Inorg. Chem. 2004, 43, 2585—2589

Inorganic:Chemistr

* Article

The 1,4-Diphosphabuta-1,3-diene Ligand for Coordination of Divalent
Group 13 and 14 Elements: A Density Functional Study
Wolfgang W. Schoeller* and Dirk Eisner

Fakultad fur Chemie, Uniersité Bielefeld, Postfach 10 01 31, 33501 Bielefeld, Germany

Received July 21, 2003

The 1,4-diphosphabuta-1,3-diene (DPB) ligand as a tool for stabilizing anionic group 13 (B, Al, Ga) and neutral
group 14 (C, Si, Ge) cyclic Arduengo-type carbenes is studied by quantum chemical calculations at density functional
level. Accordingly, for the former group this ligand is better suited than the corresponding 1,4-diazabuta-1,3-diene
(DAB) ligand. It results in larger electron affinities for the corresponding doublet states. For the latter group the
DPB ligand yields essentially smaller singlet—triplet separations than the DAB ligand. An exception is the anionic
boron compound with relative low singlet stability for both the DAB and DPB ligands.

Introduction

1,4-Diazabuta-1,3-diene ligands (here abbreviated as DAB)
are now well suited for the stabilization of cyclic carbenes

and homologues of type I, with & C.! Si? and Ge? Also

Chart 1

/NYN\ — P\\é& P—
[ I
E=8BY, A9, Ga®, c, si, Ge

the isoelectronic anions with &€ Al* and Ga were reported.
The latter, the group 13 element homologues, were first
proposed on the basis of quantum chemical calculafiéns. In contrast to the plethora of experimental investigations
For the group 14 element species a variety of physicochem-on the so-called “Arduengo-type carbenés™’ which are

ical investigations were perform&d® (Chart 1). still in the center of interes€ 28 the analogous compounds
with a 1,4-diphosphabuta-1,3-diene ligand (here denoted as
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DPB), type IlI, are only scarcely known. Recently a cyclic
monophosphacarbene was repoffadowever, it is masked
in a transition metal complex.

We report here on an exploration of the bonding properties
of the cyclic carbenes and homologues of type II. It will be
shown that the DPB ligand is very suitable for stabilization
of carbene homologues with higher elements of group 13
(E = BO), AIO), Gd7)) and of group 14 (E= C, Si, Ge).

Methodology

The geometries of the various molecular structures were energy

optimized at the density functional lev@&B utilizing Becke's three-
parameter function& with local and nonlocal electron correlation
contributions, as given by the Le&’ang—Parr correlation func-
tionaP? (B3LYP). For the optimization of geometries, the 643tg-
(d,p) basis set was used throughout at all atoms (C, Si, Ge, B, Al,
Ga, H)34 This implies one set of diffuse s,p functihsind one

set of polarization functiof8at all atoms. Single point calculations
were additionally performed with the 6-33%g(d,p) basis sét

and with the MP4SDTQ(fc) approximati#h for the electron
correlation treatment. Zero-point vibrational energies computed with
the 6-3H-+g(d,p) basis set were uncorrected included in the relative
energies. All stationary points were verified by calculation of the
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Scheme 1

Scheme 2

energy separations and (b) the electron affinities of the
corresponding doublet states (& B, Al, Ga). For small
differences between both electronic states, the carbene-type
structures will not be stable and their chemistry will be
reminescent to biradical reactions. On the other hand, the
electron affinities yield a quantitative measure about the
anion stabilities. If the electron affinities are large, than the

corresponding Hessian matrixes. For the calculations, we used thecorresponding anionic systems are stable. In practice the

Gaussian-98 suite of prograrffsThe electron distribution in the

various molecular structures were examined with the natural bond

orbital (NBO) partitioning schem®.

Results and Discussion

Group 13 Carbene HomologuesThe stabilities of the
carbene analogues are determined by (a) the sintriptet
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anions are not isolated systems; they are surrounded by
counterions. Hence to a first order the anion stabilities are
determined by the electron affinities (of the neutral radicals)
and to a second order these are also mediated by the
surrounding cations (electrophilicity). In the calculations
these effects are not explicitely considered. Consequently
our considerations apply to computed structures in the gas
phase.

The electronic situation of an acylic carbene is described
by its frontier orbitals, given il (Scheme 1).

They refer to ao-*' and p-orbital which withinCy,
symmetry are confined to,and h representation®. For
methylene both orbitalsla, are in close proximity to each
other and a triplet ground state resudfsThe situation is
different for a stabilized carbene, such as the diaminocarbene,
1b. The HOMO-LUMO splitting is considerable enlarged
by -conjugation of the carbon with the neighboring amino
groups, and a pronounced singlet ground state is obtédfned.

