 0 )sP+ and 
(MeO )3P+ radical cations. 3e,f,8 Interestingly, the 31 P hyperfine interaction 
of Cl3P+ in CFCls is substantially less,compared to, the value determined 
in CH2Cl2 (Table 6.2). Moreover, the ESR spectrum in CH2Ch reveals no 
chlorine hyperfine interactions (Figure 6.2b ). A similar difference in hy
perfine coupling constauts and appeaz;ance of the spectrum has previously 
been reported by Symons and co-wor~ers for the (Me0)3P+ r~dical cation 
in distin ct halocarbon matrices. 3e,f They suggested that the {MeO )sP+ 
radical cation can adopt two different conformations: a spherical struc
ture (C3 ) in CC~ and an oblate structure (C.) in CFCl3• In the case of 
the Cl3P+ radical cation, deviation of the C3v symmetry towards c. is less 
obvious. Differences can only he rationalized by a change in hybridization 
of the central phosphorus atom, e.g. flattening of the radical structure (in 
extreme, C3v -+ Dsh)· The ClsP+ radical cation is stabie in all halocar
bon matrices up to high temperature al).d high concentration of Cl3P (20% 
vfv, Table 6.2). However, it is absent if the cosolute Me2S is present at a 
concentration over 10% vfv. 

6.2.4 The ChP and C~P radicals 

The presence of the Cl2P radical could not he determined unambigu
ously due to overlap of hypetfine splittings in the central region. The 
Cl4P radical is readily detected in CH2Cl2 • The Cl4P radical possesses 
a trigonal bipyramidal structure in which the odd electron is locatcd 
in a vacant equatorial position (TBP-e). In CFC13 , the ESR absorp
tions of Cl4P become stronger upon annealing (Table 6.2). In the latter 
case it seems to he a secondary radical, because its appearance coincides 
with the gradual loss of the Cl3 P_:_ PCit radical (vide infra). No re
solved 35Cl hyperfine interactions were detected on the 31 P ESR transi
tions. The 31 P hyperfine interaction is in good accordance with liter at ure 
values for Cl4P generated in pure ClaP.10 The Cl4P radical is not observed 
in CF3CCla and CF2CICFCh matrices. 

6.2.5 The Cl3P_:_ PCit radical cation 

The radical is detected at relatively low concentration ( >3% v f v) of 
ClaP in CFCla or CH:~Cb. However, it is not observed in CFaCCls and 
CF2ClCFCb matrices after X irradiation. lts presence is readily indi
cated by the degenerate triplet ESR spectrum which is characteristic for 
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Figure 6.2. (a) ESR spectrum recorded at 98 K of the Cl3P+ radical cation 
formed radiogenically in an 11% vjv C13P: Me2S (1:10) CFC13 solution. Ad
ditional 35 Cl hyperfine interactions are noticeable. (b) ESR spectrum of the 
Cl3P+ radical cation formed in a 10% v fv salution of Cl3P in CH2Cla. 
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Figure 6.3. ESR spectrum, recorded a.t 102 K, of the. ClaP..:. PCJt ra.dical 
cation formed in a. 10% v fv solution of ClaP in CFCla . 

a p.:. P u* type radical (Figure 6.3). Upon annealing, the radical can he 
detected up to 130-135 K. · Therefore its stability is comparable to tbat 
of the Me2S..:... SMet dimer cation. The 31P hyperfine coupling is listed 
in Table 6.3. No 35Cl hyperfine intera.ctions are resolved. The decay of 
the radical cation seems to he coupled with the increase of the TBP-e 
Cl4P radical and another, as yet unidentified, phosphorus-centered radi
cal (vide infra). In contrast to the monomer radical cation, the magnitude 
of the 31P hyperfine interaction is identical in the two halocarbon solvents 
(Table 6.3). 

6.2.6 The ClaP..:... SMet radical cation 

The formation of ClaP..:... SMei can he rationalized by two possible reac
tion pathways: 

(6.1) 

(6.2) 
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Table 6.2. Hyperfine couplings0 a.nd g values of the radicals detected in X-
irradiated halocarbon solutions of Cl3P and Me2S, and related radical struc-
tures reported in literature. 

Radical T (K) Ax (MHz) 9x 
x Jtp JKct 

Cl2P 75" 11 739 40 2.001 
..lt -95 -14 2.023 
.12 -75 -21 2.014 
iso 190 2 2.013 

2dip 549 38 

ct.P 77<: 11 3553 178 2.00 
..L 3391 56 2.02 
iso 3445 96 2.02 

2dip 108 82 
130d,e iso 3638 2.024 

"X" 130d,e iso 3945 2.022 

ClaP+ 98d,f iso 2330 65 2.025 
98e iso 2682 2.025 

(HO)aP+ 71fl 11 2605 
..L 2039 

iso 2227 
2dip 378 

(MeO)aP+ 77" 11 2524 2.0038 
..L 1998 2.0026 

iso 2173 2.003 
2dip 351 

77Ï 11 2812 2.0049 
..L 2255 2.004 

iso 2441 2.0043 
2dip 371 

MeaP+ lOoi 11 1636 2.002 
..L 813 2.007 
iso 1087 2.005 

2dip 549 

"A,(MHz) = 2.80247(gifg" )a.(G)." Single crystal of Cl3P, ref. 1 Oi. c Frozen 
Cl3P, ref. lOc,h. tl CFCl3 , this study. e CH2Cl2, this study. f CF3CC13 , and 
CF2CICFC12, this study. g H3P04 in H2S04 , ref. 8a. h CFCla , ref. 3e,f. 
i CCI4, ref. 3e,f. i CFCI3 , ref. Ie. 
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Figure 6.4. ESR spectrqm, recorded at 100 K, of the heterodhner 
ClaP:.. SMet rádical cation formed in a 70% v fv salution of ClaP and 
Me2S (1:1) in CFC13 • 

The radkal is readily produced when both Me2S and ClaP are present 
in concentrations above 3%, in spite of the non-zero ~IP of the two molecu
lar fragments. It is to be expected that due to this ~IP , the dissociation of 
the ion-molecule adduct should afford the products on the left side of equa
tion (6.2). Analogous to the reaction of trimethyl- and triethylphosphine 
radical cations with Me2S in CFC13 matrices, Ie the structure of this radi
cal is assigned toa p..:.s u* type radical. The radical is observed in CFCla, 
CH2Cb, and CF2ClCFCl2, hut ~surprisingly not in CF3CCI3• In CFCla, 
slight warming results in the irreversible lossof the radical at 120 K. This 
illustrates the intrinsically lower stability of the radical structure com
pared to the heterodimeric Me~P..:_ SMet radical cation. Subsequently, no 
other radicals are detected (Figure 6.4, Table 6.3). 

6.2.7 The "X" radical 

Upon annealing an X-irradiated sample of 10% v/v ClaP in CFC13 , we 
clearly detected a transition of ClaP:.. PCit into the TBP-e Cl4P radical 
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"X" 

Figure 6.5. ESR spectrum, recorded at 100 K, of the Cl4P and "X" radicals 
formed from Cl3P...:.. PClt after annealing the sample to 148 K. The spectrum 
was obta.ined aft er X irradiation of a 1 O% v / v solution of Cl3P in CFCl3 . 

and a second unidentified phosphorus~centered radical (hereby called "X"). 
The rearrangement is also noted in CH2Cb but not in CF 3CC13 and 
CF2ClCFCh (Table 6.3). The corresponding ESR spectrum is shown in 
Figure 6.5. 

Both the TBP-e Cl4P and "X" radicals are stabie up to the melting of 
the matrix. The radicals are formed when CbP is X irradiated without 
Me2S as cosolute. Evidently, they are derived from ChP alone, and a 
relatively low concentration of the parent substrate is sufficient (> 3%). 
The magnitude of the :up hyperfine coupling of "X" (Table 6.2) indicates 
that the structure is similar to the TBP-e Cl4P radical. Essentially two 
possihle candidates can he proposed for "X". First it can he assigned toa 
Cl4P trigonal hipyramidal structure in which the odd electron occupies the 
vacant axiallocation (TBP-a). Ah initio quanturn chemica} calculations 
on C2v {TBP-e) and C3v (TBP-a) H4P and F4P radicals14 predict that the 
TB P-a structure should exhihit a larger 31 P hyperfine coupling than the 
TBP-e configuration. This would agree nicely with the present experiment 
(Figure 6.5, Tahle 6.2). The second possihle candidate is a a* Cl3P..:...c1 
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radical structure. Abu-Raqabah and Symons reported formation of simHar 
q* RaP..:..Cl radicals by reaction of R3P+ radical cations and a chlorine 
anion originating from the irradiated solvent. 2j,k 

6.2.8 The Cl3P(SMe2)tradical cation 

Formation of the title radical is observed at elevated substrate concen
tration in all halocarbons after X irradiation. Upon warming a cón
centrated solution of both ClsP and Me2S (for instà.nce 70% vJv 1:1 in 
CFC13) this phosphorus-centered radicaf is form~, èxhibiting à very large 
31P hyperfine coupling of 5115 MHz (Figure 6.6, Table 6.3). The magni~ 
tude of the isotropîc 31 P hyperfine coupling points to a high phosphorus 3s 
orbital contribution to the SOMQ.l5 A high 3s contribution has previously 
been observed for the octahedral phosphorus contiguration of the Cl6P
radical anionlOb (Table 6.3). This suggests that the central phosphorus 
atom in the title radical bears at least five substituents. Nevertheless, 
the magnitude of the 31P hyperfine interaction far exceeds the phospho
rus coupling established for the Cl5P- radical anion. The increase can 
he explained by assuming that the ~ubstituents accommodate the valenee 
electrons better than the chlorinè atoms of Cl5P-, thereby increasing spin 
density on the hypervalent phosphorus nucleus in the antibonding SOMO. 
We assign the radical to the ClaP(SMe2)t" cation, formed by reaction of 
the Me2S..:.. SMet cation with a ClaP molecule. Our assignment is based 
on several observations. The radical is only detected when both Me2S and 
Cl3P are present in the matrix, pointing to a. hetero ion-molecule reaction. 
The increa.se of its ESR a.bsorptions is coupled to the rapid decrease of 
the Me2S..:.. SMet ra.dical cation a.t elevated tempera.ture. In CFC13, the 
ra.dica.l is absent if the concentra.tion of Me2S is below 10% vjv, regard
less of the Cl3P concentration (only formation of Me2S+ !). In CF3CCla 
the ra.dical is formed a.lthough the heterodiroer Cl3P..:.. SMet is not de
tected, signifying tha.t the ion-molecule reaction between the heterodiroer 
ClsP..:.. SMet and a molecule of Me2S is unlikely. 

lt is noted that Illies et a.L4i report a. similar reaction. In a mass 
spectroscopie study on the homoa.ssociation of Me2S+ to Me2S , they 
observed at -40°C a prominent peak a.t m/z 182. It is assigned to the 
monopositive triroer of Me2S less Jour amu. However, as they put it: 
"the structure of this species is a tantalizing mystery" .4i In our case 
the Me2S..:.. SMet radical cation reacts with a ClaP molecule giving the 
trimer radica.l cation. The Me2S-molecular fragments within the triroer 
bear a. positive charge on the sulfur atoms, hence explaining the large 
31 P hyperfine coupling. The heterotriroer vanishes before the melting of 
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Table 6.3. 31 P Hyperfine couplings• and g values of homo- or heterodimede 
radical ca.tions detected in X -irra.diated. halocarbon solutions of ClaP a.nd Me2S 1 
and rela.ted ra.dical structures reported in litera.ture. 

Ra.dical T(K) x Ax (MHz) 9x 

CJ3p_:pcJt 10~ iso 2260 2.020 

MèaP_:PMet tooe 11 1605 1.998 

.l. .1333 2.006 

iso 1424 2.003 

2dip 181 

Cl3P_: SMet lOOd iso 3360 2.016 

MesP_:SMet tooe IJ 1840 2.003 

.l. 1385 ·2:006 

iso 1537 2.005 

2dip 303 

Cls:P- 77e 11 4619 2.00 

.l. 4523 2.02 

iso 4555 2.02 

2dip 64 

ClaP(SMe2)t' 120d,/ iso 5115 2.023 

• Aï(MHz) = 2.80247(gï/Ue )&ï(G). ö CFCls, a.nd CH2Cl2, this study. c CFCla, 
ref. lc. d CFCls, CH2Cl2, and CF2CICFCI2, this study. e Cl5P, ref. lOb. 
I CF3CCI3 , this study. 
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Figure 6.6. ESR spectrum, recorded at 120 K, of the heterotri
mer ClsP(SMe2)t radical cation fonned by ion-molecule reaction of 
Me2S.:. SMet and Cl3P. The radicals are generated in a 70% v fv solution of 
ClaP and Me2S (1:1) in CFCls. 

the matrix without generating new phosphorus-centered radicals. 

