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The syntheses of the (9-anthracenyl)phosphanes 2 to 7 and of
the metal carbonyl complexes 8 and 9 are described. Both 1
and 4 undergo {4 + 4] cycloaddition when irradiated, forming
the dimers 10 and 11. Only one of the six possible rotamers
for 10 is formed. For 11 one additional rotational isomer is
observed. The relationship between the {4 + 4] dimerization
and steric effects of the PR, group is discussed. The compounds
6, 8 and 11 were characterized by X-ray diffraction. The struc-
ture of 6 was rendered imprecise by the presence of disordered
toluene, but the influence of the bulky anthracenyl groups was

clear, with wide C—P—C angles of 110.4°. The molecule
displays imposed threefold symmetry. The two independent
molecules of complex 8, which crystallizes as a dichlorome-
thane hemisolvate, are closely similar to each other; the W—P
bond lengths are 254.3 and 253.4 pm. The W—C bonds trans
to phosphorus are 4 pm shorter than those cis. The phosphane
dimer 11 crystallizes with imposed centrosymmetry. The H
atom positions, which could be tentatively identified from
difference syntheses, indicate a different rotamer than was
formed for the analogous fluorophosphane dimer 10.

Since Fritzsche initiated studies of the photochemistry of
anthracene” and the anthracene dimer was correctly deter-
mined to be the irradiation product™, a large number of
anthracene derivatives have been prepared and the effects
of different substituents investigated. Halogen, alkyl, aryl
cyano, carbonyl, oxy, and silyl groups have been the com-
monly studied substituents. Substituents in the 9-position
(see Figure 1) have the largest influence, be it steric or
electronic™,
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Figure 1. The numbered positions of 9-phosphorus-substituted an-
thracenes

Recently, the synthesis of (9-anthracenyl)difluorophos-
phane 1 (to the best of our knowledge the first anthracene
derivative with phosphorus as a substituent in the 9-posi-
tion), of its dimer, 10, and of a Pt complex were reported .
We now report the synthesis of additional (9-anthracenyl)-
phosphanes, dimers, and complexes (compounds 2—9 and
11—13). Like (9-anthracenyl)difluorophosphane, these com-
pounds are relatively stable solids. (9-Anthracenyl)dichio-
rophosphane (2) and (9-anthracenyl)phosphane (4) in which
the chlorine or hydrogen atoms can be easily replaced, are

well-suited for further reactions. (9-Anthracenyl)phosphanes
can be used as ligands in metal complexes. Surprisingly,
despite the bulk of the anthracene ring, we were able to
prepare and determine the crystal structure of tris(9-anthra-
cenyl)phosphane (6) (Figure 2).

Figure 2. X-ray crystal structure of compound 6, showing the num-
bering scheme of the asymmetric unit

Anthracene undergoes [2 + 4] and [4 + 4] cycloaddi-
tions™, After irradiating (9-anthracenyl)difluorophosphane
(1) and (9-anthracenyl)phosphane (4), we observed [4 + 4]
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addition, as indicated in the 'H-NMR spectra by the upfield
shift of the proton in the 10-position®. When substituents
are present, the anthracene rings can dimerize either head-
to-head or head-to-tail®™. Formation of the head-to-tail iso-
mers of (9-anthracenyl)phosphanes was observed.

The rotamers of the dimers of (9-anthracenyl)phosphanes
were also investigated. The PR, group, with its free electron
pair, has the three possible rotamers shown in Figure 3, in
relation to the 1- and 8-protons of one anthracene ring and
the 10-proton of the other. Of these B and C are equivalent.
The rotamers found in the anthracene dimers indicate which
rotamers of the monomer are favoured. For the (9-anthra-
cenyl)difluorophosphane dimer 10, only isomer A is present,
indicating that for the monomer both fluorine atoms are
also located on one side of the anthracene ring. This cor-
responds to Parr’s calculations as to the most stable rotamer
of difluorophenylphosphane®.

R R
H(1 H(8) H(1) H8)  H(1 H(8)
R R R R
H(10) H(10) H(10)
A B C

Figure 3. The rotamers of 9-phosphorus-substituted anthracenes
are shown using Newman projections along the P—C(9) bond

It was of interest to evaluate the ligand properties of (9-
anthracenyl)-substituted phosphorus(Ill) compounds, and
the reactions of 4 and 7 with Osy(CO){(CH;CN) and
W(CO)s were chosen as examples.

9-(Difluorophosphino)phenanthrene (12) was synthesized
by a preparation similar to that for 1 from the appropriate
9-lithio precursor and PF,CL Its use as a ligand in the plat-
inum complex 13 is also reported.

Results and Discussion

The synthesis of 1 is a clean reaction with a yield of 96% '€,
1is indicated in the ¥ P-NMR spectrum by a triplet at § =
220.4 and in the YF-NMR spectrum by a doublet at § =
—94.7 with Jpr = 1157 Hz. The presence of ca. 1% of bis(9-
anthracenyl)fluorophosphane is indicated by a doublet at
0P = 175.6 and by a doublet at 8F = —193.9 with Jpr =
881 Hz

The preparation of 2, similar to preparations of other
dichlorophosphanes®, by slow addition of 9-lithioanthra-
cene to a large excess of PCl,, results in a bright yellow solid
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with a *'P-NMR resonance at 8 = +159. This shift is very
close to that for dichlorophenylphosphane (6P = 161). Pu-
rification of 2 is difficult, because of the impurities n-butyl-
anthracene (from the side reaction of 9-lithioanthracene with
n-butyl bromide) and anthracene. Bis(9-anthracenyl)-
chlorophosphane (3) is often a side product in this reaction,
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as indicated in the **P-NMR spectrum by a signal at § =
+ 80 (cf. 0P = + 80 for chlorodiphenylphosphane). Careful
sublimation, with prior removal of anthracene, works best
for the purification of 2, although the process destroys 3,
making its full characterization impossible.

Chlorine —phosphorus bonds can readily be hydrogen-
ated by LiAIH,!"Y. In this manner, (9-anthracenyi)phos-
phane (4) is prepared from 2 with a yield of 38%. Reaction
of a mixture of 2 and 3 with LiAlH, gives both 4 and bis(9-
anthracenyl)phosphane (5) as products. 4 can be purified by
sublimation or by recrystallization from ethanol to give a
yellow solid with 8P = —157. Proton-coupled *P-NMR
spectra show a triplet with Jpy = 206 Hz, as expected for
PH, groups. A doublet at § = 4.2 with the same coupling
constant was seen in the !H-NMR spectra. 5 remains in the
sublimation residue and can be recrystallized from a mixture
of CH,Cl; and toluene. ¥P-NMR spectra of 5 show a dou-
blet at 8 = —100 with Jpy = 236 Hz. The signal for PH
with the corresponding coupling constant in the 'H-NMR
spectra was shifted downfield to 6 = 6.7.

(9-Anthracenyl)dichlorophosphane (2) decomposes with
formation of anthracene when traces of water are present.
This is evident in the mass spectrum for the product of the
reaction of 2 and D,0O, which shows a peak at m/z = 179
(CsHoD). The 'H-NMR spectrum is similar to that of an-
thracene, but with an integral ratio of 1:4:4 (9-deute-
rioanthracene) instead of the usual 2:4:4 ratio. When the
experiment was repeated with liberal amounts of H,O pres-
ent, a yellow insoluble substance was obtained. Based on
microanalyses, we believe that this substance is (9-anthra-
cenyl)phosphonous acid.