As has been shown previouSlishe frontier orbital system
for the cyclic carbene structures of type | can be viewed in
an analogous manner. Confined to a planar arranger@gnt (
symmetry) the frontier orbital systetresults (Scheme 2).

Since the anion stabilities of the group 13 carbene
congeners depend on their electron affinities, it is neces-
sary to examine the anions and the corresponding neutral
doublet states with respect to the energy differences be-
tween these two species. The resulting relevant Slater
determinants for the singlet ground state and the two doublet
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1023 862 Figure 2. NBO analysis, natural charges, and Wiberg bond indices (values
14.0 obtained in the NAO basis) for type Il group 13 carbene homologues in
<PCCP = 1;-2 <EPCC = a2 their energy lowest singlet states.
186 128 Chart 2
Figure 1. Equilibrium geometries (bond lengths in A, bond and twist /—\ o /™/\ o

angles in deg) of lowest energy singlets for type Il group 13 carbene
homologous at the B3LYP/6-33+g(d,p) level. From top to bottom, &
BO), AIO), and G&).

LN N |-\
/ ~— -
Ee \E@

b

a
states are givéras follows: 3

WA = ...y (a)*>
WEA) = (I..0)%a)">
W(B) = (I..a)4b)*>

And those for the triplet states @fare given by

alteration of the chelating element E. The only essential
difference is the widening of the FC—C angle with
increasing atomic size of E.

Further information on bonding is given by the results of
the NBO population analysis, as shown in Figure 2.

For the first homologue in this series, & B, negative
charge is accumulated at E with concomitant strengthening
wEB) = |...@) (b)) of the PB bonds. The situation is different for the higher

homologues of E. The chelating atoms become more positive,
WEA) = |...(0) (b)) > and the EP bonds are weaker than a single bond. However
the trends are less pronounced than in the corresponding

The first of the last twog,) refers to the energy lowest DAB derivatives® In other words in terms of canonical
triplet state in the classical Arduengo carbénkor the case  structures, these carbene homologues can also be written by
at hand the situation is more complicated. Compared with the limiting structures3a versus3b (Chart 2).
nitrogen, trigonal phosphorus possesses a much stronger The former 3, refers to a classical carbene structure with
tendency for pyramidalization. In other words one expects 4 partialz-delocalization within the ring system. The latter,
that for these states the structures are at least redudgd to 3b, refers to a doneracceptor complex in which the element
or C; symmetry. The former refers @nti-pyramidalization g iy 4 formal+1 oxidation state is doubly coordinated by a
and the latter tsynpyramidalization of the ligands at the  ginegative DPB ligand. While these alternatives present

phosphorus atoms. We have probed all these states ingyireme honding cases, the calculations reveal an intermedi-
question. TheS,, symmetrical geometries are higher energy e situation.

saddle point geometries. The singlet ground states p@fer
symmetry, while the triplets and doublets even in most of
the cases adopt in their equilibrium geomet@symmetry;

the substituents at the phosphorus atoms choose preferentiall

anti-pyramidalization with a slight tilting of the five- : : : .
. - versus phosphorus. The following considerations will show
membered ring system. In any case the energy minimum of : .
’ ... that there are essential differences between both type of

these structures were ensured by corresponding vibrational . . o :
analvsis ligands. For this purpose it is necessary to inspect the energy

ysis. - . . contributions which determine the stabilities of these species.

The equilibrium geometries of the relevant singlets of the o . : :
Electron affinities and the singletriplet energy differences

group 13.congeners are collected in Figure 1. of the group 13 congeners are collected in Table 1.
The anions adopE, symmetry, and the phosphorus atoms 2 ) -
The electron affinities and hence the anion stabilities are

are slightly pyramidalized. The sum of angles at these atoms ‘ ¢
increases in the order£€ B < Al < Ga. Concomitant with larger for the DPB than for the DAB .I|gands (values in
the pyramidalization is the folding of the five-membered ring. Parentheses). On the contrary the DPB ligand exerts a smaller
We may note here that the corresponding nitrogen congenersSinglet-triplet separation than the DAB ligafidThis indi-
strictly adoptC,, symmetryé The essential bonding features cates that the type Il ligand is more favorable in stabilizing

(PC and CC distances) are only slightly changed with the the higher element homologues of E than the type | ligand.
We note that systematic experimental studies on the type I

ligand are lacking.

