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[Cp*Fe(n3-Ps)] as a Useful Source for the Synthesis of Cobalt Complexes
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Abstract: The cothermolysis of the
sandwich complex [Cp*Fe(n>-Ps)] (1)
and [CpRCo(CO),] (2a: CpR=
CsH,Bu, 2b: CpR = C;H;tBu,-1,3) gives
the following series of clusters with
“naked” P, ligands: [{Cp*Fe}{ CpRCoP,}-
{FeCp*}] (4), a “triple decker” with a
CoP, middle deck, [{Cp*Fe}{CpRCo},-

with  [{Cp*Co(u-CO)},]  (3) (Cp*=
CsHifBu,-1,3) affords [{Cp*'Fe}(u,-
n’m*mp* ' -Ps){Co(CO)CpRH{Co,Cp5 (u-
CO)}] (8) in which, in addition to the #’-
cyclo-P5 coordination, one terminal and
two 7? side-on binding coordination
modes have been realized. In the case
of the cubanelike compounds 6a and 6b

the oxidation of its P atoms with Sg or
S€(grey) gives [{CpRColy(P)(PX);] (9: X =
S,10: X =Se; CpR = CsH,Bu), products
of threefold oxidation, and [{CpRCo},-
(P),(PX),] (12: X=S,13: X =Se; CpR=
CsH;tBu,-1,3) with only two PX ligands.
[{CpRCo}4(us-PS),] (11), the fully sulfur-
ized derivative of 6a, can be synthesized

(P)(P)] (5), [{Cp*Col,P,] (6a, b), and
[{CpRCo}s(us-P),] (7a, b). The ther-
mal or photochemical reaction of
[CP¥Fe(r-Py)] () (Cp* =CsMe,Et)

Introduction

The successful synthesis of [Cp*Fe(n’-Ps)] (1), the first
sandwich complex with the isoelectronic all-phosphorus
analogue of CsH;™ as a complex ligand,!!l opened an interest-
ing aspect on the novel chapter of complexes with naked P,
ligands.?! Since 1987 it has been shown that compound 1 is a
versatile starting material for rather different products with
substituent-free phosphorus ligands. Besides its stacking
reaction to a cationic 30 valence electron (VE) triple decker,!
reactions are known in which the P; ring remains intact™ or is
cleaved with formation of a Ps chain,™ P,/P;, Py/P,, or P,
fragments.[*°! The unusual #°:7*> coordination mode of the
cyclo-Ps ligand has also been described.']

Results and Discussion

The cothermolysis of [Cp*Fe(7°-Ps)| (1) and the mononuclear
cobalt complexes [CpRCo(CO),] (2a,b) at 190°C in decalin
affords the multinuclear complexes 4—7 listed in Scheme 1,
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by oxidation of 9 with Sz in dichloro-
methane. The complexes 4, 5, 6b, 7b, 8,
and 10 have been characterized by X-ray
crystal structure determination.

— [{Cp*Fe}{Cp"CoP }{FeCp*]]
4 (Cp® = CsH,Bu)

— [{Cp*Fe}{CpRCo},(P)(P)]
[Cp™Co(CO)] (23, b) 5 (Cp® = CH,tBu,-1,3)
ca. 190°C, decalin
2a: CpF = C4H,Bu

2b: Cp® = CgH,1BU 1,3

[Cp*Fe(n>Ps)]
1 — [{Cp"Co}PJ

6a, b

{CpiCols(p,-P)l
7a,b

[Cp*Fe(n5-Pg)] + [{Cp Co(p-CO)},]
1 3
Cp™ = CoMe,Et

R . toluene 110°C orhv
CpTasin 2b

HCP*Fe}( "M Pg{Co(CO)CP HCOo,CP( 11-CON]
8

Scheme 1. Reaction schemes for the formation of compounds 4-8.

besides small amounts of [{Cp*Fel,(u-n*15>-P,),]" and
[{CpRCol},(u-177:7>-P,),]® detected by 3'P NMR spectroscopy.
With the dinuclear cobalt compound 3 the photochemical or
thermal reaction with 1’ leads to 8, a tetranuclear cluster with
an intact cyclo-Ps ligand forming the hitherto unknown u,-
7 :m?:m?:m coordination mode.