Repeating the reaction of 9-lithioanthracene with PCls,
using a 3:1 molar ratio, results in a deep red solution. The
mass spectrum of the precipitated red solid, with a peak at
m/z = 562, indicates the presence of tris(9-anthracenyl)-
phosphane (6). The *P-NMR spectrum, with a signal at §
= 44, has a shift value reasonable for 6. Because of the
large size of the anthracene group, we had not expected to
find three anthracene groups connected to phosphorus.
However, the X-ray crystal structure investigation (see
Figure 2) shows that the rings in 6 are not distorted.
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Table 1. 'H-NMR data of 9-anthracenylphosphanes (numbering see
Figure 1)

Compound 1.8-H 10-H 2.7-H

{Solvent)

45-H 3.6-H R

CyHgPF,'*7 § 8.97 dddd 5 8.56 s 5 7.99 d(br) 5 7.60 ddd 5 7.50 ddd

(cpciy =88 J34=82 J,=88 Jg, =81
| J=14 12‘3 = 6.6 12.3 = 66
J=22 J=16 Jl,:! =12
Jlg= 1t
CHgPC;2"5 9.04 ddd 3 8.47 5 57.89 dd 3 7.52 ddd 5 7.37 ddd
(cociy) Jia =90 I34°83 Jj;=90 Jg, =82
2 J=18 =07 Jo3 =66 Jya =67
Jig=08 I=13 Jiz=10
CHyP™ 584 dm 38335 3789 dbr) 5747 ddd 373 ddd 5434
(CDCly) Jyg =85 3y =80 Loa=86 Iy, =80 I =
206.4
4 Jy3=67 Jyq4=66
J=17 =14
CogHgP™ 5855 ddd 5832s 5785dd 5721ddd 57.28 ddd 5673 d
(cocty) Iy, = 838 Jg4 =83 Jj5=88 I3, =83 . =
= - - _ 235
S =17 J=05 lp3=66 Jyq=66
Ijg=09 =15 Jig=10
c42|-[271>“'] 585ddd 585s 5795dd 569 ddd 5 7.25 ddd
(cpcyy) Jig =94 34784 1,291 g =84
6 =33 J=07 Jpg =66 Jyq=65
Jg=09 J=14a Jyg =09
CoHigP™! 5 8.66 ddd 5850 s 5791dd 5720dd 7.32-7.26'7 5 7.15-
- _ - 7.08 mfd!
(cociy) Jyo =88 J34= 84 J5=90
17 J =49 J=06 J=14
J=073
CyyHygOPW 5 7.66 d 5850 s 3795 dm) 57.01ddd 5 7.28 ddd
Lal - = = =
(€DCly) Jyg= 906 J3,=845 Jyp =91 3, =83
8 Jp3 =66 Jp3=68
J=14 =1

5 7.54 dd'?? 5 7.50dd' 5 7.48-7.11 m'Y
J= 1145 = 1146

J=22 J=09

@ Recorded at 200.1 MHz. — ™ Recorded at 400.1 MHz. —
@ Multiplet due to both 3,6-H and phenyl protons according to
H—H COSY. — ¥ Signal for phenyl protons according to H—H
COSY.

(9-Anthracenyl)diphenylphosphane (7) is prepared from 9-
lithioanthracene and chlorodiphenylphosphane. This
method is preferable to the reaction of phenyllithium with
(9-anthracenyl)dichlorophosphane for stability reasons. 7 is
a yellow solid. The amount of n-butylanthracene formed
here is low, since the chlorodiphenylphosphane is added
directly to the lithium reagent.

7, like triphenylphosphane, acts as a ligand in metal com-
plexes. [(9-Anthracenyl)diphenylphosphane]pentacarbonyl-
tungsten (8) was formed by irradiating 7 in the presence of
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Table 2. "C-NMR data of 9-anthracenylphosphanes
Compound  C-1,8 C-4a,10a C-8a,9d c-2,7 C-36 C-45 c-10 c-9
{Solvent)
o 4H9PF2["‘] 51243dt 51307d $51346dt 51276 dt 51253 d 51293 51344 d S 129.8 dt
(CDCly) 3JCP= 286 9= 36 ZJCP= 182 J=3 J=15 J=15 IJCP= 50.9
f e Jop= 44 Y= 18 %) = 8.8
CigHPCILP s 1260°d 5 1311d 5 134.0 51275d 51254 5 129.8 5 135.1 5 128 olel
(CDCly)  J=12 J=38 J]=214 J=37 J =74
2 {c.dl
CH P s1272d 51312d 51349d  51261d 1249 5 129.3 5 129.0 not located
(edCly  ¥p= 146 ¥Jop 28 cpm 89 )= 14
4 [c.dl
CogHiyP™™! 51267d  51314d 51347d  512%3d  $1249 51295 5 129.7 5130.2 d
(CDCly) ] =151 J=26  J=100 J=16 =924
)
C,H, P 51270d  51316d 5134.8d  5126.1d 51249 51294 5 130.6 5 131.4%°?
(CDCly)  J=204 J=38 Jal6l J=17
6 idl
CogHigP™! 5128.4d 513678d $136.72d 3512597d 51251d 5 129.28 51319 d 5 126.0%¢?
(CDCl)  J=245 Jm134 J=14.0 J=11
7 {c,d}
CyHigOPW5 127.7d  51320d 5 1316d 51249 § 1250 5 129.6 51320 d 5 127.0 d'®?
(€DpCly)'t™ j =95 J=64 J=70 J =36

8 [c]

l Recorded at 100.6 MHz.

— ™ Recorded at 50.3 MHz. — !9 Determined by using H—C COSY. — ) Determined by using *C{*'P}.

— [ Tentatively assigned to C-9. — * Tentative assignments; may have to be interchanged with other values marked similarly. The
resonance of the *C-atoms of the phenyl rings in 7 and 8 are assigned as follows (8 values): 7: Phenyl-1 (131.8, d, J = 4.7); 128.4, d*,

J = 5.5 127.5*%, 131.5, d¥,

W(CO)s. To avoid difficulties in separating 7 and 8, penta-
carbonyl (n*1-cyclooctene)tungsten was added to react with
remaining 7. The excess tungsten carbonyls were easily re-
moved with the solvent under vacuum. The *P-NMR spec-
trum of 8 shows a singlet at 8 = +16.0 with 'J(PW) = 242.
This is comparable to a resonance of 8 = 20.9 and a cou-
pling constant of J(PW) = 243 for triphenylphosphane-
pentacarbonyltungsten'>'?, '*C-NMR and IR data are
compared in Table 3.

Compound 4 also acts as a ligand, replacing acetonitrile
in Os3(CO);;(CH3CN) to form the triosmiumdodecacar-

= 18.4. — 8: Phenyl-1 (1387, d, J = 41); 132.4, d*, J = 13.1; 129.7, d*, 7 = 2.2; 1288, d*, J = 10.6.

bonyl cluster 9. A comparison of its IR data with those of
related clusters is given in Table 4.

(9-Anthracenyl)phosphanes, when irradiated, enter an ex-
cited state and, when there is no steric hindrance between
the R groups and the 1- and §-protons of the first anthracene
ring and the 10-proton of the second, may dimerize. Our
investigations involved four different PR, anthracene deriv-
atives, with R = F, H, Cl, Ph where H and F are known
to have similar van der Waals radii.

Compound 10, the dimer of 1, is prepared by irradiation.
The '"H-NMR signal at 8 = 4.9 indicates that [4 + 4] addi-

Chem. Ber. 1992, 125, 2187 —2197
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Table 3. ”C and IR data for the 9-anthracenyldiphenyl- and the
triphenylphosphane-W(CQO)s complexes

CopHpgP'™ CgHP"™
#{COltrans 198.77 ppm 199.27 ppm
MCO)cis 197.04 ppm 197.28 ppm
Y ecis - 143.8 Hz
chtrans - 126.2 Hz
%Jptrans 22.2 Hz 22.0 Hz
% pecis 67 Hz 7.2 Hz
v {CO) 2078 cm’! 2070 cm™!
. (COY 1935 cm’l 1935 em’!

