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Photoelectron spectroscopy-Ñash vacuum thermolysis in the gas phase allowed us to synthesize, for the Ðrst time,
the cis forms of two weakly hindered, low-coordinate arsenic and phosphorus compounds Pn \ P,(ClPn2NSiR3 ;
As), as well as to characterize them by their ionization energies. In order to assign the di†erent bands in the PE
spectra and to estimate the e†ect of the substituents and Cl on the electronic and structural properties ofSiMe3
these compounds, we performed calculations using density functional theory (hybrid functional B3LYP) with the
basis set 6-311G(d,p). The thermodynamic stabilization of these halogenated systems appears in the important
antiperiplanar interactions between the nitrogen lone pair and the (or orbital. For these twonN rAsCl* rPCl* )
compounds, in spite of a poor 2pp(N)È3pp(P)/4pp(As) overlap, it was observed that the substitution of a chlorine
atom on the pnictogen (As, P) and a silyl group on nitrogen (negative hyperconjugation) leads to a relatively high
ionization energy for the orbital eV].pPnJN [IE(pPnJN)B 10

en phase gazeuse dÏune cis chloro-arsa-imine et dÏune cis chloro-phospha-iminePremière synthèse ClAs2NSiMe
3par spectroscopie Une en phase gazeuseClP2NSiMe

2
tBu. Caracte� risation photoe� lectronique. e� tude expe� rimentale

(spectroscopie thermolyse nous a permis de pour la fois,photoe� lectronique-couplage e� clair) synthe� tiser, première
deux basse coordinence de lÏarsenic et du phosphore peucompose� s monome� riques à encombre� s (ClPn2NSiR3 ;
Pn\ P, As) sous leur forme cis ainsi que de les par leurs potentiels dÏionisation. Pour attribuer lescaracte� riser
di†erentes ionisations sur les spectres et estimer lÏe†et des substituants Cl et sur lesphotoe� lectroniques SiMe3

et structurales de ces nous avons une en utilisant laproprie� te� s e� lectroniques compose� s, re� alise� e� tude the� orique
de la fonctionnelle de la (fonctionnelle hybride B3LYP) et la base 6-311G(d,p). La stabilisationthe� orie densite�

thermodynamique de ces est essentiellement due la dÏinteractions entre la paire librede� rive� s haloge� ne� s à pre� sence
de lÏazote et lÏorbitale vacante Pour ces deux un mauvais recouvrementnN rAsCl* . compose� s, malgre�
2pp(N)È3pp(P)/4pp(As), la substitution par un atome de chlore sur lÏatome de pnictogene (As, P) ainsi que la

dÏun groupement silyl sur lÏazote (hyperconjugaison entrainent une stabilisation de lÏionisationpre� sence ne� gative)
lÏorbitale eV].associe� e à pPnJN [EI(pPnJN)B 10

The low-coordination number chemistry of the group 15 ele-
ments (N, P, As) has been extensively developed in the past
few years thanks to the use of bulky groups.2 It has been pos-
sible to characterize these reactive species due to their kinetic
and thermodynamic stabilization by appropriate substitution.
Another approach to the study of such molecules involves the
use of well-established techniques : gas-phase generation by
Ñash vacuum thermolysis (FVT) or vacuum gasÈsolid reac-
tions (VGSR) coupled with mass spectrometry or UV photo-
electron spectroscopy (UV-PES). For example, many
iminophosphanes, mainly substituted with bulky and/or
amino groups, have been described in the literature2a,b,3
whereas few experimental results have been reported on the
corresponding arsenic derivatives.4 At present, only trans
iminoarsanes with bulky substituents have been isolated4 and
the main information available concerns their synthesis and
X-ray structure. Recently, we synthesized by FVT less hin-
dered trans aminoiminoarsanes and iminophosphanes and

¤ Application of photoelectron spectroscopy to molecular properties.
Part 61. For part 60, see : ref. 1.

characterized them by UV-PES.5 This was the Ðrst report on
the electronic properties of such compounds.

Most of these compounds are known in their trans form,
however, only very few cis hindered iminophosphanes have
yet been synthesized. The main examples concern the haloge-
nated iminophosphanes XP2NMes* (X\ I, Br, Cl).6 For such
chlorinated systems, the preference for the cis form is in agree-
ment with quantum chemical calculations.7 Indeed, it has
been shown that the r electron pushÈpull substitution
[phosphorus atom substituted with a withdrawing group (Cl,
F), nitrogen atom with a r electron-releasing substituent

leads to the lowest energy cis form.(SiH3)]The aim of this work was to generate by FVT the highly
reactive cis chloroiminoarsane and chloroimino-ClAs2NSiR3phosphane as well as to characterize these short-ClP2NSiR3 ,
lived species by UV-PES. The thermolysis of Cl2PnN(SiR3)2(Pn\ As, P) was envisaged in order to generate the expected

by loss of chlorosilane. The latter is a goodClPn2NSiR3leaving group in thermal decomposition reactions and such a
method is often used to synthesize low-coordinate com-
pounds.

