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phospholes, in which, according to theoretical
studies, the replacement of CH groups by P
atoms induces an increasing tendency towards
planarization of the tricoordinate phosphorus
center in the ring.>* A milestone in this field
was the first synthesis of aromatic 1,2,4-triphos-
phole derivatives.>

In the course of our systematic investigations
towards the synthesis of novel heterophosphole
complexes with a tricoordinate phosphorus
atom and onel”l or twol®'% further heteroatoms
in the ring, we have now obtained the first 1,3,4-
triphosphole complex 3 in good yield (>90% of
crude product) by thermally induced, regiospe-
cific insertion of the phosphaalkyne 2(! into the
P—P bond of the 1H-diphosphirene complex 1
(Scheme 1); preliminary results will be reported,
hererafter. The starting material 1 is readily
available by methanolysis of 4.7 Formation of a
regioisomer of 3 was not observed.

As a possible reaction mechanism for the
formation of 3 we postulate the initial formation
of a phosphanediyl 5, which then undergoes a
[2+1] cycloaddition with 2 to give the 1H-

(0C)sW

diphosphirene derivative 6, which in turn under-  complex 3.
goes a ring expansion to afford the 1,3,4-
triphosphole complex 7. A subsequent 1,3-shift
(OC)sW  CH(SiMes),
A 1 Pr(Me;SN—C=P 2
PrHN—C P 75 °C, toluene
|CH(SIM€3)2
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Scheme 1. Reactions of the 1H-diphosphirene complexes 1 and 4 with
phosphaalkyne 2.

of the (CO)sW fragment in 7 yields the final product 3
(Scheme 2). These hypotheses are based on former results and
model considerations of the chemical behavior of reactive 1H-
diphosphirene complexes, for which P—PI3! or P—C bond
cleavage processes!'l have also been suggested as primary
reaction steps. Likewise, migrations of coordinated metal
complex fragments from o°1%- to o¢?A3-phosphorus centers
have been reported repeatedly.'> "] Surprisingly, control
experiments revealed that the 1H-diphosphirene complex 4
failed to react with 2 under similar conditions. Even though
the lack of significant differences between the molecular
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Scheme 2. Proposed reaction mechanism for the formation of the 1,3,4-triphosphole

structures of complexes 1 and 4 (vide infra) gave no explicit
clue for a different bonding situation, we propose as the most
reasonable explanation of this remarkable chemoselectivity
that the activation energy required for the formation the
reactive intermediate of type 5 is liable to considerable
electronic substituent influences.

The constitution of complexes 1, 3, and 4 follows unequiv-
ocally from their NMR and MS data.l'"®! In addition, the
molecular structures of complexes 1 (Figure 1) and 4 were
determined from single-crystal X-ray diffraction studies.['"]

Figure 1. Molecular structure of compound 1 in the crystal (thermal
ellipsoids at 30% probability level; H atoms are omitted for clarity).
Selected bond lengths [pm] and angles [°]: W-P1 251.97(12), P1-C6 183.2(3),
P1-C13 178.8(3), P1-P2 217.56(14), P2-C13 169.6(3), C13-N 132.7(4); P2-
P1-C13 49.49(10), P2-C13-P1 77.22(13), C13-P2-P1 53.28(10), P2-C13-N
142.4(2).
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The individual bond lengths and angles exhibit no peculiar-
ities and show close similarities in both complexes. The
dihedral angle C14-N-C13-P2 in 1 (—173.7°) indicates an
almost coplanar orientation of the amino group relative to the
plane of the three-membered ring, with the bulky substituent
on the nitrogen atom pointing away from the coordinated
phosphorus atom. Conjugation between the P—C double bond
and the lone pair of electrons at the nitrogen atom is indicated
by the relatively short C—N distance. Interestingly, and in
contrast to other 1H-diphosphirene complexes that have less
sterically demanding substituents at the o*-phosphorus
atom,['® %] only a single conformer of 1 is observed even in
solution.