1 N'MR data are from a CDCI; solution and IR data from a CH,Cl,
solution (data for C;3H sP are found in ref. '),

Table 4. IR data for osmium carbony! clusters with phosphane

ligands
053(c0)nmsm 2112 w2058 ms 2038 ms 2022 vs 1989 m
Os4(CO) PH,PR™! 2110 m 2055 s 2036 s 20215 2003m 1991s 1976 m
05,(CO)Y, . PH, (Ant)’™®? 2109 m 2054 s 2038 s 2019 vs 1990 m 1980 ms
3y
Ant = CHHQ
¥ In CH,Cl,, ref.?”. — ® In cyclohexane, ref.i, — ! In CH,Cl,.

tion occurs, and the one signal in the *'P-NMR spectrum
indicates that only one isomer is present. As seen in the
X-ray structure of 10 (ref."'®)), this is the head-to-tail isomer
and the rotamer A, where both fluorines on each PF, group
are located between the rings and the lone pairs of electrons
above and below. Even at temperatures up to 105°C no
other signals appear in the ¥ P-NMR spectrum. The rotation
barrier of the PF, group in 10 seems to be high enough to
make other rotamers impossible.

Compound 11, the dimer of (9-anthracenyl)phosphane, is
prepared by irradiation of the monomer in a saturated tol-
uene solution. The dimer, being less soluble in toluene, pre-
cipitates. After 22.5 h of irradiation, a large amount of the
monomer still remains. The *P-NMR spectrum shows three
signals, one for the monomer, and two at 8 = —105 and
—107 in a ratio of ca. 1:2, indicating that two isomers of
the dimer are present. The 'H-NMR spectrum shows a dou-
blet for the PH, group, shifted from that of the monomer,
as well as additional peaks attributed to a second isomer.

Compound 11 can also be prepared by hydrogenating 10.
This method of preparation gave two *P-NMR signals at
8 = —105 and — 107, also in a ratio ca. 1:2, corresponding
to the signals seen above. The (9-anthracenyl)difluorophos-
phane dimer, 11, being head-to-tail, would only give head-
to-tail hydrogenated products. Thus, the signals must be due
to different rotamers. The possible rotamers of the PR, are
shown in Figure 3. Since two rotamers are present, the PH,

Chem. Ber. 1992, 125, 2187 —2197

2191

group must have a relatively low rotational energy barrier.
If one rotamer is not favoured over the other, the ratio of
A to B and C (which are equivalent) is 1:2. The B/C isomers
seem to be the more stable of the two rotamers, as seen in
the X-ray structure (see below and Figures 5 and 6). With
respect to the whole molecule possible combinations are A/
A, A/B, A/C, B/A, B/B, B/C, C/A, C/B, and C/C. Of these,
A/B, B/A; A/C, C/A; and B/C, C/B are identical. A/A (2/m)
and B/C (= C/B) (i) are achiral. A/B (= B/A) ({) and A/C
(= C/A) (2) as well as C/C (2) are enantiomeric (axial chir-
ality).

The irradiation of (9-anthracenyl)dichlorophosphane in
benzene is not as simple as in the case of (9-anthracenyl)d-
ifluorophosphane. After 35 h of irradiation, the *P-NMR
resonance for the monomer 1 barely exists, and a number
of other signals appear, among them the signal for PCI; at
& = +220, suggesting that a radical reaction takes place.

The phenyl groups of (9-anthracenyl)diphenylphosphane
appear too bulky for the monomer to dimerize. After 48 h
of irradiation, no changes in the 'H- or *P-NMR spectra
are seen.

Our investigations indicate that only 1 and 4 dimerize,
presumably due to their limited steric hindrance. In both
dimers, 10 and 11, the PR, groups do not rotate at high
temperatures, as seen in the high-temperature *'P- and 'H-
NMR spectra. This, as well as the close contact between F
and H in 10 and H and H in 11, as seen in the X-ray
structures of the dimers, suggest that PF, and PH, are the
largest groups allowing the derivatives to dimerize. Since
the initial isomer ratio for 11 prepared by dimerization is
the same as for 11 prepared by hydrogenation, and this is
the expected statistical 1:2 ratio, we believe that there is
only a small difference in the energies of the rotamers.

X-ray Crystal Structures of Compounds 6, 8 and 11

Tris(9-anthracenyl)phosphane (6): In the crystal the phos-
phane molecule (Figure 2, Table 5) displays exact C;-sym-
metry. The observed arrangement of the three bulky ligands
leads to a “dense” packing of the anthracenyl substituents
around the phosphorus atom. Thus, the carbon atom C(9)
directly bound to phosphorus has a distance of only 230 pm
from the hydrogen at C(1) of the neighbouring substituent
(compare the sum of the van der Waals radii 290 pm™¥).
The least squares planes of the two outer rings of the an-
thracenyl group display a dihedral angle of 7.6°. This slight
deviation from planarity might also be caused by non-bond-

Table 5. Selected bond lengths [pm] and angles [°] for compound
6. Symmetry operator (i) —y, x — y, z

P-C(9) 183.9 (4) c(1)-¢(2) 135.6 (10)
C(1)-C(9a)  142.4 (9) c(2)-¢c(3) 138.4 (8)
C(3)-C(b) 136.8 (12) C(4)-C(4A)  142.9 (10)
C(4A)-C(9A)  142.2 (7) C(4A)-C(10) 136.8 (10)
C(5)-C(6) 132.7 (11) C(5)-C(10a) 143.8 (11)
c(6)-c(7) 141.5 (8) c(7)-S(8) 134.1 (10)
C(8)-C(8A)  142.9 (8) C(8A)-C(9)  143.3 (8)
C(8A)-C(10A) 141.9 (7) C(9)-C(9a)  143.3 (8)
C(10)-C(10A) 140.6 (10)

€(9)-P-C(91) 110.4(2) P-C(9)-C(8A) 113.8(4)

P-C(9)-C(94) 127.1(5)
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ing interactions. C—C bonding distances in the rings lie
between 134 pm [C(5)—C(6)] and 144 pm [C(5)—C(10a)].

The high steric demand of the three ligands also has a
significant influence on the bonding geometry at the central
phosphorus atom. Although the P — C distance of 183.9 pm
lies in the normal range (cf. 183 pm in Ph,P"%), the bond
angles at phosphorus (110.4°) are clearly increased with re-
spect to normal values; they are ca. 7° larger than in Ph;P.
The only comparable values for triorganophosphanes are
found in trimesitylphosphane®®.

The angles at C(9) are also affected; P — C(9) —C(8a) nar-
rows to 113.8°, whereas P—C(9)— C(9a) widens to 127.1°.

[ (9-Anthracenyl)diphenylphosphane [ pentacarbonyltung-
sten (8): Compound 8 crystallizes with two independent mol-
ecules (and one dichloromethane) in the asymmetric unit
(see Figure 4, Table 6). This is the first X-ray crystal struc-
ture determination of a metal-anthracenylphosphane com-
plex. The two molecules show no major differences; the ori-
entations of the rings differ by up to 8°, with the anthracene
moiety approximately perpendicular to the W(CO);P plane
(dihedral angles 96 and 85°).

035 C;

C12 034
C% .

C10

Figure 4. X-ray crystal structure of compound 8, showing the atom
numbering scheme. Only one of the two independent molecules is
shown

The W —P bond lengths [254.3, 253.4(1) pm] in 8 are
similar to those of 251.6(2) pm observed in (Me;PYW(CO),"”
and 253.5(2) pm in (iPr;P)W(CO),'¥. However, we have ob-
served a shorter (CO)sW —P bond [248.5(3) pm] in a di-
phosphorus derivative!””. The additional precision associ-
ated with low temperature measurements shows clearly that
the W —C bonds (esd ca. 0.6 pm) trans to phosphorus (av.
200.1 pm) are shorter than those cis (av. 204.1 pm); in the
other W(CO); derivatives the differences were less signifi-
cant.