930 New J. Chem., 2001, 25, 930È938 DOI: 10.1039/b101880i
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Experimental results

Precursors

We chose as one substituent because it is the leastSiR3 SiMe3bulky silylated group usually used in synthesis. We also used
in order to stabilize the precursors.SiMe2tBu Cl2PN(SiMe3)2(1a) is only stable in solution and so its characterization by

UV-PES was impossible. In contrast, the arsenic analog
(1b) can be prepared and studied in the gasCl2AsN(SiMe3)2phase. We have also synthesized two other precursors,

(2a) and (2b), whichCl2PN(SiMe2tBu)2 Cl2AsN(SiMe2tBu)2are more stable than 1a and 1b. For 2a and 2b, two competi-
tive reactions can occur (Scheme 1) during the thermolysis :

elimination (path 1) and/or thermic fragmenta-Me2tBuSiCl
tion of the tert-butyl group along with loss of isobutene and
HCl (path 2). We only present here the photoelectronic
spectra recorded below 773 K which corresponds to the Ðrst
elimination. Indeed, above 773 K the spectra are too complex
since there is a competition between the two fragmentation
pathways (observation of the loss of isobutene, HCl,
Me2tBuSiCl).

UV Photoelectron spectra

There is a notable similarity between the UV-PES spectra of
1b and 2b (Fig. 1). The Ðrst two bands are respectively
observed at 9 (1b) and 8.6 (2b), and at 9.5 (1b) and 9.4 eV (2b).
The subsequent, more intense bands, appear between 11 and
13 eV.

The energetically preferred structure, calculated for the less
bulky compound at the B3LYP/6-311G(d,p)Cl2AsN(SiH3)2level presents an orthogonal orientation of the nitrogen and
arsenic lone pairs [N sp2, As sp3 (&AŒ s \ 298¡)].

The Ðrst ionic state, calculated to lie at 9.84 eV, is associ-
ated with the ionization of the amino nitrogen lone pair (Ðrst
band) and the second, calculated to be at 10.18 eV, with the
ionization of the arsenic lone pair (second band). For 2b, this
more intense, second band, also overlaps the ionizations of the

orbital electrons. The positions of the experimental bandsrSiCare in good agreement with the calculated energies (taking
into account the e†ect of substituents).

The spectrum of [Fig. 2(a)] shows threeCl2PN(SiMe2tBu)2Ðrst ionizations at 9, 9.7 and 10.6 eV, followed by two broad
and intense bands centered on 11.4 and 12.9 eV. In order to
assign these ionizations, we performed a calculation on

As for the lowest energyCl2PN(SiH3)2 . Cl2AsN(SiH3)2 ,
structure corresponds to the form with the phosphorus (P sp3)
and the nitrogen (N sp2) lone pairs orthogonal, but in this
case, the s character of the phosphorus lone pair is less impor-
tant The Ðrst ionic state, computed to be at 9.76(&PŒ \ 303¡).
eV, corresponds to the ejection of an electron from the phos-
phorus lone pair. It is 0.42 eV below that of the arsenic lone
pair (10.18 eV), which is in agreement with the previous obser-
vation concerning the s character. Thus, taking into account
the destabilizing e†ect of the methyl and the tert-butyl groups,
as well as the proximity of the two KohnÈSham orbitals for

the Ðrst band at 9 eV overlaps the ionizationsCl2PN(SiH3)2 ,
of the nitrogen and phosphorus lone pair electrons and the

Scheme 1 Decomposition processes of Cl2PN(SiMe2tBu)2 .

Fig. 1 UV-PES spectra of the precursors (a) (1b) atCl2AsN(SiMe3)2320 K and (b) (2b) at 340 K.Cl2AsN(SiMe2tBu)2

band at 9.7 eV corresponds to the ionization of the rSiCorbital electrons.

Thermolysis photoelectron spectra

The spectrum of (2b) appears to be slight-Cl2AsN(SiMe2tBu)2ly modiÐed from 693 K onwards. The Ñash vacuum thermoly-
sis was incomplete and it was impossible to correctly assign
the ionizations. On the contrary, for (2a),Cl2PN(SiMe2tBu)2the Ðrst characteristic band of the precursor (9.0 eV) disap-
pears at 593 K, showing complete cleavage of 2a. During the
thermolysis, when the oven is inside the spectrometer, the Ðrst
new band appears at 9.6 eV and is broad, then a shoulder at
10.6 eV is followed by two broad bands at 11.7 and 13.1 eV
[Fig. 2(b)]. Moreover, (Scheme 1) was the only(CH3)2tBuSiCl
volatile and stable compound generated during a separate
study of the pyrolysis products (in this case the oven is outside
the spectrometer and only long-lived molecules are detected ;
see Experimental for a detailed description of the thermolysis
experiments). Thus, these ionizations can be assigned to a new
species, whose characteristic ionizations are(CH3)2tBuSiCl,
9.6 and 10.6 eV. The PE spectrum at 593 K [Fig. 2(d)]
obtained after subtraction of the PE spectrum of

displays a Ðrst broad band centered at 9.3 eV(CH3)2tBuSiCl
and two others centered on 10.5 (with a shoulder at 10.2 eV)
and 11.1 eV.

