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1 Introduction

Experimental and computational investigations of reagesment and decomposition path-
ways of molecular phosphine transition-metal complexesadrfundamental interest in
coordination and organometallic chemistry and in cataly€ne of the central topics of
our research group is the chemistry df-2zaphosphirene complexgésand the genera-
tion, reaction and/or rearrangement of reactive interated? (i) (so called phosphinidene
complexes) an@ (nitrilium phosphanylide complexes) (i) from precursdr3. Recently,
we had discovered that electrophilic terminal phosphinétingsten complexeswith
bulky substituents at phosphorus (R sMke; or CH(SiMe&;)2) do not dimerize in the
absence of trapping reageht3 herefore we became interested in their fate. The compu-
tational studies comprise a density functional methodetasudy of the hypersurfaces of
phosphinidene complexé&sand nitrilium phosphanylide complexésas well as a char-
acterization of bonding situations by the method of the daanpe matrix; probing and
establishing this rarely used method - especially in the fiétransition metal complexes
- makes it a goal in itself and will be discussed below.

(OC)SWg\P/R (OC)5W\P/R |
K e e
||| Ar/c;N - ArCN P
CAr
3 1

Scheme 1. Rearrangement and decompositiorHeiZaphosphirene complexgés

2 Computational Methods

All optimizations and frequency calculations were perfednusing GAUSSIAN 03
RevB.03 on the IBM Regatta p690 cluster (JUMP) of the John von Neuniastitute
for Computing (NIC) at the Forschungszentrum Julich. Tia@dard method throughout
this work is B3LYP/6-311G(d,p) combined with an effectivare potential description of
tungsten using the Los Alamos LanL2DZ (for short: B3LYP/BE8/LanL2DZ). Sta-
tionary points have been characterized by analytical stdenivatives (the Hessian) with
respect to redundant cartesian coordinates. Transitairss{one imaginary frequency)
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were identified by a reaction path following (IRC). The Hassprovided by the GAUS-
SIAN 03 calculation was transformed to non-redundant ivecoordinates using Pulays
INTC/FCTINT set of algorithm& The inversion of the transformed Hessian to the com-
pliance matrix was accomplished by standard metRods.typical production job, e.g.
C19H24NO5sPSLW 1 (Scheme 1) with 242 electrons, uses more than 1000 Gaussa&s-
functions and thus needs parallelized computations orpfastessorsyhich can only be
provided by a computing centre like the John von Neumanitdtestor Computing (NIC)

3 Usage and Interpretation of the Compliance Matrix

The physical model behind force constants and thus conmgdi@onstants is a spring
model: if the molecule at equilibrium geometry is distorteda vibrational movement
the various internal coordinates (modeled by springsyatteaccording to the molecular
force field. In the harmonic approximation to vibrationagddiny the molecular hypersur-
face describing a vibrational movement is locally apprcadied by a quadratic form (k)

in the displacements of the internal coordinates (bondyeandihedrals and linear com-
binations thereoff) from their equilibrium values

2V = Ax'(Hy,)Ax, (1)

where (Hy) is the matrix of second derivatives (Hessian) at a statiopaint, the
diagonal elements ki are the force constarftsEquivalently the change in potential energy
during a vibration is described by a quadratic form in theésr(force displacementsf
to be precise) instilled in the coordinates upon distorffom equilibrium geometry

2V = Af'(Cix) A, )

where (Gi) = (H;z) ™! is the compliance matrix (inverse Hessian) at a stationaigtp
the diagonal elements,g of which are the compliance constants (i\drhdyn] for bond
stretchings and in [rad/mdyn] for angle bendings); thedifgonal elements are associ-
ated with the couplings of the coordinates. While in the rgprinodel force constants
Hj describe the stiffness (resistance against distortiangtimpliance constants.Care
associated with the compliance of coordinat k

4 Experimental and Theoretical Results

4.1 Formation of a Nitrilium Phosphanylide Complex

From experimental investigations of the thermolysis Ht&zaphosphirene complésat!
the existence of nitrilium phosphanylide comp&a(Scheme 1, path i), R = CH(SiM#&,

Ar = Ph) as a reactive intermediate has been concludedugthalue to its assumed short
lifetime, there was no spectroscopic evidence for the inéeliacy of3a, so far. The DFT-
calculations on the hypersurfacelgfunambiguously showed that nitrilium phosphanylide
complex3ais an isomer; the formation of which via a still unknown tritios state pro-
ceeds endergonically by 19 kd/mol. A comparison of seleexgerimental (X-ray crystal
structure) and calculated bond lengthslafas well as calculated bond lengths3af can

be taken from table 1. There is satisfying agreement betwrperiment and theory con-
cerning the geometry dfa. It is noteworthy, that irBathe almost linear benzonitrile unit
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(angle NCC inla: 135 degree) is attached to a strongly pyramidal phosphsus of
bond angles at P: 326 degree); the compliance constant Bfbheontact (O.55:§dmdyn)
provides a likely description daas a N-P donor adduct of benzonitrile to phosphinidene
complex2b (see Scheme 2, Figure 2 below).