The anthracene ring systems are folded slightly about the
central axis C9---C10 (dihedral angles between outer ring
planes 9° and 8°). The folding is more pronounced at C9,
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Table 6. Selected bond lengths [pm] and angles [°] for the two
molecules of compound 8

W(1)-P(1) 254.3 (1) 253.4 (2) W(1)-C(31)  200.2 (6) 200.0 (7)
W(1)-C(32) 203.8 (6) 203.8 (6) W(1)-C(33) 204.6 (6) 203.7 (5)
W(1)-C(34)  204.9 (6) 204.2 (7) W(1)-C(35) 203.7 (6) 204.4 (6)
C(1)-€(2) 136.5 (6) 137.1 (8) C(1)-C(94) 143.0 (8) 142.7 (7)
€(2)-C(3) 141.7 (8) 141.3 (9) C(3)-C(4)  134.3 (9) 133.9 (8)
C(4)-C(4A)  142.6 (6) 143.0 (8) C(4A)-C(9A) 144.3 (7) 143.6 (8)
C(4A)-C(10) 138.6 (8) 140.2 (7) C(5)-C(5A) 143.7 (8) 143.5 (7)
€(5)-C(6) 135.1 (6) 134.5 (8) C(5A)-C(BA) 144.1 (7) 143.9 (9)
C(5A)-C(10) 139.4 (6) 138.3 (8) C(6)-C(7)  140.5 (8) 142.1 (9)
C(7)-€(8) 136.1 (9) 136.9 (7) C(8)-C(8A) 143.0 (5) 143.5 (7)
C(8A)-C(9) 142.5 (8) 141.6 (6) €(9)-c(9a)  143.6 (5) 141.7 (7)
P(1)-W(1)-C(31)  177.7¢2) 177.9(1)  P(1)-W(1)-C(32) 91.5(2)  90.5(2
C(31)-W(1)-C(32)  90.7(2) 88.7(3) P(1)-W(1)-C(33) 91.4(2)  92.1(2)
C(31)-W(1)-C(33) 88.6(2) 89.8(2) C(32)-W(1)-C(33)  89.1(2) 90.7(2)
P(1)-W(1)-C(34) 88.2(2) 90.3(2) C(31)-W(1)-C(34)  89.5(2) 90.6(3)
C(32)-W(1)-C(34) 179.3(2) 177.3(2) C(33)-W(1)-C(34)  90.3(2) 86.6(2)
P(1)-W(1)-C(35) 91.9(2)  90.4(2)  C(31)-W(1)-C(35)  88.1(2) 87.8(2)
C(32)-W(1)-C(35)  91.7(2) 91.6(2) C€(33)-W(1)-C(35) 176.6(3) 176.6(2}
C(34)-W(1)-C(35)  89.0(¢2) 91.0(2) W(1)-P(1)-C(9) 110.6(2) 111.9(2)
W(1)-P(1)-C(11)  117.0¢2) 118.0(2) G(9)-P(1)-C(11) 106.0(2) 103.7(2"
W(1)-P(1)-C(21)  119.1(1) 117.5(2) C(9)-P(1)-C(21) 104.5(2) 105.9(3)
C(11)-P(1)-C(21)  98.0(2) 97.9(2)

with ring torsion angles C1—C9a—C9—C8a being 168,
170° and C9a—C9 —C8a-—CS8 being —168, —168°. Addi-
tionally, the pattern of C—C bond lengths (all esd’s <1 pm)
is typical of anthracene systems'®), involving short bonds
C1—-C2, C} C4, C5—C6 and C7--C8 (av. of eight
136 pm), long bonds C1—C9a, C2—-C3, (C4-C4a,
Cda—C9a, C9—C9a, C8a—C9, C6—C7 and C5—C5a (av.
of sixteen 143 pm) and “normal” aromatic bond lengths
C4a—C10 and C5a—C10 (av. of four 139 pm, cf. av. 139 pm
for the phenyl rings; in the standard anthracene system the
bond at C9 should also be ca. 139 pm, but in 8 these bonds
may be lengthened by interaction with the formally positive
phosphorus atom). Similar features can be discerned in the
structure of tris(anthracenyl)phosphane 6 (see above), but
are less clear-cut in the statistical scatter.

The bond angles at phosphorus follow a pattern to some
extent dependent on electronic effects; the W —P —C angles

Figure 5. X-ray crystal structure of compound 11, showing the
numbering scheme of the asymmetric unit. Selected bond lengths
[pm] and angles [“]: C(9)—C(10) 162.6(6) (symmetry operator 1 —
x,1 —y,1—2), P—C(9) 186.4(5), P— H(01) 132(5), P— H(02) 136(3),
C(9)-—-P—H(01) 89(2), C(9)—-;’4(—3 )H(02) 97(2), H(01)—P—H(02)
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are larger than C—P — C, consistent with the electropositive
nature of the metal atom. The extreme values are
Wi1-P1-C21 119.1(1), C11'—P2—C21’ 97.9(1)°. Steric ef-
fects obviously play a role, but are less easy to rationalize;
although the smallest phosphorus substituents (the phenyl
groups) subtend the smallest angle, the W — P —phenyl an-
gles are larger than W —P —anthracenyl.

(9-Anthracenyl) phosphane Dimer 11: In the X-ray struc-
ture of 11 (Figure 5), only rotamer B/C (= C/B) was found.
11 crystallizes with imposed inversion symmetry in P2,/c.
The hydrogen atoms of the PH, group could be identified
with reasonable certainty from difference syntheses. All an-
gles at phosphorus are ca. 90°, although necessarily with
high esd’s. The single bonds C(9)— C(10i), formed on di-
merization, are long [162.6(6) pm], presumably because of
unfavourable steric interactions.

It is possible that this isomer crystallizes preferentially;
alternatively, all isomers may crystallize in similar cells and
this isomer may have been investigated by chance selection
of crystals. However, 11 is not isostructural to 10 (see Ex-
perimental). The difference between 10 and 11 is demon-
strated by the stereoview of both molecules, showing that
10 is an example of rotamer A/A and 11 an example of B/
C (= C/B) (see Figure 6).

In a manner similar to 1, the difluorophosphane 12 was
synthesized by lithiation of 9-bromophenanthrene with
n-BulLi, followed by reaction with PF,Cl.

2193

12 reacted, as other difluorophosphanes, with dichloro-
cyclooctadiene platinum(II), with formation of the complex
13.

Br Li
n-BuLi
—_—
- LiBr
PF,
PF,CI
—_—
- LiCl
12

2 12 + (COD)PiCl, W (C14HgPF2)2PtCl,
13
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Figure 6. Stereoviews of 10 (above), rotamer A/A, and 11 (below), rotamer B/C
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Experimental

Inert atmosphere Schlenk line techniques were employed during
the preparations with the exception of the air-stable osmium com-
plexes. The nitrogen was dry and oxygen-free. Solvents were dried
using standard procedures®". 9-Bromoanthracene (95%) was pur-
chased from Aldrich Chemical Co. and was used without further
purification. 15% n-butyllithium in hexane was from Chemetall
GmbH. Substances were irradiated with a Hanau high-pressure
mercury lamp. Melting points were determined on a Biichi 530
melting point apparatus using 0.1 mm capillary tubes, and are un-
corrected. NMR spectra were recorded on the following instru-
ments: Bruker AC 200 (‘H: 200.1 MHz, BC: 50.3 MHz, “F: 188.3
MHz, 3P: 81.0 MHz) and Bruker AM 400 ('H: 400.1 MHz, C:
100.6 MHz), with CDCl;, TMS, H;PO,, and CFCl, as references.
IR spectra were recorded on a Beckman 4260-IR spectrometer. E1
mass spectra were recorded on a FINNIGAN MAT 8430 mass
spectrometer using El-ionization. Atomic numbers were calculated
based on the isotopes '*C, *Cl, and ' *W. Microanalyses were per-
formed in the Analytical Laboratory of the Institut fiir Anor-
ganische und Analytische Chemie der Technischen Universitit
Braunschweig.

Preparation of 2 and 3. — Isolation of (9-Anthracenyl)dichloro-
phosphane (2): 9-Bromoanthracene (2.47 g, 9.6 mol; 2.60 g of the
95% pure substance) was added over a period of 30 min via a
dropping funnel to n-Buli (0.615 g, 10 mmol) as a 15% solution
in hexane (4.10 g) at —30°C, preparing 9-lithioanthracene®?3,
which was added slowly over a period of 3.5h to a vigorously
stirred solution of PCl; (26.53 g, 193 mmol) in diethyl ether (60 ml)
cooled in an ice bath. After refluxing for 1 h the mixture was cooled
and pumped dry in vacuo (1072 Torr). *'P-NMR spectra showed a
signal at 8 = 159.6 for 2 and often exhibited additional signals at
8 = 80 for 3 and at § = 10. 2 was sublimed (160°C/10~* Torr)
from the mixture yielding 1.27 g (47.6%), m.r. 117 —125°C. — *'p
NMR (80.1 MHz, CDCL;): & = 159.61.