The spectrum of (1b) changes up to 773 KCl2AsN(SiMe3)2[Fig. 3(a), Scheme 2]. At this temperature, the disappearance
of the bands between 11 and 11.7 eV (chlorine lone pairs) is
observed, indicating complete thermolysis of the precursor.
The new spectrum shows the characteristic ionizations of
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Fig. 2 (a) UV-PES spectrum of the precursor (2a) at 340 K. (b) Thermolysis spectrum of 2a at 593 K. (c) Spectrum ofCl2PN(SiMe2tBu)2at 300 K. (d) Di†erence between spectra b and c.Me2tBuSiCl

at 10.6 and 11.9 eV (loss conÐrmed by trapping) andMe3SiCl
three lower energy bands at 9.2, 9.8 and 10.6 eV.

At higher temperatures (1223 K) we observe another spec-
trum [Fig. 3(b)] with a broad band at 8.9 eV and a second at
10.6 eV with a shoulder at 9.8 eV. This spectrum is identical to
that recorded from the thermolysis of atClAs[N(SiMe3)2]2773 K. In this latter case, we principally observed, by external
thermolysis, the elimination of (Scheme 2). The lossN(SiMe3)3of amine is in agreement with the previous work of Niecke
and Bitter.8 They studied, in solution, the thermolysis reaction
of and observed the formation ofClAs[N(SiMe3)2]2as well as a polymeric species,N(SiMe3)3 (ClAsNSiMe3)n .

For the two thermolysis reactions of 2a and 2b, the loss of
or allows us to conclude that mono-Me3SiCl Me2tBuSiCl

meric or dimeric species areClPn2NSiR3 (ClPNSiR3)2formed. Elbel has shown previously that the thermolysis of the
[2 ] 1] dimer of tBuP2NtBu gives the monomer9a but, in con-
trast, Walther9b has shown that the [2 ] 2] dimer(ClPNtBu)2is thermically stable and no monomer was observed during
the thermolysis. By taking into account this observation we
conclude that, if a dimeric species is generated it will be the
[2 ] 2] dimer and not the [2] 1]. Thus, in order to interpret
the di†erent experimental results and to assign the new
spectra, we performed calculations on ClAs2NSiMe3 ,

and on dimeric species withClP2NSiH2tBu, ClP2NSiMe2Hless bulky substituents, [Pn \ As, P].(ClPnNSiH3)2

Theoretical results
We carried out calculations on di†erent iminoarsanes in order
to determine the preferred structures. As for the imino-

phosphanes, we checked that the substitution on arsenic of a
chlorine atom and/or on nitrogen of a silyl group led to the
cis form as the lowest energy structure. The three less substi-
tuted compounds R1As2NR2 [R1 \ R2 \ H; R1 \ Cl, R2\
H; present two minima (cis and transR1 \ H, R2\ SiH3]forms) on the potential energy surface. For ClAs2NSiH3the only minimum found was the cis[R1\ Cl, R2\ SiH3],form. The trans form of the parent compound HAs2NH is
calculated to be only slightly more stable than the cis form.
The di†erence in energy of 0.4 kcal mol~1 is negligable, indi-
cating no preference for the cis or trans isomers. On the con-
trary, for all the other compounds Cl ;[R1 \ H, R2 \ H,

the cis form is the more energetically stable, in spite ofSiH3]the lesser importance of the electronic energy in this form than
in the trans isomer. Consequently, the nuclear energy seems to
play a dominant role. This observation is interesting since,
until now, only antiperiplanar stabilizing interactions were
suggested to explain the cis form as the lowest energy struc-
ture.2a From Table 1 and the information(Eelec , Erep)obtained from NBO10 calculations, we can explain this result.
Indeed, for the cis form of the iminoarsanes, the NBO popu-
lation analysis shows the presence of antiperiplanar stabilizing
interactions between the arsenic lone pair and the orbitalrNR2*
and between the nitrogen lone pair and the empty rAsR1*
orbital. These interactions are very strong for the halogenated
derivatives, especially the and are more importantnN ] rAsR1* ,
in the cis form. Thus, highly destabilizing interactions involv-
ing four electrons probably counterbalance these stabilizing
interactions since the electronic energy is always less impor-
tant for the cis isomer than for the trans form. Consequently,
the stability of the preferred structure can be explained not

932 New J. Chem., 2001, 25, 930È938
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Fig. 3 Thermolysis spectra of 1b at (a) 773 and (b) 1223 K. (c) Spectrum of at 300 K.Me3SiCl

only by interactions between an occupied and a virtual orbital
but also by a weak nuclear repulsion. This conclusion is in
agreement with the observed geometrical modiÐcations.
Indeed, whatever the substitution on arsenic and nitrogen, an
opening of the bond angles (Table 2) can be seen for the cis
isomer, bringing about a minimization of the nuclear repul-
sion energy.