6.3 Quanturn chemical calculations 

All calculations employed the GAUSSIAN8816 or GAMESS UK17 series 
of programs using the 3-21 G* basis set. Odd-electron systems were caleu
lated using the unrestricted and restricted open shell Hartree-Fock (UHF 
and ROHF) formalisms, and closed shell systems with restricted Hartree
Fock (RHF). For open shell systems geometry optimization was started 
at the UHF level. The resulting structure then served as input to the 
ROHF geometry optimization. Harmonie vibrational frequencies were cal
culated at the 3-21 G* level in order to eharacterize stationary points as 
minima (representing equilibrium structures) or saddle points ( transition 
states ). Magnetie properties sueh as the isotropie and anisotropic part of 
the electron-nuclear hyperfine interaction were determined, where possi-
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bie, from the spin-density matrix. The isotropie hyperfine coupling wa.s 
ca.lcula.ted from: 

(6.3) 

with, 

(6.4) 

being the Fermi contact integra.l, a.nd in which P;..,-IJ is the spin-density 
matrix. It is noted tha.t the GAMESS UK program pa.cka.ge gives the 
Fermicontact integra.l Î"' timesits true va.lue (in a.u). The ma.gnetic dipo
la.r hyperfine tensor wa.s ca.lcula.ted a.s: 

(6.5) 

where u, v a.re the ca.rtesia.n coordina.tes x, y, z. Subsequent dia.gona.liza.
tion of the matrix results in the three principa.l va.lues of AJ.t.p a.nd the 
corresponding direction cosines. Optirnized geometries a.re given in Fig
ures 6. 7 to 6.11 a.nd their tota.l energies a.re listed in Ta.ble 6.4. 

. . . . + 
6.3.1 H2S+ + H2S ___. H2S-SH2 

The homodiroer ra.dica.l cation of H2S ha.s been the subject of ma.ny high
level quanturn chemica.! studies.1a.,d,18 The two sta.ble minima. found a.re 
C2v a.nd C2h structures,7a.,d of which the C2h is the lowest in energy. The 
structures resulting a.fter geometry optimiza.tion within the C2v syrnmetry 
constra.int for H2S+ a.nd H2S, a.nd C2h symmetry constra.int for H2s..:..sHt 
a.re depicted in Figure 6.7. Cha.ra.cteristic for the dimer u* structure is 
the long s...:..s bond (2.826 Á). Furthermore, the H-S bond directions are 
nea.rly perpendicula.r to the S-S bond. We ca.lcula.ted the hydrogen hyper
fine couplings within the ROHF/3-21G* level for both the monomer a.nd 
dimer radical cations. The results are listed in Tahle 6.5. Sharing the odd 
electron hy the sulfide rooieties reduces the dipolar hyperfine coupling of 
the hydrogen atoms hy half. It can he expected tha.t the 1 H dipolar hyper
fine coupling with the electron spin density on the noncontiguons sulfur 
a.toin is negligihle hecause of the large interatomie distance (3.15 Á). The 
dipola.r interaction to the spin density on the contiguons sulfur a.toms re
rna.ins the sa.me. However, hecause the electron now resides only half of 
the time on the contiguous sulfur atom, the effective dipolar coupling will 
he reduced hy a factor 2. Our calculations on the H2s...:.. SHt radical reveal 
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Table 6.4. Total energies (au )/1 a.nd <S2 >UHF expecta.tion val u es ofthe radical 
precursors a.nd ra.dicals at their equilibrium geometries (Figures 6. 7 to 6.11 ). 
All structures were calculated with the 3-21G* basis set. 

,Compound Symmetry UHF ROHF RHF <S2> 

n2s+ C2v -396.476389 . -396.471563 0.7611 

H2S C2v -396.819637 

H2s..:.sn.t c2h -793.332709 -793.325431 0.7717 

Me2s+ C~v -474.174441 -474.169419 0.7628 

Me2S C2v -474.456985 

Me2s..:.sMet C2h(1) -948.659754 -948.652663 0.7728 
c2h(2) -948.663185 -948.656055 0.7734 

ChP+ C2v -1253.595142 

Cl2P C2v -1253.922205 -1253.917335 0.7671 

Cla:P+ Cav -1711.015964 -1711.012755 0.7606 

C~P Csv -1711.356885 

Cl4P C2v -2168.721431 -2168.714223 0.7874 

Cav 6 -2168.710450 -2168.703551 0.7882 

Cl&P- C4v -2626.219457 -2626.213718 0.7815 

ClaP..:.sHt c. -2107.859525 -2107.853847 0.7714 

ClaPPClt c2h -3422.387232 -3422.380975 0.7804 

C2v -3422.321490 e 0.7893 

c. -3422.382358 • 0.7609 

ClaP(SH2)t C2v(1) c -2504.652301 -2504.644628 0.7928 

c2 -2504.652200 • 0.7942 

C2v(2) -2504.651054 e 0.7936 
c. d -2504.683459 e 0.7609 

• 1 au = 627.5 kcal/mol. 6 Degenerate ima.ginary frequency 118i cm-1: E. 
c Ima.gina.ry frequencies 92i cm-1 : B2, 52i cm-1 : B1• d Ima.ginary frequencies 
89i cm-1, a.nd 29i cm-1 : A". e No SCF convergence. 
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Figure 6.7. Optimized geometries ofthe H2S, H28+~, and H2s.:sHt structures 
calculated within their respective symmetry constraints. Structures calculated 
at the ROHF /3-21G* level. 

that the direction of the largest principal value of the sulfur di po lar hyper.:. 
fine interaction (equivalent to the direction of the largest principal value of 
the 33S hyperfine tensor) is not perfectly aligned with the S-S-hond direc
tion, hut makes a small angle (3.5°). The SOMO points away from the hy
drogen suhstituents (Figure 6.7). Such a nonalignment is experimentally 
detected in the single-crystal ESR study on the Me2Se.:.. SeMef radical 
cation.5 The direction of the largest principal value of the 77Se hyperfine 
tensor, corresponding to the direction of the SOMO on that nucleus, is 
inclined hy 2.5° to the direction of the minimal g tensor component, which 
is assumed to correspond totheSe-Se linkage.5 

Geometry optimization within C2v symmetry constraint for Me2S+, Me2S, 
and within C2h for Me2S..:...SMet results in the structures depicted in Figure 
6.8. All structures are true minima and their total energies are listed 
in Table 6.4. The total energy of C2h(2) is the lowest of hoth dimer 
structures. Our results are in agreement with the calculations performed 
hy Illies and co-workers for the same systems.4i However, intheir artiele 
they do notstate the symmetry constraints used, and give few details of 
the optimized structures (Figure 6.8).4i 
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Table 6.5. Calculated isotropie and anisotropic hyperfine couplings {MHz) of 
nuclei with suflident spin density in the calculated radkal structures using the 
ROHF wave function• (Figures 6.7 to 6.11). 

Radkal Symmetry Nucleus At.o . Á,J.i't. 

1 2 3 

.u2s+ C2v H 0 -21 -2 23 

H2s..:..sHt c2h H 0 -12 0 12 

Me2s+ C2v H111vg 20 -5 -4 9 

MCJs..:..sMet c2h(2) HGvg 8 -5 -3 8 

c~:P+ Csv p 1459 -196 -196 392 
Cl 8 -17 -17 34 

ci.:P C2v p 2151 -98 -98 196 
Clt 36 -34 -34 68 
Cl2 3 -3 -3 6 

Csv p 2537 -87 -87 174 
Cl1 0 -5 -5 10 
Cl2 40 -26 -26 52 

Cl,:P- c .... p 2870 -76 -76 152 
Clt 0 -1 -1 2 
Cl2 18 -18 -18 36 

ClsP..:..sut c. p 1644 -137 -137 274 
Ch 0 -17 -17 34 
Cl2 0 -8 -8 16 
H 0 -8 1 7 

'Cl3PPCit· c2h p 1274 -90 -90 180 
Clt 36 -14 -14 28 
Cl2 3 -6 -6 12 

C2v 0 Pt 2082 -210 -42 252 
Ch 47 -58 -57 115 

c.• Pt 1617 -211 -211 422 
Ch 19 -6 -4 10 
Cl2 14 -30 -25 55 
Cis 11 -27 -22 49 

ClsP(SH2)f C2v{1} 0 p 2694 -193 -19 212 

Cz 0 p 2406 -191 -18 209 

C2v(2} 0 p 2393 -191 -23 214 
c. b p 1870 -196 -191 387 

111 Conversion factors from au to MHz: 31P iso. = 1810, 2dip. = 215, 35 CI iso. 
= 437, 2dip. = 52, 1H iso. = 4467, 2dip. = 531. 0 UHF wave function. 
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Figure 6.8. Optimized geometries of the Me2S, 
Me28+, and Me2s...:. SMef structures calculated within their respective sym
metry constraints. Structures calculated at the ROHF /3-21G* level. 
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The experimental ratio of the ,8-hydrogen isotropiè hyperfine couplings 
of the monomer and dimer radical cations of Me2S or Me2Se is approxi
mately 3.4f-h,19 The calculated hyperfine couplings are listed in Table 6.5. 
The ratio of the isotropie couplings of the monomer and the C2h(2) dimer 
amounts to 2.5. Basedon MNDO calculations,19 Williams suggested4f-h 
that the increased ratio (> 2) is a consequence of the nature of the 
u* orbital, rather than of a change in geometry of the heavy atoms. Our 
ah initio calculations on the C2h structures of Me2S..:.SMet, along with 
the computations performed by lllies and co-workers,4i show indeed that 
the bond angles and bond distances of the heavy atoms do not vary much 
between the monomer and dimer structures. Interestingly, in the C2h(2) 
dinier the angles between the S-S bond and the biseetars of the C-S-C 
bond angles are significantly larger than. in H2S..:. SHt (99.9°, vs. 91.4°, 
Figures 6.7 and 6.8). 

. The principal direction of the SOMO on the sulfur atoms is almost 
alignediwith the S-S bond. We calculated a small angle of 0.8° in which 
the orbital points away from the CH3 substituents. In H2S..:. SHt the 
angle of the H-S-H bisector to the SOMO amounts to 93.9°, which is 
still comparable to the 90° of the 3p. orbital in the monomer H2S+. In 
Me2S..:.SMet, however, this angle amounts to 100.7°, which is considerably 
different. This could have a profound effect on the ratio of the ,8-hydrogen 
hyperfine couplings in Me2S+ and Me2S..:. SMet . 

6.3.3 ClaP+ + ClaP-+ ClaP..:.Pcit 

The Cav structure of the Cl3P+ cation is a true minimum as is shown 
by vibrational analysis. Radical formation shortens the P-Cl honds with 
respect to its Cav precursor Cl3P by about 0.2 A. A fiattening of the tetra
bedral structure is also noted (Figure 6.9). The calculated C2h structure 
for ClaP..::.. PClt is a true minimum, and the optimized geometry is again 
characterized by a long u* bond (2.760 A, Figure 6.10). Formation of 
the homodimer results in a stabilization of 9.0 kcal/mol at the UHF level 
(7.1 kcal/mol at ROHF, Table 6.4), which is almost half of the stabiliza
tion calculated for H3P..:. PHt at different levels (e.g. C2 = 19.3 kcal/mol 
at UHF /6-31G*)Tc,d The calculated hyperfine couplings of Cl3P+ and 
Cl3P..:. PCit are enumerated in Table 6.5. The direction of the largest 
principal value of the 35Cl tensor in CiaP+ is inclined by 29.2° to the 
largest 31 P hyperfine tensor component. In the dimer C2h structure, the 
Ch atoms iu the mirror plane (Figure 6.10) have a larger spin density 
than the Cl2 atoms. The direction of the maximal principal value of 
the 31P hyperfine tensor is situated between the P-P and P-Ch honds, 
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Figure 6.9. Optimized geometries, ca.lculated with the ROHF /3-21G* basis 
set, of the structures containing one phosphorus and severa.l chlorine atoms. 
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inclined by 24.9° to the P-P-bond. A similar orientation was established in 
single-crystal ESR workon related a•radical anions of substituted diphos
phine disulfides. Experiment and ab initio calculations revealed an angle 
of 25 to 30° .3g-i,20 

As a model for Cl3P...:.. SMei we optimized the Cl3P...:.. SHi structure. The 
heterodimer radical cation ChP...:.. SHi can be formed following the two 
different pathways indicated in the heading. The energetics have been 
envisaged and resulted for the left or right side of the title reaction in -16.5 
and -15.0 kcal/mol, respectively (Table 6.4). Thè C. staggered structure 
is computed to be a true minimum (see Figure 6.10), analogous to the 
H3P...:..SHi staggered c. structure.7c,d The stabilization is similar or even 
slightly enhanced with respect to the latter one. 

The calculated hyperfine couplings of the ClaP...:.. SHi radical are Hsted 
in Table 6.5. In the C. structure, atoms in the mirror plane contain the 
highest spin density. The elongation of the p...:.. S a• bond is in accordance 
withits antibonding éharacter. The directionsof the SOMO contributions 
of phosphorus and sulfur are not aligned with the P-S-bond direction (re
spectively inclined by 27.8° and 5.0°, Figure 6.10). It is noted, that the 
inclinations of the phosphorus and sulfur parts of the SOMO are simi
lar to the angular deviation noted earlier for the respective homodimers 
Cl3P...:.. PClt and H2S...:.. SHi (vide supra). 