Ci;HsCLP (279.1) Caled. C 6025 H 3.25 P 11.10
Found C 60.55 H 3.38 P 10.80

Decomposition of 2 with Water: Phosphane 2 (0.45 g, 1.61 mmol)
was dissolved in ca. 10 ml of CH,Cl,. Addition of 2 ml of H,O
resulted in a yellow precipitate. After removing the solvent, the solid
was washed twice with 2 ml of CH,Cl, and dried in vacuo yielding
0.3 g (77%) of the corresponding phosphonous acid, m.p. 215°C.

C1H,;O,P (242.2) Caled. C 69.42 H 4.58
Found C 68.50 H 4.64

Synthesis of (9-Anthracenyl )phosphane (4): Phosphane 2 (0.95 g,
3.4 mmol) in 80 ml of diethyl ether was slowly added over a period
of 30 min via a dropping funnel to a suspension of lithium alumin-
ium hydride (0.70 g, 18.4 mmol) in diethyl ether (30 ml) cooled to
—70°C. The mixture was allowed to warm to room temperature,
refluxed for 2 h, and cooled in an ice bath. A solution of ammonium
chloride (0.78 g, 20.5 mmol) in water (70 ml) was carefully added
dropwise over 1 h, the rate being monitored by the evolution of
gaseous HCI through an oil bubbler. The organic layer was re-
moved and the aqueous layer was washed with diethyl ether. The
organic layer and washes were dried with ca. 2 g of potassium
carbonate and filtered. The solvent was removed in vacuo (1072
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Torr). The product 4 was recrystallized from ethanol with a yield
of 027 g (38%), m.r. 68—73°C. — *P{'H} NMR (81.0 MHz,
CDCly): § = —1578 (t, Jpy = 206.2 Hz).
CiHyP (210.2) Caled. C 79.99 H 5.28
Found C 79.88 H 5.31

Formation of Bis(9-anthracenyl)phosphane (5): Phosphane 5 was
prepared from a mixture of 2 and 3 treated with lithium aluminium
hydride as described above. Phosphane 4 was removed by subli-
mation at 107° Torr at 110°C. The remaining orange solid was
recrystallized from toluene and CH,Cl, to give 5; m.r. 155—156°C.
— MS (70 eV): m/z (%) = 386 (23) [M]", 208 (base peak) [M —
CiHo]*, 176 (10) [M — Ci;Hy — PH,]*. — *P{'H} NMR (81.0
MHz, CDCl,): 8 = —100 (d, Jpy = 236 Hz).

CxHoP (386.4) Caled. C 87.03 H 4.96
Found C 86.54 H 4.98

Synthesis of Tris(9-anthracenyl)phosphane (6). A solution of 9-
bromoanthracene (5.91 g, 21.8 mmol) in 100 ml of diethyl ether was
added over a period of 15 min to n-butyllithium (1.42 g, 22.1 mmol;
9.45 g of a 15% solution in hexane) in 40 ml of ether at —30°C.
After stirring for 30 min, and warming to 0°C, the lithium reagent
was added over a period of 1.5 h to PCl; (1.00 g, 7.2 mmol) in 30 ml
of ether. The solution underwent colour changes from yellow to
orange to orange-brown. It was refluxed for 1.5 h. The orange so-
lution was filtercd, and the remaining solid was washed with 20 ml
of ether. The ether was removed in vacuo (10~2 Torr), and the
remaining red-orange sludge was dissolved in 30 ml of hot toluene.
Red crystals of 6 were obtained upon cooling; 0.37 g (7%); m.p.
218°C. -- *'P NMR (81.0 MHz, CDCl): 8 = —44.

CypHyP (652.7) Caled. C 89.66 H 4.84
Found C 89.76 H 5.02

Synthesis of (9-Anthracenyl)diphenylphosphane (7). 9-Lithioan-
thracene was prepared from 9-bromoanthracene (11.00 g, 43 mmol;
11.58 g of the commercial product of 95% purity) as in the above
preparations. Chlorodiphenylphosphane (9.49 g, 43 mmol) in di-
ethyl ether (50 ml) was added via a dropping funnel and the re-
sulting mixture was refluxed for 3.5 h. Removing the solvent in
vacuo left an orange solid, which was dissolved in ca. 250 ml of
dichloromethane and filtered over 5 g of degassed Al,O; (Woelm,
basic). Ca. 100 ml of ethanol was added to aid recrystallization. As
the dichloromethane was removed with a rotation evaporator, 7
was obtained as a yellow precipitate with a yield of 11.02 g (71%);
m.r. 195—198°C. — *'P NMR (81.0 MHz, CDCL): § = —24.08.
— MS (70 eV): m/z = 362 [M]*.

CyHysP (362.4) Caled. C 86.16 H 529 P 8.55
Found C 85.80 H 5.50 P 8.57

Reaction of T with W(CO )s. — Synthesis of [(9-Anthracenyl )-
diphenylphosphane [pentacarbonyltungsten (8): (9-Anthracenyl)di-
phenylphosphane (9.35 g, 25.8 mmol) was dissolved in ca. 500 ml
of toluene. W(CO); (9.90 g, 28 mmol) was added, and the mixture
was irradiated for 34 h with a Hg lamp. Evolution of CO was
observed. The W(CO); did not dissolve completely and the **P-
NMR spectrum indicated that the reaction had not gone to com-
pletion. (n*1-Cyclooctene)pentacarbonyltungsten (5.6 g, 13 mmol)
was added and the mixture was stirred for 4 d. The solvent, excess
W(CO)s and (m>1-cyclooctene)pentacarbonyltungsten were re-
moved in vacuo (1072 Torr) over a period of 4 h. The pale yellow
solid was recrystallized from 70 ml of CH,Cl, and 10 ml of toluene,
with a yield of 3.23 g (18%), m.r. 195—197°C. — MS (70 eV): m/z
(%) = 686 (17) [M]*, 658 (10) [M — CO]J*, 630 25 [M —
2 COJ*, 602 (47) [M — 3 COJ*, 574 (2) [M — 4 COJ™, 546 (base
peak) [M — 5CO]J*, 466 (36) [M — 5CO — Ph]*, 362 (63)
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{ligand]*, 283 (15) [ligand — Ph]*. — *'P NMR (81 MHz, CDCl,):
3 = +16.0 ('Jpw = 120.7 Hz).
CyHOsPW (686.3) Caled. C 5425 H 2.79 P 4.51
Found C 54.07 H 2.84 P 4.01

Reaction of 4 with Os;(CQO),(MeCN). — Synthesis of [(9-An-
thracenyl) phosphane Jundecacarbonyltriosmium (9): A solution of
phosphane 4 (40 mg, 0.19 mmol) and (acctonitrile)undeca-
carbonyltriosmium®* (175 mg, 0.19 mmol) in 6 ml of CH,Cl, was
stirred at 25°C for 15 min. IR spectra showed complete transfor-
mation to 9. The solvent was removed to give 207 mg (100%) of 9,
m.r. 138 —140°C. — MS (70 eV): m/z (%) = 1088 (26) [M]*, 1060
(14 [M — CO]*, 1032 (42) [M — 2CO]*, 1004 (48) (M —
3 CO]*, 976 (26) [M — 4 CO]*, 948 (60) [M — 5 COJ*, 920 (46)
[M — 6 CO]*, 892 (38) [M — 7 CO]", 864 (26) [M — 8 CO]™,
836 (32) [M — 9 CO]*, 808 (24) [M — 10 CO]*, 780 (78) [M —
11 CO]*, 389 (base peak). — *'P NMR (81 MHz, CD,CL): § =
—141.