The postulated constitution of 3 was further substantiated
by an X-ray diffraction study, even though an adequate final
refinement of the structure proved impossible owing to severe
disorder of the iPr(Me;Si)N group. Nevertheless, the available
data provided evidence for a weakly pyramidal configuration
at the o’-phosphorus atom’ which points to the presence of a
low inversion barrier and can be understood as a step towards
aromatization of the cyclic & system.[ ¢

The assumption of a low inversion barrier at the o°-
phosphorus atom was corroborated by solution NMR studies.
The "H NMR spectrum of 3 at 25 °C displays a broad signal for
the methyl protons of the (Me;Si),CH substituent, which
decoalesces when the temperature is lowered, and finally
splits into two equally intense singlets at —45°C. Similar
splittings were observed for the methyl protons in both N-
isopropyl groups. The results of lineshape analyses revealed
that all three exchange processes occur at the same rate and
can thus be assigned to a single dynamic process whose
activation parameters were determined from an Eyring plot as
AH*=41.4+12kJmol~'and AS*=—50+5 eu. Based on the
analysis of 2D 'H ROESY spectra taken at different temper-
atures, the observed effects can be explained as the result of
hindered rotation of the iPr(Me;Si)N group which at —45°C
is frozen in a notably twisted orientation relative to the ring
plane.?!l Additional NMR measurements gave no evidence of
further dynamically induced signal-broadening effects down
to —92°C. In summary, these findings prove that the P
inversion in 3 must proceed at the same rate as or a higher rate
than the rotation of the iPr(Me;Si)N group, and that the
activation barrier for the amine rotation can thus be regarded
as an upper limit for the P-inversion barrier.

To gain a better estimate of the magnitude of the
P-inversion barrier in the 1,3,4-triphosphole 3, quantum-
mechanical model calculations (at the B3LYP/
6-31+G(d)+ZPE level)?> ! were carried out. The results
indicate an increase of the inversion energies for the
compounds H,C,P;H (8), H,NMH)C,P;H (9), and
(H,N),C,P;H (10) with increasing number of amino groups
(AE=252 (8), 53.6 (9), 70.7 (10) kJmol™!). This trend is
markedly reduced when one considers for 9 and 10 inter-
conversion between conformers that represent transition
states with respect to C—N bond rotation and feature a nearly
orthogonal arrangment of the lone pairs of electrons on the
NH, groups and the  orbitals in the ring, respectively (AE =
16.8 (9), 21.3 (10) kJmol!). A stabilization of an appropriate
conformation for the iPr(Me;Si)N group in 3 together with

Angew. Chem. Int. Ed. 2001, 40, No. 13

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

the influence of the sterically demanding (Me;Si),CH sub-
stituent, which acts in favor of a planarization of the o*-
phosphorus atom,[! should be sufficient to decrease the
P-inversion barrier to a few kJmol~.

Fragmentation of 3 in negative-ion CI mass spectra occurs
by elimination of 1,1-dimethylsilaethene and 1,1-dimethyl-1-
silapropene to give first a triphospholide complex
{@@Pr(H)N),C,P;}'*W(CO);s]~ (m/z 555), and further by
cleavage of the W(CO);s fragment to yield the free triphos-
pholide [(iPr(H)N),C,P;]~ (m/z 233). Additional studies
aimed at the realization of reductive cleavage of the exocyclic
(SiMe;),CH group in condensed phases and the achievement
of m tuning in the 1,3,4-triphosphole ring system by trans-
formation of the amino functions in 3 are currently in
progress.