Geometry optimization within the C2v symmetry constraint results in a 
true minimum for Cl4P (TBP-e, Figure 6.9). The hyperfine interactions 
are listed in Table 6.5. In the TBP-e structure spin density is primarily 
located on the axial chlorine atoms and the central phosphorus atom. 
In Cl4P phosphorus is hypervalent, and consequently the honds to the 
axial chorine atoms are elongated (Figure 6.9). Analogous to previous 
calculations on C2v H4P and F.P14 structures, the Ch-P-Ch bond angle 
in the C2v structure is less than 180°. The direction of the largest principal 
value of the axial chlorine atoms is inclined to the P-Ch -bond direction 
by 21.4° and nearly orthogonal to the largest 31P hyperfine interaction 
{83.2°, Figure 6.9). 
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6.3.6 Attempts to calculate the structure "X" 

Based on the experimental hyperfine coupling, the structure of the unas
signed radical "X" seems similar to the TBP-e Cl4P structure. Geometry 
optimization of Cl.,P within the Cav symmetry constraint results in a sta
tionary point (TBP-a, Figure 6.9). Unfortunately, vibrational analysis 
shows that it possesses a degenerate imaginary vibrational mode (118i 
cm-1, E). The small value of the force constant of the imaginary mode 
encountered, indicates that the local hypersurface along the direction of 
this vibrational mode is quite flat. Attempts to minimize the energy of a 
Cl&P structure within C. symmetry constraint or without symmetry (C1 ) 

result in dissociá.tion into Cl3P and a Cl· atom. Similarly, attempts to 
optimize the Cav (1* Cl3P..:..c1 structure lead to dissociation. In the Cav 
(TBP-a) structure, maximal spin density is located at the equatorial chlo
rine atoms and the central phosphorus atom. The calculated 31 P hyperfine 
coil.pling is larger than the interaction calculated for the C2v structure (Ta
bie 6.5). This is in good accordance with previous calculations on related 
structuresl4 and could possibly explain the experimental value of "X". 

Both TBP-e Cl4P and "X" radicals are formed, on annealing, by a 
rearrangement of the homodimer ClaP..:.. PCll cation. We therefore calcu
lated several isomerie structures of Cl3P..:.. PCll by rearranging a chlorine 
atom from one phosphorus atom to the other. Only two stationary points 
were found and their optimized geometries are depicted in Figure 6.10. 
The first is a C2v structure, composed of a TBP-e Cl4P molecular frag
ment and a CbP+ residue. No vibrational analysis could he performed 
because of computer limitations. The P· · .p distance of 3.75 Á clearly 
shows that the molecular fragments are loosely bound. The total energy 
of the C2v structure has increased by 44.3 kcalfmol relative to optimized 

. + C2h ClaP- PC13 • 

The second stationary point found has been optimized within the 
c. symmetry constraint. The resulting structure is composed of two 
ClaP fragments (Figure 6.10), and represents an intermediate prior to 
dissociation into a Cl3P+ radical and a Cl3P molecule. Although the 
molecules are 3.22 Á apart, there is still mutual influence on the spin
density distribution. The chlorine atom of the Cl3P molecule bears some 
spin density and likewise, the spin density on the central phosphorus atom 
of the ClaP+ radical cation is increased. The total energy lies 6 kcal/mol 
below the sum of the total energies of the respective C3v Cl3P+ and 
Cl3P structures (Table 6.4). 

Attempts to compute other stabie geometries within c. symmetry con
straint failed because of SCF -convergence problems. 
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Figure 6.10. Optimized geometriesof the three stationary points found for the 
C~PPClt· structure (C2h a.t ROHF, C2v, and C1 at UHF), and the heterodiroer 
Cl3P.:. SHt radkal cation (ROHF). Structures calculated with the 3-21G* basis 
set. 

As model compound for Cl3P(SMe2)t' the structure of the Cl3P(SH2)t' 
radical cation was optimized. Geometry optimiza.tion of the heterotriroer 
Cl3P(SH2)t' resulted in four stationary points (Figure 6.11, Table 6.4). 
We performed vibrational analyses on the C2v(l) and Cs structures. Both 
resulted in two small imaginary frequencies, indicating no true minima 
( C2v(l ): 92i cm-1 B2, 52i cm-1 B1; C.: 89i cm-1, a.nd 29i cm-1 A"). The 
small size of the negative eigenvalnes again indicates that the hypersurface 
for the corresponding vibrational modes is flat. 

The experimental Cl3P(SMe2)t' radical structure is ana.logous to the 
Cl5P- radical anion. In order to provide a comparison, we computed the 
structure of the Cl5P- radical anion. Geometry optimization within C4v 

symmetry constraint gives a true minimum (Figure 6.9, Table 6.4). The 
spin density is located at the equatorial chlorine atoms and the phospho-
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Figure 6.11. Optimized geometriesof the four stationary points found for the 
ClaP( SH2 )i structure. All structures calculated at the UHF /3-21 G* SCF level. 

rus atom simila.r to the C4v F,:P- ra.dica.l a.nionl4c a.nd C3v Cl4P ra.dica.l. 
Therefore, the P-Cl2 honds are longer tha.n the P-Ch bond. The SOMO 
on phosphorus points a.way from the P-Ch linka.ge. The calcula.ted hy
perfine couplings are listed in Table 6.5. 

The ca.lculated ClaP(SH2)t radical structures are iudeed reminiscent 
of the Cl5P- radical anion (Figure 6.11) with exception of the Cs struc
ture. In the latter the P-S bondlengthof 3.16 Á indicates an intermediate 
structure prior to dissociation into CiaP+ and 2 H2S. Likewise, the ca.l
culated 31 P hyperfine coupling devia.tes seriously from the experimental 
value. The other three structures ( C:v{l ), C:v(2), and C2) result in large 
31 P hyperfine couplings as also found experimentally. However, they are 
not la.rger than the hyperfine interaction calculated for Cl5P-. The total 
energies are relatively high. In fact, the formation of the C2v(l) structure, 
by combining a Cl3 P molecule with the H2S.:. SHt radical cation, is dis
favored by 23.4 kcal/mol at the UHF level (23.7 kcal/mol ROHF, Table 
6.4). It should he taken into account, that the simplification made by 
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taking H2S instead of Me2S as substituent, does rule out the stahilization 
obtained by hyperconjugation of the P-hydrogen atoms. 

6.4 Discussion 

It has been shown that X irradiation at low temperature of mixtures of 
Me2S and Cl3P leads to several ion-molecule adducts. The adducts are 
detected and identified hy ESR spectroscopy. In addition, ah initia quan
turn chemica} calculations were performed to provide further insight into 
the radical structures. The radiogenie production of the Cl3P+ radical 
cation is straightforward. Analogous to previous phosphine radical cations 
reactions,3 Cl3P+ reacts with its parent precursor, to yield the homo
dimeric ClaP...:.. PCit radical cation. The heterodiroer Cl3P...:.. SMet radical 
cation is formed in spite of a larger di:fference in ionization potential of 
the two participating molecular fragments. lts formation indicates that 
in frozen solutions, Cl3P hasically reacts to X rays like any other phos
phine dissolved in freon, and that ionization potential di:fferences are 
less important for the stability of u* bonds.la-c However, the di:fference 
in radiogenie conduct of Cl3P with respect to other phosphines, is the 
detection of additional radical configurations. At high solute concen
trations we detected an ion-molecule reaction between the homodiroer 
Me2S...:.. SMet and a molecule of C}aP. The adduct is assigned to a het
erotrimer Cl3P(SMe2)t radical cation in which the central phosphorus 
atom hears five substituents. The structure is reminiscent of the Cl5P
radical anion, hut the experimental 31 P hyperfine coupling exceeds the lit
erature valuelOh of Cl5P- (Table 6.3). This can be rationalized, hy assum
ing that the Me2S suhstituents both have positively charged sulfur atoros 
resulting in highly electronegative suhstituents. Two radical structures 
arise from a rearrangement of the horoodiroer radical cation Cl3P...:.. PCit. 
First, the TBP-e Cl4P radical can clearly he identified. Second, a siroilar 
radical structure can he ohserved ("X"). Until now no final assignroent 
is made for "X". Possible candidates are a Cav {TBP-a) Cl4P radical 
structure or the u* Cl3 P...:..c1 radical, analogous to the configuration very 
recently reported hy Abu-Raqahah and Syroons.2j,k 

We performed open-shell quanturn chemical calculations on several 
monomer and dimer radical structures. Vihrational analyses show that 
the C2h Cl3P...:.. PClt homodiroer and the C,. heterodiroer Cl3P...:.. SHt are 
true minima. Calculations on the heterotriroer structure did not lead to 
a true minimum. The vihrational analysis shows two small imaginary fre
quencies indicating that the potential hypersurface for these vihrational 
modes is flat. It should he emphasized that suhstitution of Me2S hy H2S 
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Figure 6.12. The parallel 35Cl or 19F superhyperfine couplings in u• ion
CFCla adducts as a function of ~IP . (a) Cl2FCCl+·, ref. 6. {b) EtCl+·, 
ref. 13b. (c) (Me0)2P(H)O+·, ref. 13d. (d) HC02Me+·, ref. 13a. (e) 
(MeO)aP=O+·, ref. 13c. (f) EtBr+·, ref. 13b. {g) Me2S+ , ref. 9a, and this 

. + . 
study. (h) Me2Se , ref. 6. (i) PhaP+, ref. 3e. 

in the calculations has an impact on the electronk distribution within 
the radical due to the higher ionization potential of H2S (IP = 10.4 eV). 
Likewise, it is well known that hyperconjugation of the methyl protons 
provides significant stabilization for such radical cation complexes despite 
long central honds. Moreover, solvent interactions with radical structures 
can play a decisive role in stahilizing the radical configuration. Ho wever, 
such a stabilization on the radical state is not yet amenable to computa
tion. Eiforts to find a satisf-actory Cl4P structure for radical "X" did not 
yield a true minimum. For the C3.., (TBP-a) Cl4P structure a small degen
erate negative eigenvalue is encountered. Geometry optimization of the 
C3.., u*Cl3P...:..cl structure leadstoa dissociation ofthe radical in ClaP and 
CL 

Interestingly, we find that the extra CFCla superhyperfine interactions 
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on Me2S+ deseend from both chlorine and fluorine of the CFCla molecule( s ). 
Usually, such anion-molecule interaction is observed along the minimal f 
direction,9a whereas it now concurs with the maximalg axis. Clark6,7c, 
suggested that the bond strength of a q• .bond depends on ~IP· Likewise 
Clark, Hasegawa, and Symons investigated the change in a• bond forma
tion from chlorine to fluorine as a function of the difference in ionization 
potential between CFCla and the dissolved molecule. 6 They predict that 
there should be a certain ~IP at which interaction switches from chlorine 
to fluorine. Indeed the Me2S+ radical cation seems to he this point ( ~IP = 
3.18 eV). This is illustrated in Figure 6.12, where the parallel superhyper
fine coupling vs. . ÀIP is· displayed. · Two straight lines can he drawn il
lustrating superhyperfine i:qteraction to either 35Cl or 19F. However, there 
seems to he a paradox, since the 19F hyperfine coupling increases with 
increasing ~IP, i.e. with decreasing q• bond strength. Perhaps, it is pos
sibie to rationalize this discrepancy by assuming a negative sign of the 
19F hyperfine coupling. Yet we cannot explain the mechanism involved. 

The type of matrix dearly influences radical formation. In the "soft"4h 
matrices, CF 3CCla and CF 2ClCFCI,, the Me2S+ and Me2S..:.. SMet rad
icals are observed simultaneously after X irradiation, whereas in the "rigid", 
more crystalline CFCla or CH2Cl2 frozen solutions, they are detected se
parately. Surprisingly, formation of the ClaP..:.. PCit homodiroer is not 
observed in "soft" matrices, whereas, in spite of ionization poten ti al dif
ferences, the Cl3P..:.. SMet heterodiroer is readily detected in CF2ClCFCb 
(but not in CF3CCla!). The mechanism cantrolling these phenomena is 
not clear to us. As a consequence of the absence of ClaP..:.. PCit radical 
cation formation in "soft" matrices, the secondary TBP-e Cl4P and "X" 
radicals are also not detected in these frozen solvents. The experiments 
show that hyperfine couplings are fairly invariant to the freon solvent used. 
In CH2Cl2 the coupling for the same radical structure is usually slightly 
increased. It is noted, that by following the reactions in different halocar
bon solvents, a consistent description of radical formation and reactivity 
is obtained. 
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Chapter 7 

Two-center three-electron u* honds 111. 
Intra- or intermolecular radiogenie P...:... P 
u* radicals from bis( diphenylphosphino) 
derivatives* 

Abstract 
A matrix-ESR study on radiogenie radical cations of Ph2P-R
PPh2 derivatives with various linkers (R) is presented. The exper
iments show that in a frozen dichloromethane solution the radical 
cationscan adopt localized (Ph2PR+), cyclic (Ph2P-R-PPht·), and 
dimeric (Ph2RP..:.PRPht) configurations, depending on the nature 
of the linker. The cyclic and dimeric products are formed in the 
reaction of a localized cation with a secoud free-electron pair, re
sulting in respectively an intra- and intennolecular three-electron 
P..:. P o* bond. The formatîon of the cyclic structure, possessing 
a strongly bent P..:. P o* hond, requires a specific proximate ori
entation of the two phosphine rooieties in the precursor molecule. 
The mutual conformation of the two free-electron pairs of the pre
cursors is assessed using NMR spectroscopy via the n ]pp spin-spin 
coupling constant. Ah initio UHF quanturn chemica! calculations 
performed at the 3-21G* /SCF level support our assignments, and 
give a detailed insight into the radical cation structures. 