CsH1041Os;P (1088.9) Caled. C 27.58 H 1.02

Found C 27.65 H 1.13

Dimerization of 4 to 11: Phosphane 4 (2.02 g, 9.6 mmol) was
dissolved in a Schlenk tube in ca. 25 ml of toluene. The solution
was irradiated for 22.5 h with a Hg lamp, the precipitated solid
being periodically scratched from the side of the reaction vessel.
The solution was heated for 15 min to the boiling point of toluene,
dissolving as much of the solid as possible, and filtered over silica
gel. Removal of the solvent under vacuum gave 1.09 g (54%) of 11.
— 'H NMR (200.1 MHz, CDCL): § = 7.54—7.42 (m), 6.87—6.72
(m, 12H), 4.45 (d, 2H, J = 2.56 Hz), 3.66 (d, 4H, PHy, Jou = 196.1).
— ¥P NMR (81.0 MHz, CDCL;): 8 = —105.5 (s), —106.8 (s). —
3C NMR (50.3 MHz, CDCL): § = 134.9 (d, C-8a, C-9a, *Jcp =
8.8 Hz), 131.27 (d, C-4a, C-10a, *Jop = 2.7 Hz), 127.15 (d, C-1, C-
8, 3Jep = 14.6 Hz), 129.3, 129.0, 126.15 (d, Jcp = 1.4 Hz), 125.0.

Hydrogenation of the (9-Anthracenyl)difluorophosphane Dimer
10 to 11: A suspension of 10 (1.250 g, 2.6 mmol) and LiAlH, (1.00 g,
26.3 mmol) in 10 ml of diethyl ether was refluxed for 24 h. Half-
concentrated hydrochloric acid was carefully added until the alu-
minium hydroxide was just dissolved (ca. 30 ml). The organic layer
was separated and the aqueous layer was extracted with CH,Cl; (8
times 30 ml). The combined organic layers were filtered through a
1-cm layer of ALLO; (Woelm, basic). The Al,O; was washed twice
with ca. 15-ml portions of CH,Cl,. After evaporation of the solvent,
the remaining yellow crystals were dissolved in hot toluene (ca.
150 mi) and slowly cooled to room temperature. Yield: 1.01 g (93%)
of white crystals, m.p. 218°C. Recrystallization from toluene gave
single crystals suitable for X-ray diffraction studies. — MS (70 eV):
mfz (%) = 420 (<1) [M]*, 419 (<1) [M — H]™, 418 (<1) [M
— 2 H]%, 386 (<1)[M — PH, — H]*, 354 (<1) [M - 2 PH,]*,
210 (39) [M/2]*.

CpHpP, (420.4) Caled. C 79.99 H 5.28
Found C 81.21 H 5.05

Note: The presence of anthracene made satisfactory microana-
lyses and mass spectra difficult to obtain.

Attempted Dimerization of (9-Anthracenyl)dichlorophosphane (2):
Phosphane 2 (0.65 g, 2.25 mmol) was dissolved in 2.5 ml of C¢Ds
in a 10-mm NMR tube. The NMR tube was sealed and irradiated
with a Hg lamp for 35 h. P NMR (81 MHz, C¢Ds) showed signals
at & = 219.6, 205.6, 203.0, 176.5, 176.3, 175.8, 175.5, 175.2, 1751,
and 159.6. The signal for 2 (5P = 159.6) was of low intensity, in-
dicating that 2 had reacted. Attempts to recrystallize the orange
solid which had precipitated were unsuccessful.

Synthesis of (9-Difluorophosphano) phenanthrene (12): n-Butylli-
thium (2.5 g, 39 mmol) and 9-bromophenanthrene (10 g, 38.9 mmol)
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were allowed to react for 30 min in 120 ml of ether . PF,C1(10.0 g,
95.8 mmol) was condensed onto the lithium reagent at —196°C at
1072 Torr. After removing the solvent in vacuo, redissolving the
residue in CH,Cl,, removing the LiCl by centrifugation, and re-
moving the solvent again, a yellow oil remained. Upon cooling it
became partially crystalline. The product was heated for 4 d to
120°C at 10~ Torr. It condensed and crystallized in a sublimation
column to give a white solid, yield 4.91 g (51%), m.p. 42°C. - 'H
NMR (200.1 MHz, CDCly): 8 = 8.75—8.62 (m, 2H), 7.97—7.92 (m,
2H), 7.79—-7.64 (m, 5H). — *P NMR (81.0 MHz, CDCly): § =
215.7 (t, Jpr = 1159 Hz). — F NMR (188.3 MHz, CDCl;): § =
—91.2(d, Jpr = 1159 Hz). — *C-NMR spectra were recorded but
could not be assigned with certainty.

CHyF,P (246.2) Caled. C 68.3 H 3.7
Found C 68.31 H 3.84

Synthesis of cis-Dichlorobis(9-difluorophosphanophenanthrene )-
platinum(11) (13): A solution of (COD)PtCl, (1.0 g, 2.67 mmol) and
12 (1.6 g, 6.50 mmol) in 50 ml of CH,Cl, was left standing for 20 h.
Colourless crystals of 13 were precipitated; Yield 1.83 g (91%), m.r.
264—271°C. - 'H NMR: 8§ = 9.1(d, J = 25 Hz, 2H), 8.80—7.62
(m, 16H). — MS (70 eV): m/z (%) = 758 (2) [M]*, 722 (2) [M —
HCI]*, 686 (8) [M — 2 HCI]*, 246 (base peak) [C,HoF,P1*, 177
(48) [CyaH,]™.

C;HisCLF,P,Pt (758.4) Caled. C 443 H 24
Found C44.3 H 2.5

X-ray Analyses of Compounds 6, 8 and 11

X-ray Crystal Structure Determination of the Toluene Solvate of
6: C,,HyP x 1.5 C;Hg, M, = 700.9, thombohedral, R3,a = b =
1661.3(6), ¢ = 2598.2(10) pm (hexagonal axes), U = 6.210nm’, Z =
6, D, = 1.12Mgm~3 MCu-K,) = 15418 pm, p = 0.8 mm~', T =
20°C, FI000) = 2214. — A red prism 0.5 x 0.3 x 0.3 mm was
mounted in a glass capillary. Data were collected on a Syntex P2,
four-circle diffractometer to 2@p,, = 135° and corrected for ab-
sorption. Of 2126 independent measured reflections, 1526 with F
> 4o(F) were used for all calculations (program system Siemens
SHELXTL PLUS). The orientation matrix was refined from 15

Table 7. Atomic coordinates ( x 10%) and equivalent isotropic tem-

perature factors [pm? x 10~'] for compound 6. Uleq) is defined

as 1/3 of the trace of the orthogonalised U; tensor. Atoms X rep-
resent the disordered solvent (see text)

X y z U(eq)
P 0 0 971(1) 43(1)
c(1l) 1515(4) 640(4) 1944(2) 62(3)
C(2) 2178(5) 855(5) 2307(3) 79(4)
C(3) 2951(5) 1733(5) 2352(3) 83(4)
C(4) 3022(5) 2438(5) 2047(3) 82(4)
C(4A) 2336(4) 2252(4) 1663(2) 62(3)
Cc(5) 1755(5) 3578(4) 713(3) 81(4)
C(6) 1138(5) 3439(5) 349(3) 76(4)
c(n 431(5) 2523(5) 234(2) 68(3)
c(8) 359(4) 1793(4) 495(2) 54(3)
C(8A) 994 (4) 1906(3) 897(2) 48(2)
c(9) 917(3) 1145(4) 1196(2) 47(2)
C(94) 1585(3) 1331(4) 1593(2) 49(2)
c(10) 2390(5S) 2970(4) 1377(3) 72(3)
C(10A) 1724(4) 2823(4) 1000(2) 62(3)
X(L) 595(24) 5418(22) 622(12) 171(11)
X(2) -720(21) 4420(18) 218(11) 139(7)
X(3) 1329(27) 5696(28) 804(15) 248(17)
X(4) -22(26) 4928(24) 401(12) 169(10)
X(5) 1239(21) 5901(20) 121(13) 181(11)
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Table 8. Atomic coordinates ( x 10% and equivalent isotropic tem-
perature factors [pm?] for compound 8. U(eq) is defined as 1/3 of