The geometrical parameters are inÑuenced by the confor-
mation of the compound and especially by the substituents
linked to As and N (Table 2). For the parent compound
HAs2NH, the two bond angles HAsN and AsNH are larger in

Scheme 2 Decomposition processes of andCl2AsN(SiMe3)2ClAs[N(SiMe3)2]2 .

the cis conformation than in the trans form. The As2N bond
length is about 1.7 for both structures but slightly shorter inA�
the cis isomer, which is in agreement with the opening of the
bond angles. Obviously, when nitrogen is substituted with an
electropositive group the s character on the nitrogen(SiH3),lone pair decreases and thus the As2N bond is shortened and
the AsNSi bond angle is opened. It is well known that the p
character of the nitrogen lone pair increases when N-silylation
occurs. But, in the same way, the electronegativity11 (AllredÈ
Rochow electronegativity) of the heteroatom in the a position
to nitrogen induces a change in the hybridization. Actually,
X-ray experiments show angles of 177.8 and 136.0¡, respec-
tively, for N-silyl silanimine12 1.74) and germanimine13(sSi2.02) moieties. Calculations give the same conclusions [in(sGe the XNSi angle is 166.5 and 133.4¡ for(CH3)2X2NSiH3X\ Si and Ge, respectively].14 For the arsaimine

2.20) the computed angle is 132.51¡ for theHAs2NSiH3 (sAscis isomer and 128.19¡ for the trans conformation.

New J. Chem., 2001, 25, 930È938 933
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Table 1 Calculated energies for the cis and trans forms of including the nuclear repulsion and electronic energies, theR1As2NR2 , (Erep) (Eelec)energy di†erence between the two isomers and the principal stabilization energies (n] r*)(E
c~t

)

R1 H H Cl Cla Cla
R2 H SiH3 H SiH3 SiMe3
Eelec/a.u. cis [2387.205 614 [2810.573 940 [2988.724 424 [3439.607 820 [2450.527 916

trans [2387.165 663 [2811.061 300 [2991.209 865 È È
nN ] rAsR1* /kcal mol~1 cis 5.11 7.93 15.25 22.85 26.32

trans 3.50 5.34 5.98 È È
nAs] rNR2* /kcal mol~1 cis 2.04 6.55 3.56 9.05 8.42

trans È 3.75 È È È
Erep/a.u. cis 95.407 460 228.033 058 237.246 809 397.383 942 709.720 962

trans 95.366 866 228.522 109 239.739 863 È È
E

c~t
/kcal mol~1 0.40 [1.06 [4.78 È È

a For these compounds, only the cis form is a minimum on the potential energy surface.

The chlorine atom on As also leads to a shortening of the
As2N double bond and to opening of the nitrogen angle. In
fact, the shortest AsN double bond length is obtained for

For this compound, the cis form presents anClAs2SiMe3 .
AsN bond length about 1.651 and bond angles at As and NA�
of 110 and 152¡, respectively.

In order to compare iminoarsanes and iminophosphanes,
we extended our calculations to several speciesR1P2NR2[R1\ H, R2\ SiH3 ; R1 \ Cl, R2 \ H, SiH3 , SiMe3 ,

Niecke et al.7 also studied some of theseSiHMe2 , SiH2tBu].
but did not use[R1\ H, R2 \ SiH3 ; R1\ Cl, R2 \ H, SiH3]the DFT method (calculations were carried out at the SCF

level using a double-n quality basis set). For HP2NH, the
trans isomer is more stable than the cis form by about 0.4 kcal
mol~1 while for all the other studied iminophosphanes the cis
form is the preferred structure (Table 3). The compounds with
a Cl atom on phosphorus and an group on nitrogenSiR3present only one minimum: the cis isomer. For ClP2NH, the
most stable form corresponds to that with the weakest nuclear
repulsion energy, whereas for it is that with theHP2NSiH3 ,
greatest electronic energy (Table 3). The comparison between
iminoarsanes (Table 1) and iminophosphanes (Table 3) shows
that the stabilizing interactions are more important for the
phosphorus compounds than for the arsenic ones. This obser-

vation can be explained by the fact that the 2pp(N)È3pp(P)
overlap is better than that of 2pp(N)È4pp(As).

As for the iminoarsanes, the variation in substituents R1and on causes considerable changes in geometryR2 R1P2NR2(Table 4). For instance, calculations carried out with the
group show that the P2N (1.517 bond length isSiH2tBu A� )

very short and the nitrogen bond angle rather open (159¡).
In order to estimate the expected ionization energies for

and we performed a directClAs2NSiMe3 ClP2NSiMe2tBu
calculation of the Ðrst two ionic states (*SCF calculations).
To model the calculations were carried outClP2NSiMe2tBu,
on two systems with less bulky substituents [ClP2NSiH2tBu,

We present in Table 5 the calculated ioniza-ClP2NSiMe2H].
tion energies and also the KohnÈSham energies for ClP2NR2and for(R2\ SiMe3 , SiHMe2 , SiH2tBu) ClAs2NR2 (R2 \
SiMe3).For all these systems, the Ðrst ionic state (A@) is associated
with the removal of an electron from the pnictogen and nitro-
gen antibonding combination of lone pairs mixed with the

and orbitals. For this molecular orbital, an impor-rPnCl rPnCl*
tant localization on the nitrogen and chlorine atoms is noted.
The second ionic state (AA) corresponds to the ionization of a
p electron. The main di†erence between the arsenic and phos-
phorus systems is the ionization energy of this AA ionic state.