*R.A.J. Janssen, O.M. Aa.gaa.rd, M.J.T.F. Cabbolet, B.F.M. de Waal, submittedfor 
pv.blication. 
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Figure 7.1. Schematic representation of the SOMO of the cyclic u* structure 
of PhzP-CH,CH2-PPhf'. 

7.·1 Introduetion 

Symons and co-workers have established that in CFC13 ')'-Îrradiated phos
phines yield both parent (RaP+) and dimer (RaP..:.. PRt) radical cations.1 

Analogously we showed in Chapter 6 that, in case two different substrates 
are present, mixed dimers can he formed. 2 When diphosphines are irradi
ated in halocarbon solutions, the possibility exists that a phosphorus
centered radical cation reacts with the intact {ree-electron pair of the 
neighboring phosphine moiety. Such an intrarnolecular interaction of the 
SOMO results in a cyclic u* configuration. Accordingly, Rhodes and 
Symons describe in a recent study on 1,2-bis(diphenylphosphino)ethane 
the parent localized cation Ph2P-CH2CH2-PPht and an intramolecular 
reaction product, Ph2P-CH2CH2-PPht'. The latter possesses a cyclic 
u* structure and a strongly bent P-P bond.3 Their evidence fora cyclic 
configuration is based on two facts. First, the speetral features of the 
dimer did not intensify relative to the signals of the localized cation on in
creasing the concentration, as required for a bimolecular reaction. Second, 
the mr = ± 1 lines showed an unusual form exhibiting A.L > Au , which 
was elegantly interpreted by assuming a near perpendicular orientation of 
the sp-hybrids comprising the SOMO of the dimer. The postulated struc
ture is depicted in Figure 7.1. A similar bent u* structure has previously 
been suggested for 1,4-thiacyclohexane cations.4 

Independently, we were investigating bis( diphenylphosphino) deriva
tives Ph2P-R-PPh2 with other methylene linkers (R = (CH2)n, n = 4, 6). 
Our results obtained in frozen CH2C}z solutions, however, gave no evi
dence of an intramolecular reaction but revealed besides localized cations 
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(Ph2PR+) in fact intermolecular dimer products (Ph2RP..:.. PRPht) at 
higher concentrations. In this chapter we describe the results of X-irradia
tion experiments on a number of bis( diphenylphosphino) derivatives with 
various linkers. It will be shown that in principle intra- as well as in
termolecular reactions can occur. The formation of the cyclic intramolecu
lar reaction products requires a specific favorable orientation of the two 
phosphine moieties. In order to arrive at these conclusions we have com
bined the ESR technique with several other methods. First we use ESR 
powder spectrum simulation to predict the spectra of cyclic and dimeric 

· configurations in more detail. Second, the molecular conformation of the 
bis( diphenylphosphino) derivative is assessed via the nuclear spin-spin 
coupling 11Jpp or ~with X-ray crystallographic structural data known in 
literature. In addition, quanturn chemica! ca.lculations are employed to 
optimize the radical geometries and to calculate the hyperfine coupling 
constants. 

7.2 Methods 

Bis( diphenylphosphino) derivatives were obtained from Aldrich and were 
used as received. Dichloromethane was dried by passing it over basic 
alumina. 

7.2.1 X irradiation and ESR 

Solutions of bis( diphenylphosphino) derivatives in CH2Cb ( 1 M) were de
gassed by three consecutive freeze-pump-thaw cycles, and immediately 
frozen in liquid nitrogen. X irradiation, as described in Chapter 2, usually 

. lasted for 4 h. Details on ESR measurement are delineated in Chapter 2. 
Hyperfine couplings and g valnes were evaluated from the spectra using 
second-order corrections. 5 

7.2.2 Powder pattern simulation 

The calculation of powder patterns for the simulation of ESR spectra 
of cyclic and dimeric radical cations, R3P.:. PRtwas performed using a 
computer program specifically tailored to the present spin system. As a 
result of the large hyperfine couplings of the two 31 P nuclei, a pronounced 
second-order splitting of the central features is to be expected. In order 
to reproduce the spectra correctly, all terms of the spin Hamiltonian must 
he treated exactly and a full diagonalization is required. We have used 
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Figure 7.2. Powder pattern simulations of a radical containing two identical 
31 P nuclei as a function of the angle () between the two major axes of the 3t P 
hyperfine tensors. 

the following Hamiltonian: 

The tensors g, At, and A 2 are in principle rhombic and noncoincident. 
The electron spin is S = !, and the nuclear spins are ft= / 2 = l· The 31P 
9N factor is taken isotropic. Figure 7.2 contains the simulated powder 
ESR spectra for a number of different mutual orientations of the A1 and 
A2 hyperfine tensors. The three principal values of At and A2 tensors 
were taken identical, being 900, 900, and 1000 MHz, respectively. The 
g tensor was assumed to be isotropie (g = 2.00). The angle 0 is defined 
as the difference in orientation of the parallel components of A1 and A2 

(Figure 7.3). 
Under experimental conditions the central transitions are obscured by 

strong features of other radicals and the analysis is restricted to the lat
eral regions of the spectra. Figure 7.2 reveals that the simulated spectra 



7.2. Methods 157 

Figure 7.3. Definition ofthe angle fJ used in the powder spectrum simulations. 

can he devided into three different sets designated A to C. The first set, 
A, comprises the spectra for 0 = 0° to 30°. The patterns belonging to 
set A are virtually identical. In an experiment it would not he possible 
to attribute the slight decrease of the splitting between the parallel and 
perpendicular features unambiguously to either the increase of 0 or a de
crease of the difference between the parallel and perpendicular principal 
componentsof A 1 and A 2 • The second set, B, ranging from 0 = 40° to 
80° contains spectra that differ significantly from those of set A. For a 
hypothetical experimentally obtained powder ESR spectrum of type B, 
however, it would not he evident to assign the spectratoa non·alignment 
of two identical hyperfine tensors. Spectra similar to those of set B can 
also he expected for coïncident rhombic hyperfine tensors with three dis· 
tinct principal components. The third set, C, comprising the spectrum 
for 0 = 90° is unique in the sense that it is the only spectrum which 
ostensibly indicates that for the lateral regions the perpendicular transi· 
tions are more apart than the parallel absorptions (AJ. > Au ). In fact, 
the strong ("perpendicular") absorptions are the result of combined spec
tra in the geometrie plane described by the veetors AJ.(1) + An(2) and 
An(1)+AJ.(2), whereas the adjacent small ("parallel") absorptions arise 
from a single spectrum described by the vector AJ.{l) + A.L(2), which is 
perpendicular to the above-mentioned plane. 

7.2.3 NMR conformational analysis 

NMR spectra were recorded on a Bruker AM 400 spectrometer at ambient 
temperature, at frequencies of 162.0, and 100.6 MHz for 31P, and 13C, 
respectively. In all NMR experiments wèused CD2 Cl2 as solvent. Methods 
for determining n}pp coupling constantsin symmetrical bis(diphenylphos
phino) derivatives are described in detail by Colquhoun and MacFarlane. 6 

In partienlar the n }pp of the AXX' spin system is most readily obtained 
from the 13C(A) spectra of the phenyl groups. A typical spectrum of the 
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Figure 7 .4. Typical 13C NMR spectrum of the ortho carbon atom of trans-1,2-
bis( diphenylphosphino )ethene. The speetral parameters D and N are indicated. 

ortho carbon a.tom of trans-1,2-bis(diphenylphosphino)ethene is shown in 
Figure 7.4. 

Since for the ortho, meta. and para carbon atoms Jcpt is small, it is a 
good approximation to determine n Jpp by JD2 - 0.25N2. For bis( diphe
nylphosphino) derivatives with two interjacent carbon atoms (C2-linked) 
large positive values of 3 Jpp will arise when the two lone-pair-P-C-C di
hedral angles are small. 6 This behavior is opposite to the conventional 
Karplus-type dependenee of a three-bond coupling constant on the dihe
dral angle. 

7.2.4 Computational details 

Open-shell calculations were performed using the unrestricted Hartree
Fock (UHF) procedure of the GA USSIAN88 program package. 7 The molec
ular geometries were optimized at 3-21G* SCF level in an analytica! gra
dient procedure with respect to all parameters within the symmetry con
straint. For the optimized geometries a subsequent vibrational frequency 
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analysis was undertaken to find the order of the stationa.ry point. The 
isotropie and dipola.r hyperfine couplings were calculated via equations 
(6.1) and (6.2). 

7.3 Results and discussion 

7 .3.1 Bis( diphenylphosphino) methane 

The ESR spectrum of an X"irradiated frozen sample of Ph2P-CH2-PPh2 

in dichloromethane, recorded at 95 K, reveals the expected parallel and 
perpendieular features of the 31P doublet from a localized Ph2P-CH2-

PPhf radical cation. The isotropie {Ai...,) and dipolar (A.np) hyperfine 
couplings obtained from the spectrum (Table 7.1) are significantly larger 
than the corresponding values reported by Rh odes and Symons. 3 This can 
only he explained by taking into account an effect of the difference in host 
matrix in the tespective experiments (viz. CH2Cl2 and CFC13). Similar 
differences in the hyperfine pararil.eteres of phosphorus-centered radical 
due to the host matrix have been encountered for cations of (MeO)sP,l 
and Cl3P,8 From the hyperfinecouplings comprised in Table 7.1, the spin 
density on both phosphorus atoms can he estimated (Table 7.2).9 

Furthermore, an additional doublet coupling of approximately 65 MHz 
was observed, both in CH2Cl2 and CD2Cb matrix. Interestingly, the same 
splitting was also reported by Rhodes and Symons, and tentatively as
signed to 19F coupling resulting from interaction of the cation with CFC13• 3 
Si nee similar couplings are observed in a variety of hosts, we attribute the 
extra splitting to one of the methylene hydrogen atoms. 

At high gain the weak absorptions of an intermolecular Ph2RP..:.. PRPhf 
dimer radical cation were identified. On annealing no major changes of 
the spectrum were observed and at 120 K all features were irreversibly 
lost. 

The fact that no intramolecular reaction takes place can he rational
ized on basis of the molecular geometry of the parent substrate. The crys
tallographic analysis of Ph2PCH2PPh2 establishes that the free-electron 
pairs at the phosphorus atoms are on.different sicles of a plane through 
the phosphorus nuclei and the methylene ca.rbon.lO Hence, intrnmolecular 
overlap is impossible without a substantial rearrangement of the molecular 
geometry involving a rotation of the bulky -PPh2 moieties. The rotation 
might occur at ambient temperature as can he judged from the high NMR 
2 ]pp spin-spin coupling. At 77 K, however, such rotations are restrained. 
In addition, via an intramolecular reaction a three-membered ring would 
he formed. Such a ring will possess considerable strain, and hence will he 
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Table 7.1. ESR parameters of Ph2P-R-PPh2 ra.dical ca.tions radiogenically 
genera.ted in CH2Ch (A in MHz). For a.n expla.na.tion of the linkernames see 
text. 

linker cation Au A.I. Au. 2Acllp 911 9.1. Au 

-CH2- loc al 1456 778 1004 452 2.001 2.007 65 .. 1261 702 888 373 2.002 2.007 
dim er 1449 1147 1247 202 2.002 2.003 

-HC=CH- cis cyclic 1242 834 970 272 1.999 2.004 
-HC=CH- trans local 1298 811 973 325 2.002 2.004 

dim er 1333 1047 1142 191 2.001 2.004 
DIPHOS local 1383 747 959 424 2.003 2.005 56 .. 1275 702 893 382 2.002 2.007 

cyclic 1240 882 1001 239 2.003 2.008 
1328 888 1035 293 2.002 2.007 

dimer 1394 1093 1193 201 2.002 2.005 
(R)-PROPHOS local 1339 720 926 413 2.004 2.009 59 

cyclic 1214 840 965 249 2.003 2.000 
dim er 1413 1106 1208 205 2.004 2.006 

(S,S)-CHIRAPHOS loca.l 1348 669 895 453 2.006 2.007 50 
-C:=C- local 1307 747 934 373 2.002 2.005 

dim er 1385 1103 1197 188 2.000 2.003 
TRIPHOS local 1293 768 943 350 1.998 2.009 53 

cyclic 1287 881 1016 271 2.004 2.005 
dim er 1438 1076 1197 241 2.004 1.998 

-(CHz)a- loca.l 1381 728 945 436 2.005 2.008 59 
dim er 1455 1175 1268 187 2.002 2.008 

-(CH2)4- loca.l 1376 685 915 461 2.001 2.005 60 
dim er 1453 1138 1243 210 2.000 2.004 