the trace of the orthogonalised Uj; tensor

X y z U(eq)
w(L) 10696.2(2) 1041.8(1) 2447 .1(1) 220(1)
P(L) 8822(1) -70(1) 2570(1) 208(5)
c(l) 7246(5) -1246(3) 522(3) 276(22)
c(2) 6644.(5) -1810(3) -360(3) 318(24)
C(3) 5331(5) -1946(3) -849(3) 336(24)
c(a) 4681(5) -1495(3) -450(3) 306(22)
C(44) 5268(4) -889(3) 468(3) 236(20)
C(5) 4555(5) 799(3) 2127(3) 307(24)
C(54) 5226(5) 255(3) 1753(3) 262(22)
C(6) 5162(5) 1464(3) 2965(3) 338(26)
C(7) 6467(5) 1630(3) 3478(3) 344(24)
C(8) 7127(5) 1117(3) 3158(3) 291(22)
C(84) 6535(4) 386(3) 2286(3) 222(20)
c(9) 7168(4) -180(3) 1915(3) 212(20)
C(94) 6578(4) -776(3) 986(3) 208(19)
C(10) 4622(5) -392(3) 873(3) 273(22)
C(11) 8740(4) -1236(3) 2221(3) 228(20)
C(12) 7548(5) -1979(3) 1929(3) 288(22)
c(13) 7548(5) -2834(3) 1694(3) 356(24)
C(1la) 8711(5) -2973(3) 1732(3) 394(26)
C(15) 9890(5) -2248(3) 2021(3) 401(26)
C(16) 9917(5) -1382(3) 2270(3) 303(22)
Cc(21) 8775(4) 154(3) 3663(3) 224(21)
C(22) 9856(5) 840(3) 4427 (3) 258(21)
C(23) 9787(5) 1019(3) 5241(3) 305(23)
C(24) 8664(5) 521(3) 5311(3) 324(25)
€(25) 7600(5) -181(3) 4559(3) 330(25)
C(26) 7653(5) -353(3) 3742(3) 257(21)
C(31) 12117(5) 1921(3) 2315(3) 266(22)
C(32) 12123(5) 961(3) 3355(3) 279(23)
C(33) 10690(5) 2115(3) 3441(3) 354(26)
C(34) 9255(5) 1131(4) 1547(3) 352(26)
C(35) 10769(5) 26(3) 1440(3) 356(26)
oL 12939(4) 2425(2) 2245(2) 379(18)
0(32) 12928 (4) 938(3) 3877(3) 449(20)
0(33) 10737(5) 2726(3) 4007(3) 607(24)
0(34) 8472(4) 1189(3) 1040(3) 569(24)
0(35) 10847(4) -519(3) 867(3) 574(22)
W(2) 4891.6(2) 5456.1(1) 3535.5(L) 253(1)
P(2) 2875(1) 5661(1) 2741(1) 222(5)
C(1l") 3522(4) 5451(3) 1045(3) 275(22)
C(2") 3711(5) 5259(3) 270(3) 309(23)
C(3") 3957(5) 5919(4) -34(3) 349(25)
C(4") 4012(5) 6743(4) 438(3) 327(25)
C(4A'") 3822(4) 6975(3) 1251(3) 253(21)
C(5") 3922(5) 8996(3) 3068(3) 294(23)
C(5A’) 3805(4) 8096(3) 2560(3) 262(21)
Cc(6") 3896(5) 9256(3) 3878(3) 337(24)
C(7") 3832(5) 8660(3) 4267(3) 344(24)
C(8) 3709(5) 7794(3) 3800(3) 297(22)
C(8A") 3617(4) 7453(3) 2908(3) 243(21)
c(9") 3363(4) 6541(3) 2374(3) 224(20)
C(9A") 3549(4) 6312(3) 1568(3) 225(20)
C(10") 3896(4) 7843(3) 1745(3) 267(22)
C(11") 1552(5) 4673(3) 1737(3) 262(21)
c(12") 602(5) 4767(4) 1129(3) 346(25)
Cc(13") -387(5) 4021(4) 391(3) 463(29)
C(l4") -473(6) 3162(4) 238(4) 490(28)
C(15") 441(6) 3049(4) 833(4) 458(27)
c(lé’) 1441(5) 3804(3) 1580(3) 346(24)
Cc(21") 1796 (5) 5954(3) 3338(3) 282(22)
Cc(22") 1868(5) 5804(3) 4066(3) 382(26)
c(23") 1034(6) 6007 (4) 4515(4) 520(33)
C(24") 181(6) 6378(4) 4254(4) 516(32)
C(25") 98(6) 6535(4) 3534(4) 485(31)
C(26") 891(5) 6317(3) 3076(3) 375(26)
C(31") 6459(6) 5250(4) 4127(3) 418(28)
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Table 8 (Continued)

C(32") 3672(5) 4466(3) 3703(3) 332(24)
C(33") 5149(6) 6412(4) 4722(3) 392(27)
C(34") 6142(6) 6488 (4) 3430(3) 414(28)
C(35") 4754(5) 4531(4) 2365(3) 366(27)
0(31") 7333(4) 5089(3) 4443 (3) 602(25)
0(32") 3005(4) 3921(3) 3812(3) 517(21)
0(33") 5305(5) 6948(3) 5388(3) 630(24)
0(34") 6849(4) 7073(3) 3390(3) 723(28)
0(35") 4691(5) 4018(3) 1717(3) 550(23)
C1l(1l) 7804(3) 4153(2) 2027(2) 1792(23)
Cl1(2) 8081(3) 3020(2) 2806(2) 1242(17)
C(100) 8834(11) 3831(7) 2511(7) 1145(33)
reflections in the 2@ range 25—40°. — The structure was solved

by direct methods. Early in the refinement it became clear that a
large region of characterless electron density, associated with sym-
metry centres, could not be adequately refined. The five largest
peaks were refined as haif-occupied carbon sites, but several peaks
of height ca. 0.5 x 107 % e pm ~—* remained. The program BY PASS®Y,
which is specially designed to refine solvent regions, indicated a
solvent volume per symmetry centre corresponding to one toluene
molecule (this composition was used to derive the crystal data given
above). However, although the R value was reduced, the esd’s of
bond lengths and angles were scarcely affected; the arbitrary re-
finement of the five peaks (atoms X in the coordinate table) was
therefore retained. In view of these problems, the structure deter-
mination is necessarily imprecise. Hydrogen atoms were included
using a riding model. The final R value was 0.096, with R, = 0.099.
The weighting scheme was w™! = o?(£) + 0.00175 F2 150 parame-
ters, § = 2.4, max. A/o = 0.08. Final atomic coordinates are given
in Table 7.

X-Ray Crystal Structure Determination of 8: C3H;s0sPW x 0.5
CH,Cl,, M, = 728.7, triclinic, space group P1,a = 1121.02), b =
1723.0(4), ¢ = 1763.0(4) pm; o = 110.96(2), B = 104.29(2)°, ¥ =
105.80(2)°. U = 2.8265 nm*, Z = 4, D, = 1.71 Mg m >, MMo-K)
= 71.069 pm, p = 436 mm~", T = —95°C, F(000) = 1420. — A
yellow prism 0.6 x 0.35 x 0.2 mm was mounted on a glass fibre
and transferred to a Nicolet R3 diffractometer with LT-2 low-tem-
perature attachment. The temperature was maintained at —95°C.