Experimental Section

1: Complex 4 (0.688 g, 1 mmol) was dissolved in n-pentane (10 mL),
methanol (2 mL) was added at room temperature, and the solution was
stirred for approximately 60 min at 30°C; the end of the reaction was
determined by 3'P NMR spectroscopy. The solution was evaporated in
vacuum (ca. 0.1 mbar) and the solid residue was dissolved in n-pentane
(5 mL), cooled to —25°C, and the resulting precipitate separated from the
supernatant solvent. The obtained solid was washed several times with
small quantities of n-pentane, and dried in vacuum. Yield: 295 mg (48 %),
m.p. 47°C (decomp). Selected NMR data: BC{H} NMR (50.3 MHz,
CDCl;, 25°C, ext. TMS): =188 (dd, 3/(PC)=3.7, “/(PC)=4.3 Hz;
Si(CHj;)s), 2.10 (d, 3/(P,C) =2.2 Hz; Si(CH;)5), 21.5 (s; NCHCHj;), 22.0 (s;
NCHCH;), 26.9 (dd, 'J(P,C)=42.2, %J(P,C)=10.0 Hz; PCH), 52.3 (d,
3J(P,C)=2.2 Hz; NCH(CH,),), 193.3 (dd, J(P,C)=79.1, 33.3 Hz; PPC),
1972, (d, 2/(P,C)=8.2, J(W,C) =126.8 Hz; cis-CO), 2004 (d, 2/(P.C)=
30.3 Hz; trans-CO); 3'P{'H} NMR (81.0 MHz, CDCl;, 25°C, ext. 85%
H;PO,): 6=-31.6 (d, J(PP)=1275Hz), —150.6 (d, J(PP)=1275,
1J(W,P) =264.4 Hz).

3: 1H-diphosphirene complex 1 (0.246 g, 0.4 mmol) was dissolved in
toluene (6 mL), N-trimethylsilyl(isopropyl)aminophosphaethyne (0.14 g
(0.80 mmol) was added, and the solution was stirred for 3 h at 75-80°C.
Completion of the reaction was determined by 3'P NMR control. The
solution was then evaporated in vacuum (0.01 bar), the red oily residue was
dissolved in n-pentane (3 mL), and complex 3 was crystallized at —20°C.
Complex 3 was obtained as a bright red solid after drying in vacuum. Yield:
110 mg (35 %), m.p. 108°C (decomp). Selected NMR data: *C{'H} NMR
(754 MHz, CDg, —50°C, ext. TMS): 6=6.8 (d, J(PC)=23Hz;
CH(SiCHs;);), 7.1 (d, J(P,C)=2.3 Hz; CH(SiCH;);), 8.6 (s; N(SiCH,);),
20.4 (dd, J(P,C) =55.5, 7.1 Hz; (Me;Si),CH), 25.6 (s; HNCHCHs;), 28.9 (s;
SiNCHCH;), 29.6 (d, J(P,C)=3.8Hz; SINCHCH;), 543 (d, J(P.C)=
15.3 Hz; HNCH), 61.1 (d, J(P,C)=7.6 Hz; SINCH), 186.6 (ddd, J(P,C) =
21.8, 5.9, 5.5 Hz; P'C), 201.5 (dd, J(P,C) =4.1, 3.2 Hz; cis-CO), 204.7 (dm,
J(P,C) =28.2 Hz; trans-CO), 216.3 (ddd, J(P,C) =776, 28.0, 4.9 Hz; P>C);
3P{'H} NMR (121.5 MHz, C,Dg, —30°C, ext. 85 % H;PO,): 6 =220.9 (dd,
J(P,P?) =422, J(P.,P%) =126, J(W,P') =230 Hz; P'), 88.3 (dd, J(P2P')=
422, J(P2P?)=26, J(W,P?)=25Hz; P?), 404 (dd, J(P®P')=126,
J(P3P?) =26 Hz; P%).
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Unexpected Splitting of ansa-Ytterboacene and
ansa-Calcoacene: Formation of
[ (7*-C,H) ZxCly(thf);] and (Me;Si),C,,Hg**

Igor L. Fedushkin,* Tatyana V. Petrovskaya,
Mikhail N. Bochkarev,* Sebastian Dechert, and
Herbert Schumann*

Recently we reported on the synthesis of the C,-symmetric
trans-rac-ansa-lanthanoacenes!!! [ (5°-C,Hg),M(thf),] (M=
Yb, 1; Sm, 2) by reductive coupling of acenaphthylene (acene)
with activated metallic ytterbium or samarium.?! The acenyl
radical anions formed in the course of these redox reactions
dimerize to biacenyl dianions which stereoselectively coor-
dinate the simultaneously formed M?* cations. In contrast, the
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