(R)-( + )-BINAP local 1370 772 971 399 2.001 2.005 
dim er 1364 1044 1151 213 2.001 2.005 

(-)-DIOP loca.l 1394 784 987 407 2.003 2.008 50 
dim er 1554 1254 1354 200 2.003 2.006 

-(CHz)s- local 1378 731 947 431 2.003 2.008 61 
dim er 1481 1157 1265 216 2.003 2.008 

-(CHz)e· loca.l 1344 703 917 427 2.002 2.007 62 
dim er 1457 1156 1256 201 2.006 2.006 

• Rhodes a.nd Symons, CFCla matrix, ref. 3 
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Table 7 .2. Spin density distribution (%)of Ph2P-R-PPh2 ra.dical cations. For 
expla.nation of the linker na.mes see text. 

linkèr ca. ti on s p total p/s 

-CHz- local 7.5 61.6 69.1 8.2 
4 6.6 50.8 57.4 7.7 
dim er 9.3 27.5 73.6 3.0 

-HC=CH- cÎ$ , cyclié 7.3 37.0 88.6 5.1 

-HC=CH- träns , local 7.3 44.3 5L6 6.1 
dim er 8.5 26.0 69.0 3.3 

DIPHOS local 7.2 57.8 65.0 8.2 
4 6.7 52.0 58.7 7.8 
cyclic 7.5 32.6 80.2 .4.4 

7.7 39.9 95.2 5.2 
dim er 8.9 27.4 72.6 3.1 

(R)-PROPHOS local 6.9 56.3 63.2 8.2 
cyclic 7.2 33.9 82.2 4.7 
dimer 9.0 27.9 73.8 3.1 

(S,S)-CHIRAPHOS local 6.7 61.7 68.4 9.2 

-C::C- local 7.0 50.8 57.8 7.3 
dim er 9.0 25.6 69.2 2.9 

TRIPHOS local 7.1 47.7 54.8 6.7 
cyclic 7.6 36.9 89.0 4.9 
dim er 9.0 32.8 83.6 3.7 

-(CHz)a- Iocal 7.1 59.4 66.5 8.4 
dimer 9.5 25.5 70.0 2.7 

-(CH2)4- local 7.4 62.8 70.2 8.5 
dim er 9.3 28.6 75.8 3.1 

(R)-( + )-BINAP local 7.3 54.4 61.7 7.5 
dim er 8.6 29.0 75.3 3.4 

(-)-DIOP local 7.4 55.4 62.8 7.5 
dim er 10.1 27.2 74.6 2.7 

-(CH2)s- local 7.1 58.7 65.8 8.3 
dim er 9.5 29.4 77.8 3.1 

-(CH2)6- local 6.8 58.2 65.0 8.6 
dim er 9.4 27.4 73.6 2.9 

4 Rhodes and Symons, CFCls matrix, ref. 3 
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Figure 7.5. UHF 3-21G* optimized geometries for (a.) c. CHaPH;t. (b) C:ah 
CHaH2P.:.PH2CHt. (c} C1 H2P-HC=CH-PHt'. (d) C2 H2P-CH2CH2-PHt'. 

subject to ring opening at the relatively wea.k p..:.p bond. 
Open-shell quanturn chemical calculations were performed on CH3PHt 

and CH3H2P..:_PH2CHt as model compounds for the localized and dimer 
radica.l cations. The geometry of the CH3PHi prototype was optimized 
within c. symmetry eenstraint (Figure 7.5). The ground state is 2A'. 
Vibrational analysis confirms that this structure corresponds to a true 
minimum. The calculated values for Aï•o and 2Adip (907 and 520 MHz, 
respectively, Table 7.3) are in fair agreement with the experimental values 
for the loca1ized Ph2P-CH2-PPht cation (1004 and 452 MHz respectively). 
For the dimer model CH3H2P..:. PH2CHt, optimization within C2h of the 
2Bu ground state results in the structure depicted in Figure 7.5. This 
structure corresponds to a true minimum on the potential energy surface 
and possesses an elongated P-P three-electron q* bond of 2.793 A, sirn
ilar to that of the H3P..:_PHt dimer (2.802 A at 6-31G* /SCF).ll Again 
Ai•o (1083 MHz) and 2Adip {267 MHz) are comparable to the experiment 
{1247 and 202 MHz respectively). The principal directionsof the two 31P 
dipolar hyperfine coupling tensors are mutually a.ligned and make a.n angle 
of 30.3° with the P-P bond, in close agreement with previous results.8,12 
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Table 7.3. Results of quanturn chemica! calculations on model radical cations. 

cation sym EuHF (au) vib.4 Ai,o A.u" AH b 

<S2> (cm-1) (MHz) (MHz) (MHz) 

CHsPHt c. -379.349975 196 907 520 86 
0.7558 A" -259 

-261 
CHsH2P.: PH2CHt c2h -759.026921 46 1083 267 50 

0.7742 Au -112 
P-P = 2. 793 A , oe = oo -155 

H2P-HC=CH-PHf" C2v -756.654139 165i 983 301 21 
0.7772 A2 -149 

P-P = 2.821 A ' oe = 77° -152 
c2 · -756.654864 111i 925 293 14 

0.7818 B -139 
P-P = 2.794 A, oe= 80° -154 

Ct -756.654867 111 857 272 -5 
0.7976 A -130 

-142 
P-P = 2.797 A, oe= 80° 979 313 31 

-147 
-166 

H2P-CH2CH2-PHf' c2 -756.846510 169 957 290 23 
0.7830 A -128 

P-P = 2.728 A , oe = 78° -162 

4 Frequency and irreducible representation of lowest vibration mode. b Hyper-
fine coupling of the CHs-, CH2-, or CH- hydrogen nucleus trans to the phos-
phorus sp3 free-electron orbital. c Angle between the major axes of the two 31P 
dipolar hyperfine coupling tensors. 

7.3.2 cis-1,2-Bis( diphenylphosphino )ethene 

According to Schmidbaur and co-workers the molecular geometry of cis
Ph2P-HC=CH-PPh2 in the solid state is such that the free-electron pairs 
of the two phosphino groups are directed towa.rds each other in the plane 
of the olefin skeleton.lO Apparently this also holds for a dichloromethane 
solution of cis-Ph2P-HC=CH-PPh2 where an unusually high 3 Jpp coupling 
of 105.5 Hz is reported6 (Tahle 7.4), indicating a small P-C-C-P dihedral 
angle. 
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Table 7 .4. 11 Jpp (Hz) of bis( diphenylphosphine) deriva.tives in dichlorometha.ne 
solution. For the definitions of the linker names see text. 

linker 

-CHz-
-HC=CH- cis 
-HC=CH- trans 

DIPHOS 
(R)-PROPHOS 
(S,S)-CHIRAPHOS 
-C:C-
TRIPHOS 

-(CHz)a-
-(CH2)4-
(R)-( + )-BINAP 
(-)-DIOP 
-(CHz)D-
-(CH2)e-

llJpp 0 

• 
• 

13.5 

34.2 

20.3 
6.6 

5.6 

28.7 

1.0 

6.7 
9.9 
<1 
<1 
<1 

determined from 

o-Ph13C 
o-Ph13C 

31p 

m-Ph13C 
m-Ph13C 

31p 

o-Ph13C 
o-Ph13C 

o-Naph13C 
o-Ph13C 
o-Ph13C 
o-Ph13C 

125.011•c 

105.511•c 

13.4C 
33,6C 

20.14 

6.lc 

29.1C 

l.OC 

0 This study. 11 Ca.n only be determined from a triple-resona.nce experiment, 
ref. 6. c ref. 6 cl ref. 13. " ref. 14. 

Consiclering the conformation of cis-Ph2P-HC=CH-PPh2, it is not sur
prising that during X irradiation in dichloromethane an intramolecular 
reaction occurs and a cyclic structure is observed in the ESR spectrum 
(Figure 7.6a) at 95 K. No localized Ph2PR+ cations or intermolecular 
dimers were observed, indicating a very efficient intramolecular process. 
The spectrum clearly shows the expected pattern with the parallel transi
tions on the inner flanks of the large perpendicular absorptions ( d. Figure 
7.2, 0 = 90°). This gives further support to the interpretation of Rhodes 
and Symons regarding the cyclic structure of Ph2P-CH2CH2-PPht'.3 

The hyperfine couplings and spin. density on both phosphorus atoms 
are listed in Tables 7.1 and 7.2. The pfs ratio of 5.1 is intermediate to 
that of the prototype Me3P+ (9.2) and dimer Me3P_:._PMet (2.3) radical 
ca ti ons. 2 On annealing the sample, the radical can he detected up to 
170 K, the melting temperature of the matrix. No other products were 
detected. 

An ah initio quanturn chemica} calculation was performed on the ra
dical cation of cis-H2P-HC=CH-PH2 • Full optimization within a C2v 

symmetry constraint of the 2B2 ground state results in a molecular ar-
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Figure 7.6. ESR spectra of X-irradiated 1,2-bis(diphenylphosphino)ethene in 
a CH2Cl2 matrix. (a) Cyclic cation contiguration of cis isoroer at 95 K. (b) 
Localized and dimeric centers of the trans isoroer at 95 K. 
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rangement with a single imaginary frequency of 165i cm-1, correspond
ing to an A2 vibration mode (Table 7.3). The expectation valnes of the 
isotropie and dipolar hyperfine couplings calculated from the UHF wave 
function are Au., = 983 and 2AtU, = 301 MHz, in good agreement with 
the experimental valnes for cis-PhzP-HC=CH-PPhf" (970 and 272 MHz 
respectively, Table 7.1 ), and confirm the assignment. The structure of 
cis-H2P-HC=CH-PHf" is chara.cterized by a reduced PCC angle of 114.4°. 
The resulting intramolecula.r P-P distance amounts to 2.821 A. The prin
cipal directions of the dipolar hyperfine tensors on the two phosphorus 
atoms are indined by an angle of 77°. Further optimization within c2 
symmetry results in a stationary point 0.45 kcal/mol below the C2v geom
etry. Vibrational analysis, however, reveals a new imaginary mode (111i 
cm-1), suggesting an overall C1 point group. Subsequent reoptimization 
yields a C1 geometry which is only 0.003 kcal/mollower in energy (Figure 
7.5, Table 7.3). For this structure a significant difference in the spin den
sity on the two 31P nuclei is predicted. The valnes of Ai•o (979 and 857 
MHz) and 2Adip (313 and 272 MHz) remain in the experimental range. 
Further chara.cteristics of the cyclic C2v, C2, and C1 structures of cis
H2P-HC=CH-PHt are compiled in Table 7.3. 

7 .3.3 trans-1,2-Bis( diphenylphosphino )et bene 

The X-ray crystallographic data of Schmidbaur on the trans isomer reveal 
an approximate centrosymmetric structure with the {ree-electron pairs 
pointing away from ea.ch other in a roughly orthogona.l orientation with 
respect to the olefinic bond.10 The 3 Jpp coupling constant determined 
from the 13C NMR spectrum amounts to 13.5 Hz (Table 7.4). 

X irradiation of trans-Ph2P-HC=CH-PPh2 results in the predominant 
formation oflocalized Ph2PR+ radicals together with some intermolecular 
dimerization (Figure 7.6b). Upon raising the temperature a continuons 
increase of the dimer absorptions was observed at the expense of the initial 
product. At a temperature of 170 K all signals were irreversibly lost. 

The ESR parameters and the corresponding spin densities are collected 
in Tables 7,1 and 7.2. The p/s ratio of the intermolecular dimer is signif
icantly less than that of the localized species, viz. 3.3 and 6.1. 

It is clear that as a result of the rigidity of the substrate around the 
C=C bond, the large intramolecular distance between the two phosphorus 
atoms (4.56 Á), and the unfavorable orientation ofthe Ione-pair electrons, 
no intramolecular reaction leading to a cyclic configuration is possible. 
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7 .3.4 DIPHOS: 1,2-bis( diphenylphosphino )ethane 

Rhodes and Symons haveshown that 1 irradiation ofPh2P-CH2CH2-PPh2 
in CFC13 leads to the formation of both localized Ph2P-R+ and delocal
ized cyclic Ph2P-CH2CH2-PPht" radical cations.3 Their results are sum
marized in Tables 7.1 and 7.2. The X-ray data of Pelizzi and Pelizzi 
show that in the solid state Ph2P-CH2CH2-PPh2 possesses an exact trans 
conformation of the P-C-C-P chain as aresult of a crystallographic cen
ter of symmetry on the C(sp3 )-C(sp3 ) bond.15 The free-electron pairs are 
essentially oriented at different sides of the P-C-C-P plane. Such a confor
mation would preclude an intramolecular reaction to a cyclic arrangement. 
However, in solution, a considerable degree of rotational freedom for the 
C(sp3 )-C(sp3 ) bond can he expected. The 3 Jpp coupling of 34.2 Hz in 
dichloromethane obtained from the 13C NMR spectrum lies in between 
the corresponding values of cis- and trans-bis( diphenylphosphino )ethene 
(Table 7.4). Hence, in a rapidly frozen solvent different conformerscan he 
expected, including a gauche orientation of the two phosphorus nuclei. 