Table 2 Calculated geometrical parameters for the cis and trans forms of R1As2NR2
R1 H H Cl Cl Cl
R2 H SiH3 H SiH3 SiMe3
As2N/A� cis 1.712 1.698 1.672 1.656 1.651

trans 1.722 1.706 1.692 È È
R1AsN/¡ cis 103.37 102.92 109.22 109.59 110.281

trans 95.84 97.92 100.87 È È
AsNR2/¡ cis 113.41 132.51 121.54 146.85 151.785

trans 107.47 128.19 110.23 È È

Table 3 Calculated energies for the cis and trans forms of including the nuclear repulsion and electronic energies, theR1P2NR2 , (Erep) (Eelec)energy di†erence between the two isomers and the principal stabilization energies (n] r*)(E
c~t

)

R1 H H Cl Cla Cla Cla Cla
R2 H SiH3 H SiH3 SiMe2H SiMe3 SiH2tBu

Eelec/a.u. cis [446.929 394 [825.003 606 [986.038 421 [1392.968 778 [818.768 201 [757.258 453 [711.609 368
trans [446.859 272 [824.984 842 [987.983 003 È È È

nN ] rPR1* /kcal mol~1 cis 7.62 11.68 22.50 34.93 36.35 37.73 36.03
trans 4.87 8.09 8.51 È È È È

nP] rNR2* /kcal mol~1 cis 3.51 7.54 5.79 9.19 8.27 8.27 9.55
trans È 3.44 È È È È È

Erep/a.u. cis 49.626 277 136.956 370 129.060 143 245.241 999 407.642 970 508.494 172 593.425 164
trans 49.555 520 136.939 614 131.013 670 È È È È

E
c~t

/kcal mol~1 0.40 [1.93 [5.61 È

a For these compounds, only the cis form is a minimum on the potential energy surface.

934 New J. Chem., 2001, 25, 930È938
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Table 4 Calculated geometrical parameters for the cis and trans forms of R1P2NR2
R1 H H Cl Cl Cl Cl Cl
R2 H SiH3 H SiH3 SiMe2H SiMe3 SiH2tBu

P2N/A� cis 1.574 1.559 1.530 1.518 1.518 1.516 1.517
trans 1.588 1.566 1.553 È È È È

R1PN/¡ cis 105.95 105.38 111.55 111.25 111.58 111.68 111.31
trans 98.77 101.47 104.04 È È È È

PNR2/¡ cis 118.52 139.95 131.00 158.25 157.46 159.04 159.15
trans 109.79 135.53 115.11 È È È È

It is lower for the iminoarsanes compared to the imin-
ophosphanes because of the more di†use character of the

double bond.pAsJNFor all these compounds, in spite of the poor 2pp(N)È
3pp(P)/4pp(As) overlap, the substitution of a chlorine atom on
the pnictogen (As, P) involves a relatively high orbitalpPnJNionization energy compared to iminophosphanes and/or
arsanes,2b,3,5 since calculated values are about 10 eV. By

taking into account the KohnÈSham orbitals, we can estimate
the order of the subsequent ionizations. The third KohnÈ
Sham orbital, which is the bonding combination of the lone
pairs mixed with the peri-chlorine lone pair (high weight on
arsenic and chlorine atoms), lies very close to the second.
Indeed, the di†erence between the KohnÈSham energy of the
peri-chlorine lone pair and this orbital is less than 0.2pPnJNeV, while the gap between these orbitals and the following

Table 5 Calculated KohnÈSham energies, ionic state energies and assignment of the molecular orbitals for the (Pn \ As, P) cisClPn2NSiR3isomers

ClAs2NSiMe3 ClP2NSiMe3 ClP2NSiHMe2 ClP2NSiH2tBu

KohnÈSham energies (in eV) and assignment of molecular orbitals

[7.47 [7.49 [7.62 [7.54
nN [ nCls nN [ nP [ nCls nN [ nP [ nCls (nN [ nP)[ nCl[ rSiC[7.92 [8.17 [8.29 [8.13
pAsJN [ nClp pPJN [ nClp pPJN[ nClp (nN [ nP)[ nCl] riso[8.12 [8.19 [8.31 [8.45
nClM [ (nAs] nN) (nN ] nP)[ nCl (nN ] nP)[ nCl pPJN[ nClp

[8.66 [8.78 [9.03 [8.51
rSiC , nCls rSiC , nCls rSiC , nClp nClM[8.72 [8.85 [9.04 [9.30
rSiC , nClp rSiC , nClp rSiC , nCls rSiC , nClp

[9.56 [10.05 [10.19 [9.37
pAsJN ] nClp pPJN ] nClp pPJN] nClp rSiC
Ionic state energies (in eV)

9.31 9.43 9.65 9.27
A@ (nN [ nCl) A@ (nN [ nP) A@ (nN [ nP) A@ (nN [ nP)9.68 10.00 10.18 10.41
A@ (pAsJN [ nClp ) AA (pPJN [ nClp ) AA (pPJN [ nClp ) AA (pPJN [ nClp )

Scheme 3 Geometrical parameters for the preferred structures of the silylated and alkyl dimeric species (X\ C, Si). Bond lengths(ClPnNXH3)2are given in A� .
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Table 6 Calculated KohnÈSham energies, ionic state energies and assignment of the molecular orbitals for the [Pn\ P, As ;(ClPnNSiH3)nn \ 1, 2] and preferred geometries(ClPNCH3)2
ClAs2NSiH3 (ClAsNSiH3)2 ClP2NSiH3 (ClPNSiH3)2 (ClPNCH3)2
KohnÈSham energies (in eV) and assignment of molecular orbitals