The impact of small changes of the substituent pattern for
the CpR ligand on the Co atom can nicely be inferred from
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Scheme 1. In the case of 2a (CpR = CsH,rBu), reaction with 1
gives, besides 6a and 7a, the triple decker [{Cp*Fe}{CpR-
CoP,}{FeCp*}] (4) with the hitherto unknown five-membered
CoP, middle deck. The same reaction with 2b (CpR=
CsH;rBu,-1,3) with an additional tert-butyl group in the Cp
ring, gives the compound [{Cp*Fe}{CpRCo},(P,)(P)] (5), a
cubanelike cluster with an FeCo,Ps skeleton, as well as 6b and
7b. The Ps part of 5 consists of a P; and a tripodal (trigonal
pyramidal) P, ligand, which can be derived formally from the
P, tetrahedron by cleaving three of its six P—P bonds.

If the mononuclear cobalt complex 2b is replaced
by the dinuclear species 3, reaction with 1° (Scheme 1)
affords exclusively [{Cp*'Fe}(u,n’:n?:n*n'-Ps){Co(CO)CpR}-
{Co,CpR(u-CO)}] (8) with the remarkable w,-7°m*5%n!
coordination mode of the cyclo-Ps ligand (for details, see
discussion of the X-ray crystal structures). Compounds 4-8
are slightly air sensitive. Crystals of dark green 7a, b, red-
brown 8, brown 9, 10, 11, 12, 13 (Scheme 2), brown-black 4,
and grey-metallic § are poorly soluble in hexane, but dissolve
easily in toluene and still better in dichloromethane (6a,b and
8 are also readily soluble in hexane).

Oxidation of [{Cp®Co},P,] (6a, b) with S; and Se,,,,: Since
the discovery of the first complex with a u;-PO ligand in
1991, growing interest for the coordinative stabilisation of
PX ligands (X =OP!, SI% Sellll) has emerged. Starting with
the tetranuclear complexes 6a and 6b, oxidation products
have been realized from the reaction with Sg or Se .
(Scheme 2).

It is worthwhile mentioning that in 6a (CpR= C;H,/Bu)
three of the four P ligands can be oxidized by sulfur (Sg) or
grey selenium with formation of the complexes 9 and 10. In
dichloromethane instead of toluene, 9 reacts further with Sg to
the fully oxidized cubanelike compound 11 with four u;-PS
ligands. Only double oxidation is observed on the sulfuriza-
tion and selenization of 6b (CpR= C;H;Bu,-1,3) giving 12
and 13.

Table 1. 'H and 3P NMR data of 4-13 (J in Hz).

6a + 85/ Segey [{CpRCO)4(P)(PX)3]
toluene  r. t. 9:X=5:10 X=Se
CpR = C4H,1Bu s o
8
CH,CI,, ca. 60° C
cp®Co p”
NP AR AR
6a,b — P I COC?
S. | R
*P—|—CoCp
el N
Cp"Co P\\S
11
6b +S;/Se
gy [{CP"Co}P)APX),]
toluene , r. t.

R 12 :X=8" 13 : X=Se
Cp" = CsH;tBu,-1,3

Scheme 2. Reaction scheme for the oxidation of 6a and 6b.

NMR Spectra of the complexes 4-13: 'H and 3'P NMR data
are summarized in Table 1. A characteristic low-field shift of
the 3'P NMR signal was found for all compounds in which one
or more P atoms are surrounded by three L, ,M-complex
fragments. The values of 6 =1047 and 1059 in [{CpRCol};(us-
P),] (7a,b) do not differ significantly from OJ(us;-P)=913
in  [{L(OC)Fe}s(us-P)(1sP){Mn(CO),Cp}] (1417 [L=
P(OC;H;-i)s]. It is noteworthy that for the phosphorus atoms
of the CoP, middle deck in the triple decker 4 (Scheme 1) the
signals are deshielded to 0=938 and 564. In cubanelike
[{Cp*Tal,{Cp*Fe}(P,)(P)] (15)F1 as in [{Cp*Fe}{Cp™
Co},(P,)(P)] (5) (CpR=CsH;Bu,-1,3 for both molecules)
the P atom on the top of the P, pyramid has P NMR signals
(5: 6=-208, 15: 6 = —313) at rather high field. In the series
6a/11 (*'P 6 = 484/238) the phosphorus NMR signals show the
same trend, which was also observed on going from the
cubane [(RC),P,] to the fully sulfurized derivative
[(RO),(PS),] C'P 6=257/19; R =Bu).["

Crystal and molecular structures of the complexes 4, 5, 6b, 7b,
8, and 10: The crystallographic data for complexes 4, 5, 6b, 7b,

'H(CyDy, TMS int., 200 MHz)\!
SCpRIYI

SP(CyDs, 85 % H,PO, ext., 81 MHz)l
5P

4 550 (s, 2H), 4.48 (s, 2H), 1.69 (s, 9H), 1.52 (s, 30H)