X irradiation of DIPHOS in CH2Cl2 results in the formation of both 
Ph2P-R+ and cyclic Ph2P-CH2CH2-PPht· centers, analogous to those de
tected in CFCia. The ESR spectrum recorded at 100 K is depicted in 
Figure 7. 7 a. 

On annealing to 112 K the signa! intensity of the localized center grad
ually decreases. After further warming to 123 K and subsequent recool
ing to 100 K both initial cations are lost and a new radical product is 
formed (Figure 7.7b). The actual processtaking place is that of areaction 
of the initial cations with a secoud substrate molecule leading to an in
termolecular diroer Ph2-R-P..:.. P-R-Pht. The experiment clearly demon
strates that a single substrate can give three different configurations, viz. 
a localized cation, and delocalized cyclic and dimeric structures. The cor
responding ESR powder patterns of the delocalized species are essentially 
identical to those in Figure 7.2 for () = 0° (dimer) and () = 90°(cyclic). The 
spin density distribution of the three species (Table 7.2) reveals a contin
uons decrease of the pfs ratio from 8.2 (localized), via 4.4 (cyclic) to 3.1 
(dimer). This can he explained by an increasing pyramidalization at phos
phorus, in accordance with the rise in 3s contribution. The present 31P 
hyperfine couplings for the localized Ph2P-R+ radical in CH2Cl2 are sig
nificantly larger than those reported by Rhodes and Symons for a CFC13 

matrix.3 The same result was obtained for the localized cation of Ph2P
CH2-PPh2. In contrast, the couplings for the cyclic radical cation are 
somewhat smaller ooropared to CFC13• The origin of these effects of the 
host matrix is not dear. 
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Figure 7.7. ESR spectra of X-irradiated DIPHOS (1,2-bis(diphenylphos
phino)ethane) in a CH2Cl2 matrix. (a) At 100 K, showing localized and cyclic 
centers. (b) At 100 Kafter recooling from 123 K, giving the secondary dimer 
radical cation. 
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To investigate the cyclic configuration in more detail, we performed an 
ab initia UHF~SCF 3-21G* calculation on the H2P~CH2CH2~PHt· model. 
The molecular geometry, fully optimized within C2 symnietry (Figure 
7.5), is characterized by a P-P distance of 2.728 A. The P~C~C-P di
hedral angle amounts to 32.2°, intermediate between a staggered and 
eclipsed conformation. The calculated hyperfine interactions Ai•o = 957 
and 2Adip = 291 MHz are in fair agreement with the experimental val~ 
ues of both the CH2Cb and CFCla matrices (Table 7.3). The two major 
principal components of the 31 P hyperfine tensors make an angle of 78°. 

7.3.5 (R)-PROPHOS: (R)-(+)-1,2-bis(diphenylphosphino)-
propane 

The 31P NMR spectrum of (R)-PROPHOS in CD2Cl2 gives a 3Jpp cou
pling constant of 20.3 Hz, which is less than that of DIPHOS. The reduced 
3 Jpp value indicates a further increase of the time-averaged distance be
tween the free-electron pairs of both phosphine moieties. 

X irradiation of (R)-PROPHOS in CH2Cl2 results in the formation of 
a localized Ph2P-R+ radical cation center. In the lateral regions of the 
spectrum (Figure 7.8), weak absorptions are present which can he ascribed 
toa cyclic configuration. The signal intensity, however, is too low to make 
this assignment without ambiguity. On annealing, the Ph2P-R+ cation is 
lost at 120 K. At 130 K, weak but clear signals of an intermolecular dimer 
were detected. 

The hyperfine couplings and spin-density distribution are similar to 
those encountered for DIPHOS (Tables 7.1 and 7.2). 

7.3.6 (S,S)-CHffiAPHOS: (2S,3S)-(-)-bis( diphenylphosphino )-
butane 

For (S,S)-CHIRAPHOS the 3 )pp coupling constant is 6.6 Hz, the low
est value encountered for all C( sp3 )-C( sp3

) linked bis( diphenylphosphino) 
derivatives. 

X irradiation of (S,S)-CHIRAPHOS gives the corresponding Ph2P~R+ 
as the single product. On annealing the species disappears at 120 K from 
the spectrum. No new radicals or rearrangement products were detected. 

7 .3. 7 Bis( diphenylphosphino )acetylene 

In the solid state the P-C:C-P axis of this molecule is slightly bent with 
PCC angles of 173.5 and 175.3°.16 The dihedral angle between the di ree
tions of the polar axes of the free-electron pairs on the pyramidal phos-
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Figure 7.8. ESR spectrum ofX-irradiated (R)-PROPHOS ((R)-( + )-1,2-bis(di
phenylphosphino)propane) in a CH2Cl2 matrix at 100 K, exhibiting the strong 
absorptions of a localized center and the weak features of a cyclic cation product 
in the lateral regions. 

pborus atoms is approximately 90°. The 3 Jpp value is small and amounts 
to 5.6 Hz, in accordance with literature data.6 X irradiation .of Ph2P
C::C-PPh2 in CH2Cb at 95 K leads to the predominant formation of the 
localized Ph2P-R+ cation together with some intermolecular dimerization 
(Tables 7.1 and 7.2). Raising the temperature to 125 K results in the loss 
of the localized center and the concurrent increase of the dimer species. 
Simultaneously, the complex patterns of a third radical product were ob
served, approximately at the positions where the initia} cation was found. 
This species could not he identified unambiguously, but seems to he an 
intermediate in the dimerization process. Similar hyperfine patterns were 
observed for 1,4-bis(diphenylphosphino)butane (Ph2P-(CH2)4-PPh2) and 
(-)-DIOP ((- )-2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphos
phino)butane, (vide infra). 

7.3.8 TRIPHOS: bis(2-diphenylphosphinoethyl)phenyl
phosphine 

The 3 Jpp coupling constant of TRIPHOS is 29.1 Hz, comparable to that 
of DIPHOS. 

X irradiation of the title compound in CH2Cl2 at 77 K yields all 
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three possible radical contigurations simultaneously: localized, cyclic and 
dimeric. The abundant signals of the localized cation are rapidly lost on 
annealing to 120 K. The cyclic contiguration and the dimer radical cation 
can he detected up to 140 K. 

No signals were observed that can he attributed to a radical cation in 
which all three phosphorus atoms participate in the SOMO. The cyclic 
contiguration probably comprises the central phosphorus atom and one of 
the terminal phosphorus nuclei. 

7 .3.9 1,3-Bis( diphenylphosphino )propane 

In agreement with the value reported by Colquhoun and McFarlane, we 
obtained a small value of 1.0 Hz for the 4 ]pp coupling constant of Ph2P
(CH2)3-PPh2.6 Although the dependenee of 4Jpp on the molecular con
formation is not known, it is unlikely that there would he a preferenee 
for a conformation in which the phosphorus atoms are sufficiently close to 
give an appreciable interaction between their {ree-electron pairs. There
fore it is not surprising that the ESR spectrum recorded at 100 K of 
an X-irradiated sample of Ph2P-(CH2)3-PPhz in CHzClz shows only the 
localized and dimeric radical cations and no cyclic configuration. The 
magnetic parameters obtained from the spectrum and the valenee orhital 
spin densities are sîmilar to those for the C2-linked bis( diphenylphosphino) 
derivatives. At 120 K the localized center is irreversihly lost and a slight 
increase of the dimer absorptions is observed. The dimer can he detected 
up to 140 K. 

7 .3.10 1 ,4-Bis( diphenylphosphino) hutane 

The crystallographic structure of Ph2P-(CH2) 4-PPh2 is characterized hy 
an almost planar all-trans conformation of the P-C-C-C-C-P fragment, 
with the two {ree-electron pairs on either side of the plane.17 In a frozen 
CH2Cl2 solution, however, a number of different rotameric conformations 
can he expected. The 5 ]pp coupling in solution amounts to 6.7 Hz (Tahle 
7.4). X irradiation of Ph2P-(CH2)4-PPh2 yields the corresponding local
ized and dimeric radical cations (Tables 7.1 and 7.2). At temperatures 
ahove 120 K the localized center disappears, whereas the dimer can he de
tected up to 170 K, where the matrix melts. In the temper at ure range from 
130 to 165 K additional signals are present. These absorptions, which are 
not analyzed in detail, are tentatively assigned to an intermediate contig
uration of the dimerization reaction ( cf. bis( diphenylphosphino )acetylene 
and (-)-DIOP). 
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7.3.11 (R)-(+)-BINAP:(R)-(+)-2,2'-bis(diphenylphosphino)-
1,1'-binaphthyl 

In contrast to Ph2P-(CH2 )4-PPh2, (R)-( + )-BINAP represents a C4-linked 
derivative with a relatively rigid molecular structure. Unfortunately no 
crystallographic analysis is known. However, for the cortesportding oxi
dized form, 2,2' -bis( diphenylphosphinyl)-1,1' -binaphthyl, a single-crystal 
X-ray analysis of a 1:1:1 complex with (IR)-(-)-camphorsulfonic acid 
and acetic acid has been reported.l8 The angle between the least-squares 
planes of the two naphthyl rings in this complex is 90.3° and the in
tramolecular P-P distance, calculated from the X-ray data, amounts 4.57 
A. This means that, even when the {ree-electron pairs of the diphosphine 
possess a favorable mutual orientation, the two phosphorus atoms are 
probably too remote to form an intramolecular u* bond. The rigid con
formation of the two {ree-electron pairs also seems to increase the 5 Jpp 

coupling of 9.9 Hz with respect to the value of 1 ,4-bis( diphenylphosphino )
butane (6.7 Hz, Table 7.4). 

X irradiation of a 0.3 M salution of the 1,1'-binaphthyl-linked diphos
phine gives the well-characterized localized and dimeric radical cations 
(Tables 7.1 and 7.2). These species show the usual temperature depen
dence. The localized center is completely lost at 120 K, whereas the con
centration of the diroer increases on warming prior to its disappearance 
.at 170 K. 

It is important to realize that the ESR spectrum of a cyclic delo
calized contiguration with a linker containing more than two interjacent 
carbon atoms like the 2,2'-substituted 1,1 '-binaphthyl derivative will dif
fer appreciably from the si mulation depicted in Figure 7.2 for 8 = 90°. 
The simple reason is that the increased size of the ring gives the possi
bility for a rednetion of the angle IJ between the polar directions of the 
two interading {ree-electron orbitals. As a result the spectrum of an in
termolecular diroer and a cyclic structure cannot he easily distinguished. 
In the present case, but also for the 1,3-propane and 1,4-butane analogues, 
the intensity of the ESR spectrum assigned to the p..:. P u* contiguration 
increases on annealing, along with the concurrentlossof localized cations. 
Above 120 K, only the u* contiguration remains. For DIPHOS the cyclic 
u* contiguration disappears at 120 K, in favor of the formation of an in
termolecular u* structure. This behavior, and the fact that the ratio of 
u* and localized centers seriously decreases at low concentration (10-2 M), 
lead to the condusion that the P _:_ P u• ESR spectrum of irradiated (R )
(+)-BIN AP is due to intermol ecular diroer cations and does not originate 
from a cyclic intramolecular interaction. 
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7.3.12 (-)-DIOP; (-)-2,3-0-isopropylidene-2,3-dihydroxy-
1,4-bis( diphenylphosphino) butane 

X irradiation of a 1 M CH2Cb solution of (-)-DIOP at 77 K results in 
the ESR spectrum shown in Figure 7.9a. This spectrum serves as a model 
for all C3 , C4, C5 and C6 linked bis{diphenylphosphino) derivatives, where 
invariably strong signals of a localized center are present, accompanied by 
much weaker absorptions in the lateral regionsof the p...:... P q* dimer. 

Upon warming to 120 K the localized center is rapidly lost and a new 
species appears gradually reaching maximum intensity at 130 K (Figure 
7.9b). A further rise of the temperature above 135 K results eventually 
in the spectrum shown in Figure 7.9c, where only the signals of the p...:... P 
q* dimer remain. The interpretation of the spectrum of Figure 7 .9b is not 
straightforward and hampered by the interference of the q* dimer absorp
tions. Nevertheless, the complex appearance is reminiscent of a double 
doublet powder pattern and can in fact only he rationalized by assum
ing that the unpaired electron interacts with two magnetically different 
31 P nuclei. The spectrum is tentatively assigned to an intermediate of 
the conversion of a localized cation with one interading 31 P nucleus to a 
delocalized dimer with two identical 31P atoms. 

7 .3.13 1,5-Bis( diphenylphosphino )pentane 

The ESR spectrum of X-irradiated Ph2P-(CH)6-PPh2 in CH2Cb reveals 
the expected localized and dimeric radical cations {Tables 7.1 and 7.1). 
Raising the temperature results in the irreversible loss of both centers at 
125 and 130 K, respectively. 

7 .3.14 1,6-Bis( diphenylphosphino) hexane 

The results for Ph2P-(CH2)e-PPh2 are fully analogous to those described 
for Ph2P-(CH2)c-PPh2 and Ph2P-(CH2)5-PPh2 (Tables 7.1 and 7.2). Like
wise, the temperature dependenee of the centers is identical. 