[7.89 [7.61 [7.86 [7.49 [7.28
nN [ nCls nAs~ nN [ nP [ nCls nP~ nP~[8.32 [7.71 [8.53 [7.67 [7.40
pAsJN [ nClp nN` nP ] nN [ nCl nN` nN~
[8.46 [7.76 [8.59 [8.09 [7.42
nAs[ nCls nN~ pPN [ nClp nN~ nN`
[9.36 [8.62 [9.68 [8.79 [8.59
pAsJN ] nClp nCl pPN ] nClp nCl nCl[9.40 [8.67 [9.72 [8.87 [8.65
nAs] nN ] nCl nCl nP ] nN ] nCl nCl nCl[10.50 [8.96 [10.91 [9.24 [8.98
nN , rSiHp nCl pPN ] nSiHp nCl nCl
Ionic state energies (in eV)

9.95 9.43 10.02 9.30 9.20
A@ (nN [ nCl) nAs~ A@ (nN [ nP [ nCl) nP~ nP~10.34 È 10.75 È È
AA (pAsJN [ nCl) AA (pPN [ nClp )

ionizations, which correspond to the chlorine lone pairs and
orbitals with the same symmetry, is about 0.7 eV.rSiCThus, if we experimentally observe the monomeric species,

we can expect for the phosphorus and arsenic compounds a
Ðrst band around 9.3 eV associated with the nN [ nPn , rPnCland orbitals, a second one around 10 eV with two ion-rPnCl*
izations from the and the orbitals andpPnJN nN ] nPn , rCl(peri)a third band, more separated, which corresponds to the rSiCand orbitals.nClAs the formation of the dimeric species [2] 2] cannot be
excluded without performing a complete theoretical study of
these compounds, we carried out calculations on both

and Previously, the[ClPN(SiH3)2]2 [ClAsN(SiH3)2]2 .
[2 ] 2] cyclo-dimers and have[ClPNtBu]29b [ClAsNtBu]215
been isolated and their X-ray structures show almost planar
rings with two chlorine atoms in cis positions. The photoelec-
tronic spectrum of recorded by Walther9b pre-[ClPNtBu]2sents a broad band at 9 eV.

We performed a theoretical study on this dimer, replacing
the tert-butyl group with a methyl, in order to check if the
theoretical method and the basis set used provide ionization
energies in agreement with the experimental values. We found
the lowest energy structure with the two chlorine atoms lying
on the same side of the plane, as revealed in the X-ray(PN)2structure (Scheme 3). We present in Table 6 the calculated
KohnÈSham energies. The ionizations of the nitrogen and
phosphorus lone pair combinations are energetically very
close. The Ðrst ionic state is calculated to be at 9.2 eV. By
taking into account the destabilizing e†ect of the tert-butyl
group, the ionizations of this system are reasonably well
approximated. For the studied silylated dimeric species, the
structure with two chlorine atoms cis is also energetically pre-
ferred (Scheme 3). The energy di†erence between this
geometry and that with two chlorine atoms trans is about 1.04
(As)È2.35 kcal mol~1 (P). We present in Table 6 the KohnÈ
Sham energies for these isomers and make a comparison with
the values of the monomeric species. For the dimeric com-
pounds, we have also calculated the Ðrst ionic state energy,
which is associated with the antibonding combination of lone
pairs of the pnictogen. It lies about 0.5È0.7 eV lower than that
of the monomeric derivative. The KohnÈSham energies for the
nitrogen lone pairs are calculated to be very close to the
HOMO for As and more separated for P. The subsequent ion-
izations correspond to the chlorine lone pairs and their
KohnÈSham energies are higher than those of the monomeric
compounds.

Interpretation of the experimental spectra

For (1b), the Ðrst two ionization energies areClAs2NSiMe3calculated to be at 9.3 and 9.7 eV (Table 5). If we look at the
KohnÈSham energies, the third KohnÈSham orbital is ener-
getically very close to the second and thus these two ioniza-
tions will appear at about the same energy. The theoretical
data are in agreement with the experimental observations
[Fig. 3(a)] since we observed a Ðrst band at 9.2 eV and a
second more intense one at 9.8 eV. The fourth KohnÈSham
energy is shifted about 0.5È0.6 eV with respect to the third
one, which is consistent with the experimental band observed
at 10.6 eV. Consequently, the Ðrst thermolysis spectrum of

(573 K) can be assigned, without ambiguity,Cl2AsN(SiMe3)2to the monomeric species The ionization at 9.2ClAs2NSiMe3 .
eV corresponds to the removal of an electron from the nNorbital mixed with the and orbitals and that[ nAs rAsCl rAsCl*
at 9.8 eV is associated with the ionization of the orbitalpAsNmixed with the chlorine lone pair in the same plane and to the
bonding combination of lone pairs mixed withnN ] nAs nCl(high weight on As and Cl). The band at 10.6 eV is attributed
to the ionizations of the chlorine lone pairs and the rSiCorbitals.