la la 3a
Exp. Calc. Calc.
2 ALl [ALP]  [ALI7]
W-pP 2.470(2) 2.551 2.628
P-C(N)  1.759(5) 1.781 -
P-C(H) 1.808(5) 1.849 1.892
P-N 1.795(4) 1.821 1.752
C-N 1.272(7) 1.271 1.165
X Z(P) 326
la 3a

Figure 1. (hydrogens except PCH are omitted) Table 1

4.2 Formation of a P-SiMes-Substituted n*-E-Phosphaalkene Comple¥

As experimentally shown heating diluted ortho-xylene sohs of 2H-azaphosphirene
complexla afforded almost quantitatively and stereoselectivelyRF&iMe;-substituted
n'-E-phosphaalkene compleba (Scheme 2). The rearrangement of the thermally gener-
ated short-lived phosphinidene complex [(@@){PCH(SiM&)2}] 2 to complex4 was
completely unexpected; we assume that a 1,2-(C-P)-triyteiyl shift takes place in this
case. Although the chemistry of short-lived electroph#ioninal phosphinidene tungsten
complexe& has received increased attention during the last yearsalpabecause of the
versatility of 2H-azaphosphirene complextspnly a single example of a rearrangement
yielding aP-Cl-substituted;' -phosphaalkene complex - via a 1,2-chlorine shift - has been
reported, so fap.

OC)sW. CH(SiM i
(OC)s \P/ (SiMe3), (OC)5W\ /CH(SiM83)2 (OC)sW SiMes
/ \ —_— —0 = P—=C

d=\ - PhCN .
F,h/ MesSi H
la 2a,b 4a

Scheme 2. Rearrangement of transient phosphinidene coesgle,binto 4a,b.

DFT calculations in order to study the rearrangement of gearbonyl-tungsten phos-
phinidene complexega (anti-periplanar) an®b (synperiplanar) to the corresponding
phosphaalkene complexéa and4b revealed that the formation of the C-P double bonds
proceeds via transition state compleX&a andTSb (Figure 2; hydrogens except P=CH
are omitted).
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Figure 2. Phosphinidene complex2s,b, transition state§Sa,band phosphaalkene complexéssb.

In consequence, this rearrangement represents an imegrasid unique example of
an intramolecular 1,2-silyl shift in phosphinidene compbemistry. Relative energies
of the 1,2-silyl migration of2a,b to correspondingta,b can be taken from figure 3.
Anti-periplanar phosphinidene compl&a rearranges via transition stait&a to the E-

Rel. energy [kJ/mol]

160

140 +

120 4

100 +

80 -
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40 +

20 4

2ant)

2b (syn

TSa

—_— —anti->E
TSh —sy;n->2Z

S (OC)W H
P—C 4b
| Me3Si \S'M
- MesSi 2 iMe3

(OC)sW SiMes
P—C
MesSi \H N
€35l (E)

Figure 3. Energy profile of the 1,2-(C to P)-silyl migratian2a and2b.

phosphaalkene compl&a. C; symmetric phosphiniden&s,b exhibit a long and a short
C-Si bond; the former is the one involved in forming the thneembered ring of the transi-
tion state which contains a five-coordinated silicon ceritsym an estimated singlet-triplet
gap of about 40 kJ/mol under thermal reaction conditionsphmidene complefacan
choose from two concurrent pathways: either undergo a éasition from the triplet ex-
cited state or - in the absence of suitable reaction partrerange t&-phosphaalkene
complex4a; the reverse 1,2-silyl shift is hindered by a substantiatibaof about 144
kJ/mol. These findings agree well with experimental reswhere reaction conditions

86



could be optimized to synthesize pentacarbonyltungstespitaalkene completa from
the H-azaphosphirene compléa. Apart from a smaller barrier (54 kJ/m@hato 4avs.
74 kJ/mol for2b to 4b) the major difference betwedrSaandTSb can be seen by compar-
ison of the P-Si and C-Si bond lengths involved in the tramsistate. WhileTSa s early
(according to the C-Si bond lengths)Tisb the position of the silicon center is almost in
between the originating carbon and the phosphorus.

4.3 Further Local Minima on the Hypersurface of [(OC)sW{PCH (SiMe3)2 }]

So far at least six further local minima and a transitionestaive been located; four of
them are shown in scheme 3 and figure 4.