Table 9. Atomic coordinates (x 10% and equivalent isotropic tem-
perature factors [pm?] for compound 11. Uleq) is defined as 1/3 of
the trace of the orthogonalised U;; tensor

X y z U(eq)
P 3398(2) 3025(1) 6114(2) 450(6)
H(O1) 3944 (49) 2341(30) 5423(60) 339(91)
H(02) 4519 (46) 2932(33) 7765(50) 339(91)
C(1) 1967(5) 3789(3) 2363(7) 316(18)
C(2) 1180(6) 4014 (4) 587(7) 397(19)
C(3) 1815(6) 4617 (4) -259(7) 387(19)
C(4) 3246(5) 4995(4) 671(6) 308(17)
C(4A) 4050(5) 4763(3) 2453(5) 230(15)
C(5) 8053(5) 4166(3) 4713(6) 294(17)
Cc(6) 8902(5) 3407 (4) 5671(6) 323(17)
C(7) 8285(5) 2780(4) 6485(6) 350(18)
Cc(8) 6824(5) 2934(3) 6392(6) 294(17)
C(84) 5965(5) 3697(3) 5444(5) 237(15)
Cc(9) 4364(5) 3936(3) 5275(6) 239(15)
C(9%a) 3404(5) 4151(3) 3313(5) 244(15)
C(10) 5621(5) 5138(3) 3517(5) 229(15)
Cc(104a) 6591(5) 4322(3) 4577(5) 234(15)
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10499 reflections (2@ = 50°) were measured, of which 9950 were
independent (Ri,, = 0.015); 8082 were considered observed [F >
46 (F)] and used for all calculations. The orientation matrix was
refined from the setting angles of 50 reflections in the range 2@ =
20—23°. — The structure was solved by the heavy atom method.
After isotropic refinement, an absorption correction was applied
using the program DIFABSP (transmissions 0.90—1.13). Non-H
atoms were then refined anisotropically; H atoms were included
using a riding model. The final R value was 0.027, with w; = 0.032.
The weighting scheme was w™' = o?(F) + 0.0002 F. 707 parame-
ters, S 1.4, max. A/ 0.001, max. Ag = 1.6 x 107 % e pm~3 Final
atomic coordinates are given in Table 8.

X-Ray Crystal Structure Determination of 11: CxH,P) M, =
420.44, monoclinic, space group P24/c, a = 963.6(4), b = 1393.6(5),
¢ = 823.4(3) pm, B = 113.68(3)°, U = 1013 nm?, Z = 2, D, =
1.38 Mg m~>, AMo-K;) = 71.069 pm, p = 022 mm~!, T =
~95°C, F{000) = 440. — Most crystals proved unusable because
of wide and irregular reflection profiles, but eventually a suitable
pale yellow prism 045 x 0.35 x 0.3 mm was mounted as for
compound 6. Because of the wide reflection profiles, m-scans of 1.5°
were used to register 2255 reflections (2®,,, = 53°), of which 2092
were independent (R, = 0.013); 1515 were considered observed [F
> 4o(F)] and used for all calculations. The orientation matrix was
refined from the setting angles of 33 reflections in the range 2@ =
20—23°, — The structure was solved by routine direct methods.
Non-H atoms were refined anisotropically, H attached to C iso-
tropically using a riding model. At this stage, the H atoms bonded
to phosphorus were the largest peaks in a difference synthesis; they
were refined with equal temperature factors and subjected to the
constraint of equal P—H bond lengths (with a weight correspond-
ing to an es.d. of 2 pm). The final R value was 0.079, with R, =
0.083. The poor residuals can be attributed to the poor crystal
quality. The weighting scheme was w™' = o*(F) + 0.0004 F.. 171
parameters, § = 3.1, max. A/oc = 0.001, max. Ag = 0.5 x 107 %¢
pm ~> Final atomic coordinates are given in Table 9.

Further details of all structure determinations (complete bond
lengths and angles, H atom coordinates, temperature factors, struc-
ture factors, torsion angles) have been deposited with the Fachin-
formationszentrum Karlsruhe, Gesellschaft fiir wissenschaftlich-
technische Information mbH, D-7514 Eggenstein-Leopoldshafen 2.
Any request for this material should quote a full literature citation
and the reference number CSD-56299.

) Dedicated to Professor F. H. Westheimer on the occasion of his
80th birthday.

2y Fritzsche, J. Prakt. Chem. 1867, 101, 333 —343; 1869, 106,
274 293,

B C. Linebarger, Am. Chem. J. 1892, 14, 597.

B D, O. Cowan, R. L. Drisko, Elements of Organic Photochemistry,
Plenum Press, New York, 1976.

Bl H. Bouas-Laurent, A. Castellan, J.-P. Desvergne, Pure Appl.
Chem. 1980, 52, 2633 —2648.

Chem. Ber. 1992, 125, 2187 —2197

2197

¥ 1. Heuer, D. Schomburg, R. Schmutzler, Chem. Ber. 1989, 122,
1473 —1476.

1731 U, Althoff, J. Grobe, D. LeVan, E. U. Wiirthwein, Z. Natur-
Jorsch, 1989, 44b, 175—180. — "™ U. Annen, M. Regitz, Tetra-
hedron Letters 1987, 5141 —5144.

18 31 j _P, Desvergne, A. Castellan, H. Bouas-Laurent, Tetrahedron
Letters 1981, 35293532, — ®1 G, Kaupp, F. Teufel, Chem.
Ber. 1980, 113, 3669 —3674.

¥I'W. J. E. Paar, J. Chem. Soc., Faraday Trans. 2, 1987, 74,
933-950.

1% M, Yoshifuji, I. Shima, N. Inamoto, K. Hirotsu, T. Matsushita,
K. Nishimoto, J. Am. Chem. Soc. 1981, 103, 4587 —4589.

U a G, Blsner, Meth. Org. Chem. (Houben-Weyl) 4th ed. 1982,
vol. E1, p. 165. — 1% M. Yoshifuji, K. Shibayama, N. Inamoto,
J. Am. Chem. Soc. 1983, 105, 2495-2497. — U9 A H. Cowley,
J. E. Kilduff, T. H. Newman, M. Pakulski, J. Am. Chem. Soc.
1982, 104, 5820 —5821.

U2 W, A. Schenk, W. Buchner, Inorg. Chim. Acta 1983, 70,
189 —196.

(131 {31 G, M., Bancroft, L. Dignard-Bailey, R. J. Puddephatt, Inorg.
Chem. 1986, 25, 3675—3680. — U3 R, T. Smith, M. C. Baird,
Inorg. Chim. Acta 1982, 62, 135—-139. :

4 A, Bondi, J. Phys. Chem. 1964, 86, 441 —451.

515 3. Daly, J. Chem. Soc. 1964, 3799 — 3810.

181 A, N. Sobolev, L. A. Chetkina, I. P. Romm, E. N. Gur’yanova,
Zhur. Strukt. Khim. 1976, 17, 103—109.

U1 F. A. Cotton, D. J. Darensbourg, B. W. S. Kolthammer, Inorg.
Chem. 1981, 20, 4440 —4442.

18 K -F. Tebbe, Acta Cryst., Sect. A, 1984, 40, 1552 —1555.

U9 1., Ernst, P. G. Jones, P. Look-Herber, R. Schmutzler, Chem.
Ber. 1990, 123, 35—43.

2% F H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.
Orpen, R. Taylor, J. Chem. Soc., Perkin Trans. 2, 1987, S 1.
U214 Trocknen im Labor, Merck-Schuchardt, Darmstadt, 1977.

— P Organikum, 15th ed., VEB Deutscher Verlag der Wissen-
schaften, Berlin, 1977. — ¥ D. D. Perrin, W. L. F. Armarego,
D. R. Perrin, Purification of Laboratory Chemicals, Pergamon

Press, Oxford, 1966.

221 H.-D. Becker, L. Hansen, K. Andersson, J. Org. Chem. 1986, 51,
2956 —2961.

231 §, R. Drake, R. Khattar in Organometallic Syntheses (R. B. King,
J. J. Eisch, Eds.), vol.4, p. 234, Elsevier, Amsterdam, 1988.

24 g P, Cho, R. G. Harvey, J. Org. Chem. 1987, 52, 5668 —5678.

231 P, van der Sluys, A. L. Spek, Acta Cryst., Sect. A, 1990, 46,
194 —201.

261 N. Walker, D. Stuart, Acta Cryst., Sect. A, 1983, 39, 158 —166.

271§ B. Colbran, B. F. G. Johnson, J. Lewis, R. M. Sorrell, J.
Organometal. Chem. 1985, 296, C1 —CS5.

281 p_ L. Taylor, Ph. D. Dissertation, Queen’s College, Cambridge,
1982.

[126/92]

CAS Registry Numbers
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