The di†erence between the Ðrst calculated ionization energy
of (9.95 eV) and (9.48 eV) is aboutClAs2NSiH3 (ClAsNSiH3)20.5 eV. By comparison with (expt. value : 9.2ClAs2NSiMe3eV), we expect for the dimeric species a Ðrst(ClAsNSiMe3)2band at about 8.7 eV. A calculation performed on

shows that the Ðrst three KohnÈSham orbitals(ClAsNSiH3)2are the antibonding combination of lone pairs of arsenic
the bonding combination of lone pairs of nitrogen(nAs~),

and the antibonding one (Table 6). By taking into(nN`) (nN~)
account the greater destabilizing e†ect of the groupSiMe3compared to stronger on the second and third ioniza-SiH3 ,
tions (silyl group linked to N), the Ðrst experimental band
should correspond to three ionizations : andnAs~, nN` nN~
and the energy gap to the second band should be more impor-
tant. Thus, the spectrum recorded at 1223 K can be assigned
to the formation of the dimeric species The(ClAsNSiMe3)2 .
Ðrst broad band centered on 8.9 eV corresponds to the ioniza-
tion of electrons of and The second, morenAs~, nN` nN~.
intense, band at 10.6 eV is associated with the ionization of
electrons of the chlorine lone pairs. Nevertheless, we cannot
exclude the presence of the monomeric species ClAs2NSiMe3under these Ðrst two bands (presence of ionizations at 9.2 and
9.8 eV).

936 New J. Chem., 2001, 25, 930È938

Pu
bl

is
he

d 
on

 1
9 

Ju
ne

 2
00

1.
 D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
M

an
ch

es
te

r 
L

ib
ra

ry
 o

n 
29

/1
0/

20
14

 1
1:

18
:2

1.
 

View Article Online

http://dx.doi.org/10.1039/b101880i


In comparison with the experimental values for
we can expect for the dimer(ClAsNSiMe3)2 ,

a Ðrst ionization lower than 8.9 eV because(ClPNSiMe2tBu)2of the destabilizing e†ect of the tert-butyl group. Thus, the
compound observed after thermolysis of Cl2PN(SiMe2tBu)2and characterized by two Ðrst bands at 9.3 and 10.5 eV [Fig.
2(d)] cannot be the dimer Considering our(ClPNSiMe2tBu)2 .
experimental conditions as well as the loss of theMe2tBuSiCl,
formation of the monomer can be proposedClP2NSiMe2tBu
looking at Table 5 (*SCF energies), it can be seen that, for the
phosphorus, the most important di†erence is between the
energies of the Ðrst (A@) and the second (AA) ionic states.
Therefore we would expect to experimentally observe two
more widely separated bands for than forClP2NSiMe2tBu

this is in agreement with the experimentalClAs2NSiMe3 ;
values : (9.2 and 9.8 eV) andClAs2NSiMe3 ClP2NSiMe2tBu
(centered on 9.3 and 10.5 eV). We calculate for ClP2NSiH2tBu
two Ðrst KohnÈSham orbitals that are similar in energy, cor-
responding to the antibonding combination of lone pairs of
phosphorus and nitrogen in interaction with the andrSiC nClorbitals and[(nN [ nP)[ nCl[ rSiC (nN [ nP) [ nCl] rSiC].Moreover, the Ðrst ionic state A@ of[(nN [ nP)[ nCl[ rSiC]is calculated to lie at 9.27 eV. So, by takingClP2NSiH2tBu
into account the weak destabilizing e†ect of the methyl groups
(““buttressing e†ect ÏÏ), the Ðrst experimental ionization at 9.2
eV can be assigned to the ejection of an electron from this
state. The second experimental ionization at 9.4 eV (same
band) is associated with the ionization of the (nN [ nP) [ nClsince the two KohnÈSham energies are very close. The] rSiCshoulder at 10.2 eV is attributed to the ionization of the pPJNorbital and the sharp band at 10.5 eV to the ionization of the
chlorine lone pair orbitals. Consequently, the spectrum(nCl)observed from the thermolysis of corre-Cl2PN(SiMe2tBu)2sponds to ClP2NSiMe2tBu.

The experimental ionization energies of areClAs2NSiMe3consistent with those of Indeed, the anti-ClP2NSiMe2tBu.
bonding combination of lone pairs ofnN [ nPnand appears at about theClP2NSiMe2tBu ClAs2NSiMe3same ionization potential. In contrast, the ionization energy of
the orbital is higher than the one of (better overlappPJN pAsJNfor the phosphorus).

Conclusions
Contrary to the azo compounds (ÈN2NÈ),16 the phospha-
imines and arsaimines have not been extensively studied
because of the kinetic instability of these species due to the
high reactivity of the bond ([2 ] 1] and [2] 2]pPnNdimerizations). Nevertheless, the coupled technique of
FVT-PES allowed us to generate and characterize for the Ðrst
time in the gas phase two new group 15 low-coordinate
species. and present an ener-ClAs2NSiMe3 ClP2NSiMe2tBu
getically preferred cis form. One of the main reasons for the
thermodynamic stabilization of these halogeno systems
appears in the important antiperiplanar interactions between
the nitrogen lone pair and the (or bond and in therAsCl* rPCl* )
high polarity of the AsN bond due to the Cl atom. Despite the

and substituents linked to N, which lead to aSiMe3 SiMe2tBu
stabilization of the p system by negative hyperconjugation
with the orbitals,17 the p system of the ÈPn2NÈ moietyrSiC*
(9È10 eV) remains more unstable than ÈN2NÈ (11 eV).