(OC)sW  SiMes (OC)sW /SiMe3 (OC)sW  SiMeg SiMes;
P— C\ /P=C\ /F’:C\ (OC)SWVF): C
Me3Si H H SiMez H SiMe3 H SiMez
4a 5a 5b 6a
Scheme 3.

Due to the CH(SiMg), substituent at phosphorus phosphinidene compl2agscan also
undergo a 1,24-shift to yield phosphaalkene complexga,b and, by a still unknown
transition state, highly unusual compléa The nature of the related transition-state com-
plex 6b (figure 4) remains to be clarified since reaction path follay«alculations were
not conclusive yet. There is no automated way to find isomeesgiven sum formular.
From the literatur® the ability of phosphinidene complexes to undergo intramlar
C-H insertions is known. Thus we could locate correspondingers7a,b (Scheme 4,
Figure 4; only selected hydrogens are shown for clarity)ictvlare thermodynamically
more stable than phosphinidene complefagh by 100 kJ/mol and even more stable
than the phosphaalkene complesdry 30 kJ/mol 7b) and by 20 kJ/mol{a) respectively.

SiMes hs H  SiMe;
(OC)sW CH(SiMes) (OC)W | (oc)5w\| |
5 3)2
x P H 0 P H
N\ | |
H,C——Si—Me Si—Me
2a,b 7a,b
Me Me

Scheme 4. Intramolecular C-H insertion reaction of phasgbne complexe&a,bto yield 7a,b.

5 Use of Compliance Constants for the Description of Bonding
Situations

A compliance constant is the displacement of a bond due tegpécation of a unit force
on that bond including reorganization. That means, a highererical value is connected
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ey

Figure 4.

6a 6b (transition-state)

with a weaker bond. Introduced to vibrational theory by Detiand other¥ experimen-
tal compliance fields obtained by Jones and Swanson fronatidmal data clarified the
bonding forces in metal cyanides and carbotylhile Williams used compliance matri-
ces for the description of chemical reactivftyCalculations of full compliance fields have
been used to investigate Ga45and Si-C? multiple bonds, the metal-metal bond char-
acter in homoleptic transition metal carborfjjshydrogen bonds in Watson-Crick base
pairg* and polyphosphorus compour@sRecently, Andreoni and coworkers used com-
pliance constants plus Car-Parinello molecular dynammikitions in order to analyze a
proposed Si-Si triple bortl We could show recently the usefulness of compliance con-
stants in the description of agostic interactdnsin order to use compliance constants
(diagonal elements of the compliance matrix) to assessttbegth of a particular bond
type (e.g. a tungsten-phosphorus bond) a set of referemspamnds has to be calculated
(Figure 5). From the statistic three different strengthbafding interactions can be in-
ferred: tungsten-phosphorus triple bonds range from (Bﬁcmndyn while phosphinidene
complexes of the type [(OGWR] seem to have a W(C@®unit doubly bonded to phos-
phorus; ordinary W-P single bonds have compliance corstaeater than OfA/mdyn.

1.210
1.200 -

w-P
0.900 4 0.771
0.611 0.622

0.858 0.901

| 0.511 0.541
0600 0.408

0.220 0.274

0.300

0.000 -

8 9 10 1 12 13 2a 14 15 16 17
R=H Me  Ph CH(SiMe,), (16) [(OC)W-P=C~H]
P .
Me,Si._ lI| SiMe, [(OC),W=PR] (15)[(OC).W-PH,]

N—"N sime, (COoRW,_
N

Figure 5. Compliance constants of P-C bonded compddnds

By a similar procedure phosphorus-carbon triple (’Q’mdyn), double (0.15-0.é/mdyn)
and single bonds (0.3-0A4¥mdyn) can be identified (Figure 6). For example the P-C com-
pliance constant of phosphaalkene complex [(MZ)HP=C(SiMe)-}] (Scheme 3) falls
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well within the range of a double bond (0.182mdyn).

0.400 4
0.342 0.360
P-C
0.300 4
0.198 0.200
0.200 - 0.169 0.189
0.096
0.100 -
16 14 4a 17 18 13 19 20 2b 12

0.000 -

0.385 0.403 0.404

(16) [(OC),W-P=CH] (17)[Cp(OC),W-P=C(SiMe,),] (19)[(OC),W-PH,Me] (12) [(OC),W-P-Me]
(14) [(OC) ,W-P(H)=CH,] (18)Me,N-P=C(SiMe,), (20)Me-P=N-Me
(4a) [(OC),W{Me,SiP=CHSiMe,}]  (13)[(OC);W-P-Ph] (2b) [(OC),W-P-CH(SiMe,),]

Figure 6. Compliance constants of P-C bonded compdinds
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