7.4 Condusion 

The present study shows that X irradiation of bis( diphenylphosphino) 
derivatives in a frozen CH2Cb solution can result in localized, cyclic, 
and dimeric radical cation configurations, depending on the nature of the 
linker. The localized structures of precursors with a methylene linker ex
hibit besides the large 31P coupling an additional hyperfine interaction of 
50-65 MHz (Table 7.1). We conclude that this splitting originates from 
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Figure 7.9. ESR spectra of X-irradiated (- )-DIOP ((- )-2,3-isopropylidene-
2,3-dihydroxy-1,4-bis(diphenylphosphino)butane) in a CH2Cla matrix. (a) Ini
tial spectrum at 100 K, localized center. (b) Spectrum at 130 Kof an interme
diate product (see text). Tentative assignment Aa(1) = 1778, A11(1) 1554, 
A.1:(1) = 1466, A.,(2) = 298, A11(2) = 293 MHz, A:(2) = 458, 9a = 2.026, 
g11 = 2.030, 9z = 2.008. (c) Spectrum recorded at 140 K ofthe p.:. P u* dimer 
radical cation. 
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the methylene hydrogen trans to the SOMO, which is confirmed by quan
turn chemica! calculations (Table 7.3). In the cyclic structures the three
electron p..: P er* bond is strongly bent (approximately 90°). The cyclic 
configuration is only observed in case the linker contains two interjacent 
carbon atoms and the two free-electron pairs on phosphorus are in a fa
vorable mutual orientation to allow intramolecular overlap. In principle, 
the degree in which the two phosphor\lS free-electron pairs interact can 
be estimated from the nJpp coupling constant. Gomparing Tables 7.1 and 
7.4,.it appears that the cyclic configurations are only observed when nJpp 

is more than 20 Hz. If n Jpp is less, the cyclic centers are consistently ab
sent. This is astrong indication that in CH2Ch the rotamer-population 
distribution at 77 K is similar to that at ambient temperature. 

With respect to the UHF quanturn chemica! calculations, it is shown 
that prototype models of localized, cyclic and dimer radical cations can 
be optimized to stabie geometries. Furthermore, the calculated isotropie 
and dipolar hyperfine coupling constauts at the optimized geometries are 
generally in good agreement with the experimental data, supporting the 
assignments. The calculations confirm the marked near-perpendicular ori
entation of the {ree-electron orbitals in the three-electron P..: P er* bond 
of the cyclic center. 

In addition to the well-established localized, cyclic and dimer radical 
cations, a fourth configuration exists. Although the speetral assignment 
of this species is far from conclusive, the spectrum can be interpreted in 
termsof two different 31P hyperfine interactions. A likely candidate for 
this species is an intermediate of the conversion of a localized center into 
a P..: P er* dimer radical cation. 
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Summary 

This thesis describes an experimental and theoretica! study of the for
mation and structure of phosphorus-centered radicals. The radicals are 
generated at low temperature via X irradiation and identified by electron 
spin resonance (ESR) spectroscopy. From the ESR spectra, the spin
Hamiltonian parameters can be extracted which provide insight into the 
radical structure and the spin density on the magnetic nuclei. Ab initio 
quanturn chemical calculations are employed to support the experimental 
assignments and provide information on the total spin-density distribu
tion. 

X irradiation of three-coordinated phosphorus compounds in frozen 
halocarbon matrices generally results in phosphorus-centered radical cat
ions. Pure or dissolved in frozen etheric matrices, three-, four-, and five
coordinated phosphorus compounds can lead to phosphorus-centered rad
ical anions. It has been shown that the choice for a certain phosphorus
centered radical configuration and the resulting electronic distribution in 
the radical are determined by the nature of the phosphorus ligands. How
ever, in Chapters 2 to 4 of this thesis it is shown that in tightly packed 
crystalline media, the actual radical formation is directed by non-bonded 
interactions of the immediate crystal surroundings (topochemistry). 

Chapter 2 describes an ESR study on radiogenie radjcal anion forma
tion in (2R,4S,5R) and (2S,4S,5R) 2-chloro-3,4-dimethyl-5-phenyl-1,3,2-
oxazaphospholidine 2-sulfide. · These diastereoisomerie compounds provide 
an identical radiogenie radical production when dissolved in a 2-methylte
trahydrofuran glass. Electron capture leads to a two-center three-electron 
p...:.. Cl (f* bond and to a phosphonyl radical structure after subsequent 
dissociation. In the crystalline state, however, the two diastereoisomers 
show different radiogenie conduct. In the crystalline {2R,4S,5R) com
pound, X irradiation results only in the P...:.. Cl u* radical configuration. In 
contrast, after X irradiation no phosphorus-centered radical was detected 
in the corresponding crystalline (2S,4S,5R) precursor. An analysis of the 
steric interactions, encountered upon geometry relaxation accompanying 
the stabilization of a P...:.. Cl u* bond, reveals the important role of the 
surrounding crystal in this process. The geometry changes are directly 
obstructed in the (2S,4S,5R) diastereoisomer, whereas in the (2R,4S,5R) 
compound they can occur with minimal bindrance to result in a P...:.. Cl 
u* bond. Subsequent dissociation of the p...:..cllinkage is hampered in the 
(2R,4S,5R) crystal. 

Chapter 3 describes an ESR study on radiogenie radical products in 
chiral diphosphine disulfide compounds (R1R2P(S)P(S)R1R2). In genera}, 
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irradia.tion of meso or racemie dia.stereoisomers, dissolved in a. frozen te
tra.hydrofura.n matrix, leads to a. symmetrica.l three-electron P _:_ P u• radica.l 
configuration. Quanturn chemical ca.lcula.tions on the model systems meso 
and racemie HCH3P(S)P(S)HCH3· have predicted this configura.tion to 
he the thermodynamically most favora.ble. Besides the symmetrica.l P _:_ P 
u• ra.dica.l, X irradiation of crysta.lline diphosphine disulfide compounds of
ten results in a.symmetrica.l radica.l configura.tions such a.s a three-electron 
p_:_ S u* bond. When an alkyl a.nd aryl substituent are linked to each 
phosphorus a.tom, the meso dia.stereoisomer does not lead to a. symmet
rica.l p_:_p u""radical but only asymmetrical configurations are detected. 
In the corresponding racemie compounds, or when two different alkyllig
ands are linked to phosphorus, the p_:_p u• configuration is dominant. 
Ana.lysis of the steric intera.ctions in the crysta.lla.ttice encountered upon 
geometry relaxa.tion of the initia.l P _:_ P u• configura.tion, revea.ls tha.t such 
a process is ha.mpered for these meso products. In contrast, essentially 
no ohstruction is computed for the geometry changes in the compounds 
which experimentally lead to p_:_p u* honds. 

Cha.pter 4 describes the topochemica.lly-directed stereoinversion of a. 
ebiral phosphonyl radical configuration (Ar2PO). This radical is obta.ined 
after dissociative electron capture of the P-Cl hond in enantiomerically 
pure bis( 2,4,6-tri- t-hutylphenyl)chlorophosphinic oxide ( Ar2P( 0 )Cl). The 
stereoinversion of the initia.} phosphonyl ra.dica.l structure ca.n he mon
itored in detail via. ESR single-crystal a.na.lysis. During the inversion, 
the phosphoryl double bond is tra.nslocated to the origina.l P-Cl link
a.ge. An a.na.lysis of the steric intera.ctions demonstra.tes tha.t the rea.ction 
process is modula.ted by intramolecula.r steric intera.ctions of two nea.rby 
methyl groups. A synchronous geometry adjustment of the methyl hy
drogen atoms a.nd the P-0 bond tra.nsloca.tion is therefore proposed to 
represent the actua.l mecha.nism. 

Cha.pter 5 describes the nature of heteronuclear three-electron P _:_ S 
u* honds. In the solid state these honds are detected experimentally in 
the R3P_:_s-, R3 P_:_SR, a.nd R3 P_:_SRt radica.l configura.tions. In con
trast, a.ccording to quanturn chemical calculations only the latter should 
lead toa. sta.ble radical configuration wherea.s the first two should dissoci
ate. The experimental spin-density distrihution withinthese R3P_:_SR:-1 

(n = 0, 1, 2) radical structures is fairly insensitive to the electronegativity 
of the sulfur fragment. Thus, the difference in electron affinity of the two 
fragments involved, precluding a stabie calculated structure, is counter
acted in some way by intermolecular interactions in the solid state. 

Chapter 6 presents the radiogenie formation in mixtures of phosphorus
trichloride (Cl3P) and dimethylsulfide (Me2S), dissolved in various halo-
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carbon glasses. We identified the initial Cla:P+ and Me2S+ localized radical 
cations and several phosphorus- and sulfur-centered radical cation asso
ciates. The radical associates are formed via addition of the localized 
radical cation to a {ree-electron pair on phosphorus or sulfur which result 
in homo- or heteronuclear P..:.. P q*, s..:..s q*, and P..:.. S q* honds, respec
tively. Ah initio quanturn chemical calculations are employed to support 
experimental assignment. Unexpectedly, in concentrated mixtures an as
sociation reaction of the Me2S..:.. SMet radical cation and a molecule of 
Cl3P is observed. Based on the very large 31 P hyperfine interaction, this 
phosphorus-centered radical is thought to be the CI,P(SMe2)t" radical 
cation, possessing an octahedral phosphorus configuration. 

Chapter 7 describes the ESR study on radiogenie radical production 
ofbis(diphenylphosphino) derivatives (Ph2P-R-PPh2 , R=alkyl) in frozen 
dichloromethane solutions. X irradiation at low temperature leads to an 
ionization of one of the phosphine rooieties resulting in a localized radi
cal cation. This cation can react intra- or intermolecularly with a {ree
electron pair on phosphorus, leading toa delocalized three-electron p..:..p 
q* configuration. When the two phosphine rooieties are linked by an ethyl 
or cis-etbene group, experimental evidence is provided for formation of 
a strongly bent P..:.. P q* bond in the intramolecular-association reaction. 
Quanturn chemica} calculations on the model systems H2P-CH2CHrPHt· 
and H2P-HC=CH-PHt· reveal augles of 78° and 80°, rçspectively. It is 
demonstrated that the formation of a cydic intramolecular radical pro
duct requires a specific, favorahle orientation of the phosphine moieties. 
A direct correlation to the 3 Jpp spin-spin coupling, detected via NMR at 
amhient temperature, is found for the derivatives with a C2 linker. An 
intermolecular-association reaction merely depends on the concentration 
of the radical precursor and the radical mobility in the dichloromethane 
matrix. 
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Samenvatting 

Dit proefschrift beschrijft een experimentele en theoretische studie naar 
de vorming en struktuur van fosforgecentreerde radikaalintermediairen. 
De radikalen werden bij lage temperatuur door röntgenstraling gevormd 
en vervolgens met elektronspinresonantie (ESR) spectroscopie onderzocht. 
Uit de ESR spectra kunnen de spin-Hamiltoniaan parameters bepaald wor
den die inzicht verschaffen in radikaalstruktuur en spinverdeling over de 
magnetische kernen. Ter ondersteuning van de experimentele toekenning 
werden ah initio kwantumchemische berekeningen uitgevoerd waarmee een 
gedetailleerd inzicht verkregen wordt in de totale spinverdeling. 

Röntgenbestraling van drie-gecoördineerde fosforver bindingen, opgelost 
in bevroren halogeenalkaanmatrices, leidt in het algemeen tot fosforradi
kaalkationen. Puur, of in etherische glasmatrices opgelost, kunnen drie-, 
vier- en vijfgecoördineerde fosforverbindingen resulteren in fosforradikaal
anionen. Reeds eerder is aangetoond dat de keuze voor een type fosfor
radikaal en, na vorming, zijn uiteindelijke totale spinverdeling bepaald 
worden door de aard van de fosforliganden. Echter, in hoofdstuk 2 t/m 4 
van dit proefschrift wordt aangetoond dat de daadwerkelijke radikaalvor
ming in geordende omgevingen, zoals éénkristalmatrices, gemoduleerd 
wordt door non-bonded interacties vanuit de kristalomgeving (topochemie). 

In hoofdstuk 2 wordt de ESR studie aan de bestralingsprodukten van 
(2R,4S,5R) and (2S,4S,5R) 2-chloro-3,4-dimethyl-5-fenyl-1,3,2-oxazafosfo
lidine 2-sulfide beschreven. Deze diastereoisomere verbindingen reageren 
identiek op röntgenstraling, indien opgelost in een 2-methyltetrahydrofu
raanmatrix. Electron-capture leidt in beide gevallen tot de vorming van 
het drie-elektron p..:.. Cl u* radikaal en, na dissociatie van de p..:..c1 bin
ding, tot een fosfonylradikaal. In kristallijne vorm vertonen de twee di
astereoisomere verbindingen een verschillend radikaalvormingsgedrag. In 
de (2R,4S,5R) diastereoisomeer wordt na bestraling alleen het p..:.. Cl u* ra
dikaal in goede opbrengst verkregen. In de {2S,4S,5R) isomeer wordt 
na bestraling geen fosforradikaal gevormd. Dat de kristalomgeving hier
in een belangrijke rol speelt blijkt uit een analyse van de sterische in
teracties die optreden bij geometrierelaxatie van het initiële radikaalpro
dukt. Radikaalstabilisatie wordt in de {2S,4S,5R) verbinding verhinderd 
door de omringende molekulen in het kristal. Daarentegen ondervindt de 
(2R,4S,5R) isomeer nauwelijks enige hinder en is stabilisatie tot aan de 
p..:.. Cl u* configuratie mogelijk. Dissociatie van de p..:..c1 binding wordt 
echter tegengegaan in het (2R,4S,5R) kristal. 