In order to provide a new description of these p bonds con-
taining heavy atoms, a topological analysis of the electron
localization function (ELF)18 in these derivatives is in
progress.

Computational details
Ab initio calculations were performed with the GAUSSIAN 94
program.19,20 The density functional method21 used was the
hybrid exchange B3LYP functional.22 This functional includes

a linear combination of a small amount (20%) of exact
exchange with the Becke 88 gradient-corrected exchange22a
and with the LYP correlation energy functional :22c

Exc \ aExHF ] bExLDA] cExGGA] dEcLDA ] eEcGGA

Standard parameterizations have been retained (a \ 0.20,
b \ 1 [ a, c\ 0.72 for the Becke exchange, e\ 0.81 for the
gradient-corrected part of the correlation energy functional
and d \ 1 [ e).

The 6-311G(d,p) set was retained as the basis set for all cal-
culations, since the inclusion of polarization is necessary in
order for accurate energies to be obtained. Geometry opti-
mizations were performed and conÐrmed as true minima by
frequency calculations.

We chose the B3LYP functional because we have pre-
viously checked that it leads to a satisfactory quantitative
evaluation of the calculated ionization energies of hetero-
atomic molecules.23 Ionization energies have been determined
as the di†erence between the cation and the neutral molecule
energies *SCF method).(IE \ Ecation[ Emolecule :Moreover, the use of KohnÈSham (KS) density functional
theory (DFT) presents many advantages. First, the cost of a
KS-DFT calculation is at most of the same order of magni-
tude as a HartreeÈFock computation, whereas most of the
description of electron correlation is taken into account. Thus,
it is substantially less expensive than traditional correlated
techniques and so is very useful in our case for the calcu-
lations involving dimeric species or monomeric compounds
with substituents such as orC(CH3)3 SiMe3 .

For large molecules, the correlation between ionization
potential and KohnÈSham energies calculated with common
functionals (KoopmansÏ theorem-like) is largely discussed.
Arduengo and co-workers24 Ðrst used DFT calculations at the
nonlocal level to assign their photoelectron spectra. They
applied a uniform shift to the orbital energies, considering the
di†erence between the calculated and experimental molecular
ionization potential. The aim was to directly compare the KS
energies to the experimental energies. Moreover, Werstiuk
and Rademacher and their colleagues25 have developed and
successfully applied a routine for the interpretation of PE
spectra based on B3LYP theory. This routine requires the cal-
culation of the moleculeÏs Ðrst vertical ionization potential

Calculated orbital energies [e are then shifted uniformlyIPv .
so that the HOMO energy equals that of the giving theIPv ,
higher IPs. More recently, Stowasser and Ho†mann26 con-
Ðrmed that the KS orbitals are a good basis for qualitative
interpretation of molecular orbitals. They concluded that if we
want to go a step beyond a qualitative interpretation and look
at orbital energies as rough ionization potentials, and if the
DFT calculations are done with commonly used potentials,
then it appears we must take the absolute constant and linear
orbital energy shift into account by applying a suitable ax ] b
scaling. In the case of large molecules, the ordering of levels
found using the DFT calculations seems to be qualitatively
well translated by using HF methods as well. This fact, despite
the evident limits of correlation, gives a good base to discuss
the ionization assignments, which cannot be reached by a
direct calculation.

Experimental
Photoelectron spectra were recorded on a Helectros 0078
spectrometer equiped with a 127¡ cylindrical analyzer and
monitored by a micro-computer supplemented with a digitalÈ
analog converter. The spectra were recorded with 21.21 eV
HeI radiation as the photon source and calibrated on the well
known auto-ionization of helium at 4.98 eV [HeII(He)] and
those of nitrogen at 15.59 and 16.98 eV.

Two types of pyrolysis experiments, coupled with photo-
electron spectroscopy, were performed. First, Ñash pyrolysis
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was e†ected inside the ionization chamber of the UV-PES
spectrometer equipped with an internal heater device. The
pressure of the ionization chamber was 10~5 mbar without
sample. The Ðrst experiment, denoted ““ internal thermolysis ÏÏ,
allowed the analysis of both species with short lifetimes and
their decomposition products. The second system was an
apparatus external to the spectrometer, which allowed a
separate product study. Thermolysis was performed in a
vacuum device (pressure in the oven : 10~5 mbar without
sample) connected to the spectrometer. In this case only the
stable and volatile species were characterized after cryogenic
distillation. Unstable compounds decomposed and/or poly-
merized because of the long distance between the oven and
the ionization head. Thermolysis temperatures varied between
300 and 1300 K depending on the compound being studied.

Compounds 1b and 2a were obtained by previously
described methods.27,28 2b was prepared from

and as described for 2a.29(Me2tBuSi)2NLi AsCl3
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