One could imagine that the bonding situation in the type
Il structures are similar to those in the type | compounds.
Albeit one proposes a stronger covalency of a PE bond than
% NE bond, due to the larger electronegativity of nitrogen

(45) Cioslowski, Jintern. J. Quantum Chem. Symi993 27, 309.
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Table 1. Electron Affinities (EA) (in kcal/mol) and SingletTriplet Energy Separations (ST, in kcal/mol) for Structures of Type IHB(), A,

Gd))
atom E basisd basis I/ZPE basis IF MP4d
B 27 (Cp) — 1A (C2) EA 27.2(7.0) 28.3 28.0 24.6 (3.3)

1A (Cp) — 3A (Cy) ST 11.8 (20.2) 115 12.0 12.7 (23.1)

Al 27 (Cy) — 1A (Cy) EA 42.5(32.5) 43.9 43.0 36.7 (34.5)
1A (C;) — 3A (Cy) ST 50.8 (41.3) 495 50.5 55.6 (45.3)

Ga 27 (Cy) — 1A (Cy) EA 44.0 (27.0) 44.5 45.2 39.2 (39.3)
1A (Cp) — 3B (Cy) ST 47.5 (52.0) 45.8 47.8 69.3

aB3LYP/6-3H-+g(d,p).? Methoda plus zero-point vibrational energy correction (unscaleBBLYP/6-311-+g(d,p)/B3LYP/6-33-+g(d,p). 4 MP4SDTQ(fc)/

6-31++g(d,p)//B3LYP/6-31+g(d,p).

Chart 3 1105 1.353
E E_ o 1168 132
NG 1209 1347
s o\ Iy
4 T 128
Group 14 Carbene HomologuesNext we discuss the H E PH
group 14 carbene homologues. A great deal of information 114.7 \ e
is already gained by a comparison of the diamino- versus 1167 1075 1016 2352
diphosphinocarbene with the corresponding silylene deriva- 1008 182? gg'g
tives. The diaminocarbend, (E = C), possesses a rather ‘ '
large singlet-triplet energy separation (50'958.547 52.1%8 <PCCP=158 <EPCC= ]gg
kcal/mol, estimated from the calculations) (Chart 3). ;(7):3 14.8

A similar magnitude is obtained for the diaminosilylene,
4 (E = Si). We obtained for this species a singtétplet
energy splitting of 56.1 kcal/mol (B3LYP/6-31-g(d,p),

Figure 3. Equilibrium geometries (bond lengths in A, bond and twist
angles in deg) of lowest energy singlets for type Il group 14 carbene
homologous at the B3LYP/6-33+g(d,p) level. From top to bottom, E

with zero-point vibrational energy correction). The situation C. Si and Ge.

is different for the symmetrically substituted phosphinocar- 1.814
benes'® For 5 (E = C) the singlet-triplet gap is comparably 1804
small; it amounts to 8.4 kcal/mol. It is now well established 0568 H

; . -0.543_\ / 0.984
that stable phosphinocarbenes are only accessible by a 0528 /c—C 1.036
corresponding pushpull substitutiod3:4® at the divalent H-PPH 1.000
carbene center. At the given quantum chemical level 072({ E" N 1480
(B3LYP/6-31++g(d,p)), we obtain for the hitherto unknown 0.105 1177

; T - . ) . 0886 -

diphosphinosilylene derivativ®,(E = Si), a singlet-triplet 0.059 (ogg  1.088
separation of 21.1 kcal/mol (with ZPE correction). Hence, 0.396

this indicates that the phosphino substituent is more effective Figure 4. NBO analysis, natural charges, and Wiberg bond indices (values
. e . . . . obtained in the NAO basis) of type Il group 14 carbene homologues in
in stabilizing a singlet ground state in a silylene than in a ejr energy lowest singlet states.

carbene. It must be noted here that parent silylene adopts a

i i Table 2. Singlet-Triplet Energy Separations (in kcal/mol) for
singlet ground state and parent methylene a triplet ground Structures of Type Il (E= C to Ge)

state>?
The equilibrium geometries of the group 14 carbene a©°mE basis1  basis /ZPE _ basis IF_ MP4
i in Fi C !A(C)—3B(Cy) 186 18.3(79.3/80.00) 19.3 212
homologue; of type Il are summarlzgd in Flgurg 3., anq the S IA(C)—3A(C) 343 342 (859 310 st
corresponding results of the population analysis, in Figure Ge 1a(c)—3A(C) 37.7 36.8(52.8" 356 433

4 aB3LYP/6-31++g(d,p).? Methoda plus zero-point vibrational energy

The relevant energy quantities which determine the stabili- correction (unscaledy.B3LYP/6-31H-+g(d,p)//B3LYP/6-3%+g(d,p).

ties of these species are here the singlgplet separations. ¢ MP4SDTQ(fc)/6-3%-+9g(d,p)//B3LYP/6-3#-+g(d,p).® Values for the
They are collected in Table 2 corresponding diaza (type ) derivatives (B3LYP/6+3#tg(d,p)).f Reference