Hoofdstuk 3 beschrijft het ESR onderzoek aan chirale difosfine disul
fides (R1R2P(S)P(S)R1R2 ). In het algemeen leidt bestraling van de meso 
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of racemische diastereoisomere vormen, opgelost in een bevroren tetrahy
drofura.a.nmatrix, tot de vorming van de symmetrische drie-elektron P.:... P 
u* radika.alconfiguratie. Kwantumchemische berekeningen aan meso en 
racemisch HCH3P(S)P(S)HCHä· als modelsystemen hadden reeds voor
speld dat deze symmetrische configuratie de thermodynamisch meest sta
biele zou zijn. Bestraling van difosfine disulfides in kristallijne vorm levert 
vaak naast de symmetrische P.:... P u* bindingen ook asymmetrische fosfor
radikaalconfiguraties zoals bijvoorbeeld een drie-elektron P.:... S u* binding. 
Indien beide fosforatomen een alkyl- en arylsubstituent bezitten blijkt dat 
na bestraling van de kristallijne meso verbinding de P.:... P u* configuratie 
totaal ontbreekt en alleen asymmetrische radikaalprodukten gevormd zijn. 
In de overeenkomstige racemische verbinding, of in het geval van twee 
verschillende alkylliganden is de p.:...p u* configuratie juist dominant aan
wezig. Analyse van de sterische interacties die optreden in het kristal bij de 
p.:...p u* geometrierelaxatie geven een consistent beeld met het experiment; 
in de desbetreffende meso verbindingen wordt radikaalstabilisatie sterk 
gehinderd door omringende molekulen. Voor alle andere gevallen wordt 
slechts minimale verstoring berekend zodat een stabiel P.:... P u* radikaal
produkt bereikt kan worden. 

Hoofdstuk 4 beschrijft de topochemisch gestuurde stereoinversie van 
een chiraal fosfonylradikaal (Ar2PO). Dit radikaal wordt als béstralingspro
dukt verkregen uit enantiomeerzuiver bis(2,4,6-tri-t-butylfenyl)chlorofos
fine oxide (Ar2P(O)Cl) via een dissociatieve electron-capture reactie van 
de P-Cl binding. Door middel van ESR-éénkristalanalyse kan de stereoin
versie van het initiële fosfonylradikaal gedetailleerd worden gevolgd. Het 
blijkt dat de P-0 binding in het uiteindelijke produkt de plaats inneemt 
van de oorspronkelijke P-Cl binding. Een analyse van de sterische interac
ties in het kristalrooster laat zien dat de stereoinversie gemoduleerd wordt 
door intramolekulaire non-bonded interacties met twee nabije methyl
groepen. De P-0 bindingstranslatie zal derhalve synchroon met een geo
metrierelaxatie van deze methylgroepen verlopen. 

In hoofdstuk 5 wordt de aard van de heteronucleaire drie-elektron 
P.:... S u* binding besproken. De bindingen zijn in de vaste fase in de 
RaP .:...s-, RaP .:...sR en RaP .:...sRt radikaalconfiguraties waargenomen. Vol
gens kwantumchemische berekeningen zou dit alleen in het laatste geval 
mogelijk zijn en zouden de eerste twee configuraties dissociëren. De expe
rimentelespinverdeling binnen R3P.:...SR:-1 (n = 0, 1, 2) radikaalstrukturen 
is vrijwel ongevoelig voor de elektronegativiteit van het zwavelfragment. 
Blijkbaar wordt in de eerste twee radikaalconfiguraties het verschil in elek
tronaffiniteit tussen het fosfor- en zwavelfragment tegengegaan door inter
molekulaire interacties vanuit de vaste fase. 
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Hoofdstuk 6 behandelt de radikaalvorming in mengsels van fosfor
trichloride (Cl3P) en dimethylsulfide (Me2S), opgelost in verschillende 
bevroren halogeenalkaanmatrices. De identificatie van de initiële Cl3P+ 
en Me2S+ radikaalkationen en hun reactieprodukten wordt beschreven. 
De reactieprodukten, homo- of heteronucleaire drie-elektron P..:.. P u*, s..:..s 
u* en P ..:.., S (J'* radikaalconfiguraties, worden verkregen door reactie van het 
gelokaliseerde kation met een vrij elektronenpaar van fosfor of zwavel. Ah 
initio kwantumchemische berekeningen zijn uitgevoerd ter ondersteuning 
van de experimentele toekenningen. Bij hoge concentratie van Me2S wordt 
de associatiereactie tussen het gevormde Me2S..:.. SMef radikaalkation en 
een molekuul van Cl3P waargenomen. Op grond van de zeer grote 31 P hy
perfijninteractie wordt dit radikaal toegekend aan het heterotrimeer radi
kaalkation Cl3P( SMe2 )f", waarin het centrale fosforatoom een octaëdrische 
configuratie heeft . 

. Hoofdstuk 7 beschrijft de studie aan stralingsgeïnduceerde radikaalpro
dukten onstaan uit bis( difenylfosfino) verbindingen (Ph2P-R-PPh2 , R = 
alkyl) in een dichloormethaanglasmatrix. Ionisatie van een van de heide 
fosfinehelften leidt tot een gelokaliseerd radikaalkation. Dit kan vervol
gens intra- of intermolekulair reageren met een vrij elektronenpaar van 
een ander fosforatoom, resulterend in een gedelocaliseerde drie-elektron 
P..:.. P (J'* configuratie. In de ethaan en cis-etheen alkylverhindingen wordt 
na bestraling een intramolekulaire reactie waargenomen leidend tot een 
radikaalprodukt met een sterk geknikte P..:.. P binding. Kwanturnchemische 
berekeningen aan H2P-CH2CH2-PHf" en H2P-HC=CH-PHf" modelsyste
men resulteren in hoeken van respectievelijk 78° en 80°. Essentieel voor de 
vorming van dit cyclisch produkt is de onderlinge oriëntatie van de vrije 
elektronenparen op de twee fosforatomen. Voor de C2-alkyl verbindin
gen is een directe correlatie met de grootte van de 3 Jpp spin-spin koppe
ling bepaald hij kamertemperatuur. Essentieel voor een intermolekulaire 
associatie is de concentratie van de precursor en de mobiliteit van het 
radikaalkation in de glasmatrix. 
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Curriculum vitae 

De auteur van dit proefschrift is op 12 februari 1964 te Hilversum geboren. 
Na. het behalen van het Gymna.sium-,8 diploma. a.a.n het Augustinia.num te 
Eindhoven in 1982, begon ik hetzelfde ja.a.r met de studie voor scheikundig 
ingenieur a.a.n de Technische Universiteit Eindhoven. Het afstudeerwerk 
werd verricht bij de vakgroep Organische Chemie en in juni 1987 werd het 
ingenieursexamen met lof afgelegd. 

Het onderzoek, zoals dat in dit proefschrift is vastgelegd, werd op 1 
augustus 1987 begonnen in dienst van SON (NWO). In mei 1990 is mij 
hiervoor de DSM-prijs voor chemie en technologie uitgereikt. Op 1 oktober 
1991 zal ik dienst treden van DSM-research te Geleen. 



Stellingen 

1. De conclusie van Miura en Tsumori dat er in bet N-(o-nitrofenylseleno)-3,5-

di-t-butylfenylaminyl radikaal (RNSeR') een aanzienlijke delokalisatie van het 

ongepaarde elektron op seleen zou optreden (RN-s'e+R'), is op basis van de g

waarde (2.011) en de isotrope 11Se hyperfijnkoppeling (0.61 mT, overeenkomend 

met 0.0&% 4s spindichtheid) niet verantwoord. 

Y. Miura, 0. Tsumori, Bull. Chem. Soc. Jpn. 1987 60, 4154. 

2. De negatieve Fermi-contactintegraal (-0.219 au) berekend voor het centrale 

fosforatoom in het H2POi radikaal, i~ een gevolgvan "spin contamination" van 

de UHF golffunctie en dient als zodanig als een artefact te worden beschouwd. 

C.J. Cramer, G.R. Famini, Chem. Phys. Lett. 1990 169, 405; J. Am. Chem. 

Soc. 1990 11!!, 5460. 

3. De spin-Hamiltoniaanparameters, bepaald uit een ESR studie van Röntgen

bestraalde éénkristallen van ClsC-CGI,a, duiden eerder op de vorming van 

een u ClsC·CClt radikaalkation dan op de voorgestelde vorming van een u• 

Cl3C..:.cc1; radikaalanion. 

L.D. Kispert, K.G. Ezell, J. Joseph, Chem. Phys. Lett. 1987 141, 206. 

4. "Transition state modeling" zoals voorgesteld doorHoukis een illusie. 

A.E. Dorigo, K.N. Honk, J. Am. Chem. Soc. 1987 109, 3698. 

F.M. Menger, M.J. Sherrod, J. Am. Chem. Soc. 1990 112, 8071. 

U.C. Singh, P.A. Kollman, J. Comput. Chem. 1986 7, 718. 

5. De enantiomere overmaat zoals bepaald door Tanaka et al. voor de hydrobro

merings- en hydrochloreringsreactie van een kristallijn complex van trans

buteenzuur in a-cyclodextrine, is vanwege een vergelijking met onzuivere stof

fen te rooskleurig. 

Y. Tanaka, H. Sakura, H. Nakanischi, J. Org. Chem. 1990 55, 564; J. Chem. 

Soc., Chem. Commun. 1983, 947. 
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A.R. Olson, R.J. Miller, J. Am. Chem. Soc. 1938 60, 2687. 
K. Freudenberg, W. Lwowski, Liebigs. Ann. Chem. 1955 597, 141. 

6. In het ternaire complex, zoals voorgesteld doorMeyerset al., opgebouwd uit de 

, NADH-modelverbinding, het prochirale keton en Mg(C104}2, zal participatie 

van het pyridinestikstofatoom de hydridetransfer juist bemoeilijken en daarom 

kan dit model de snelle reactie met hoge selectiviteit niet verklaren. 

A.I. Meyers, T. Oppenlaender, J. Am. Chem. Soc. 1986 108, 1989. 

A.I. Meyers, J.D. Brown, J. Am. Chem. Soc. 1987 109, 3155; Tetrahedron 

Lett. 1988 29, 5617. 
P.M.T. de Kok, L.A.M. Bastiaansen, P.M. van Lier, J.A.J.M. Vekemans, H.M. 

Buck, J. Org. Chem. 1989 54, 1313. 

7. Met het toepassen van force-fieldberekeningen, om aan te tonen dat "orbital 

alignment" niet belangrijk is voor de versnelling van een intramolekulaire re
actie, geeft Menger blijk van een te groot vertrouwen in deze rekenmethode 

om zulke effecten te kunnen beschrijven. 

F.M. Menger, Acc. Chem. Res. 1985 18, 128. 

8. Een doorsnede van alle bekende criteria voor aromaticiteit levert een cy

clisch molekuul bestaande uit zes koolstofatomen, zes waterstofatomen, zes 
1!'~elektronen en een zestallige symmetrie. 

A.R. Katritzky, P. Barczykski, G. Musumara, D. Pisano, M. Szafra.n, J. Am. 

Chem. Soc. 1989 111, 7. 

K. Jug, A.M. Köster, J. Phys. Org. Chem. 1991 4, 163. 

9. Dat met een verzadigde NaCl03-oplossing en een roerder hoogstaande research 

verricht kan worden moet universitaire budgetmanagers als muziek in de oren 

klinken. 

D.K. Kondepudi, R.J. Kaufman, N. Singh, Science 1990 250, 975. 

J.M. McBride, R.L. Carter, Angew. Chem. 1991 109, 298. 
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10. Met de waarneming van het verdwijnen vanPCB'suit slib na behandeling met 

ongebluste kalk, is het moment gekomen het voorvoegsel "al" voor "chemie" 

in ere te herstellen. 

New Scientist 1991 129{1761}, 27. 

Chem. Weekblad 1991, 154. 

11. Een verbod op chloorfluorkoolwaterstoffen in koelinstallaties ter voorkoming 

van de vermoede aantasting van de atmosferische ozonlaag en dientengevolge 

de vermoede, statistische toename van het aantal huidkankergevallen, dient te 

worden voorafgegaan door een verbod op zogenaamde "zonnebankkuren" en 

"zonnevakanties". 

12. Hoge-energie fysici kunnen beter spreken over hun speurtocht naar het ele

mentaire ondeeltje. 

O.M. Aagaard Eindhoven,2ljuni 1991 
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