T . 52.9 Reference 49" Basis I/ZPE level; unpublished results.
The equilibrium parameters may be compared with those )
for the group 13 elements. They are very much alike. with meémbered ring systems. The group 14 carbene homologous
increasing atomic size of the element E the angtCP-C throughout adopt the structu@@s, as substantiated by the

tends to widen. All the structures possess twisted five- POPUlation analyses. In other words these refer more to
classical carbene structures rather than the group 13 homo-

logues. For E= C negative charge is accumulated at carbon
and this species also possesses the strongeBt Wiberg

bond indices. However, also the higher element homologues
with E = Si and Ge indicate a bond order of at least one.
Taken together this emphasizes the carbene character, as
summarized in the canonical structiBa

(46) Feller, D.; Borden, W. T.; Davidson, E. Rhem. Phys. Lett198Q
71, 22.

(47) Heinemann, C.; ThieW. Chem. Phys. Letfl994 217, 11.

(48) Schoeller, W. WEur. J. Inorg. Chem200Q 369.

(49) Schoeller, W. W.; Rozhenko, A. B.; Alijah, A. Organomet. Chem.
2001 617-618 435.

(50) Schoeller, W. W.; Schneider, Rhem. Ber1997 130, 1013-1020.
For a detailed discussion of this aspect see therein.
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1.351 gated by the Lappert groif.>® A skillful discussion on the
1820 | 1 y o 1704 corresponding type | carbene has been given recently by
N / Gudat et aPf They are very stable entities. Hence it is to be
HN—F &\ NH: expected that the phosphorus analogues of type Il behave
1717 o 1103_0 similarly.

Figure 5. Equilibrium geometries (bond lengths in A, bond and twist Summary
angles in deg) of P-amino-substituted type Il species (singlet) at the B3LYP/

6-31++g(dp) level. In this study we examined the action of a phosphino group

1.808 on stabilization in the Arduengo-type cyclic carbene struc-
0.953 . l W 0578 tures constituted from the group 13 and group 14 homo-
0.885, \\/—\ 1193 logues. Hitherto in detail only the cyclic congeners with
HzN’P\C/P""’N":z amino functions neighboring thg car_bene center are known.
14 | 167 Our study reveals some essential different bonding features

1,006 in comparison to the Arduengo carbenes of type |. They can

Figure 6. NBO analysis, natural charges, and Wiberg bond indices (values be summarized as follows:
obtained in the NAO basis) of P-amino-substituted type Il species (singlet). (1) Phosphorus is less electronegative than nitrogen.
) ) ) Consequently the resulting bonds toward E in general gain
Itis known that amino groups at phosphorus increase the jore covalent bonding contributions than the type | carbene

ylide character of the neighboring carbon atoms. It is the homglogues. This is an essential character of the hitherto
consequence of the tendency of phosphorus to suffer fromexperimentally unknown group 13 species.

orbital nonhybridizatiorP! Hence it is expected that amino

substituents at phosphorus strengthen the bonds toward the (2) The phgsphlnq group in the type Ii SPECIes 1S better
. : . ._Suited to stabilize a singlet ground state for the higher element
neighboring divalent element centers. We have probed this

effect for the carbon case (Figures 5 and 6). homologues of group 13 as compared with the structures of

The PC bond to the divalent carbon is slightly shortened YP€ - On the basis of the quantum chemical calculations,

as compared with the parent compound (Figure 3), and thethese higher glement homologous should possess strongly
. . pronounced singlet ground states.
negative charge is enhanced.

For the energy considerations of the group 14 carbene (3)Amino substituents at the phosphorus (type Il species)
homologues we restricted to an analysis of singtgplet induce an increase of negative charge at the element E, as

separations (Table 2). As already reported for the heterocyclicProbed for E= C.
diphosphinocarbene the gap between both relevant electronic
states is fairly small. It considerably enlarges for=ESi

and Ge. However for the cyclic structures and in comparison
with the type | Arduengo carbenes, they result still lower in
magnitude. For the latter (E C) a singlet-triplet separation 1C030234U
of 79 kcal/mol has been calculat&®d-or completeness for
the other type | congeners they were also calculated (see(53) (a) Harris, D. H.; Lappert, M. K. Chem. Soc., Chem. Comm(874
Table 2). In other words the hitherto experimentally unknown SD%?tb(r?)Tg?\\gisg% sz'éé;. ?c%%i’v%sgﬁ,%:é%?;egémg §h§TL§’§§é’n,
type 1l species should be valuable targets for experimental M. F.; Power, P. P.; Slade, M. J.; Hedberg, L.; Hedberg, K.;
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