5 511 (s, 2H), 4.87 (s, 2H), 4.61 (s, 2H), 1.77 (s, 18H), 1.31 (s, 15H), 1.23 (s, 18H)

6a  5.03 (s, 8H), 4.95 (s, 8H), 1.27 (s, 36 H)

6b 547 (s, 8H), 4.16 (s, 4H), 1.47 (s, 72H)

7a 444 (s, 6H), 436 (s, 6H), 1.25 (s, 27H)

7b  4.05 (s, 9H), 147 (s, 54H)

8 513 (s, 3H),5.04 (s, 2H), 4.97 (s, 1 H), 430 (s, 1 H), 4.05 (s, 2H),

238 (q, 2H, 3J(H,H) =7.4), 1.78 (s, 9H), 1.68 (s, 9H), 1.51 (s, 9H), 1.49 (s, 9H),

1.47 (s, 9H), 1.45 (s, 9H), 1.35 (s, 12H), 0.99 (t, 3H, 3J(H,H) =7.4)

9 579(s, 1H),5.17 (s, 2H), 471 (s, 2H), 455 (s, 1 H), 4.30 (s, 1 H), 3.99 (s, 1 H),

1.78 (s, 9H), 1.56 (s, 9H), 1.29 (s, 18H)

10 575 (s, 1H), 5.19 (s, 2H), 4.79 (s, L H), 4.62 (s, 1 H), 4.49 (s, 1 H), 4.23 (s, 1 H),

4.05 (s, 1H), 1.84 (s, 9H), 1.54 (s, 9H), 1.29 (s, 18H)
11 491 (t, 8H), 4.54 (t, 8H, /(H,H) = 2.1), 1.65(s, 36 H)

12 550 (s, 2H), 548 (s, 2H), 4.30 (s, 4H), 4.25 (s, 4H), 1.59 (s, 36 H), 1.50 (s, 36 H)
13 530 (s, 2H), 5.28 (s, 2H), 4.25 (s, 4H), 4.22 (s, 4H), 1.40 (s, 36 H), 1.26 (s, 36 H)

938 (d, 2P, J(P,P) = — 120), 567 (d, 2P, J(PP) = — 120)

562 (s, 1P), 467 (d, 1 P, J(P.P) = —76.3), 354 (d, 2P, J(PP) =
—198.4), —208(m, 1P)

483.9 (s, 4P)

4725 (s, 4P)

10469 (s, 2P)

10587 (s, 2P)

355.0 (pt, 1P, LJ(PP) = —217.5), 212.6 (dt, 1 P, 'J(PP) =
—535.1), 98 (dd, 1P, J(PP) = — 512.6), 36 (dd, 1P, J(PP) =
—434.1,2J(PP) =31.9), —5 (dd, 1P, J(PP) = — 190.6)

481.2 (1, 1P,2J(P,P) =91.8),271.5 (t, 1 P, 2/(PP) = 158), 254.1
(dd, 2P, 2J(PP) = 158)

486.1(t, 1P, 2J(P,P) = 88.5), 238.8 (t, 1P, 2J(PP) = 155,
1J(PSe) = —732.4/ — 640.9), 220.0 (dd, 2P, 2J(P,P) = 155)
238.2 (s, 4P)

538.4 (t, 2P, 2J(PP) = 93.4), 230.0 (t, 2P, 2/(PP) = 93.4)
537.9 (d, 2P, %J(PP) =173), 189.4 (d, 2P, J(P,Se) = — 673.6)

a - ruker), s = broad singlet (multiplet fine structure not resolved), pt = pseudo triplet, =(CsHyBu:4,6a,7a,9,10, 11 an = CsHirBu,:
WP-200 (Bruk broad singl Itiplet fi lved), pt = pseudo triplet, [b] CpR = CsH,/Bu: 4, 6a,7a,9,10,11 and CpR = C;Hy/B

5,6b,7b, 8,12, 13.
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8, 10 are compiled in Table 2. Table 3 contains selected bond
lengths and angles for 4, 8, and 7b. Bond distances and angles
for complexes §, 6b, and 10 are summarized in Tables 4 and 5.

[{Cp*Fe}{CpRCoP j{FeCp*}] (4; Cp® = CsH tBu): The X-ray
crystal structure shows the molecule to be a triple decker with
a planar CoP, five-membered ring as middle deck (sum of
bond angles = 540°; smallest angle at Col = 98.8°). The planes
of the two Cp* ligands form an interplanar angle of 17.7°
(Figure 1). The angles Cpf.,-Fel-Fe2 and Cp.,,-Fe2-Fel
(172.4° and 171.9°, respectively) deviate slightly from line-
arity. Possibly, the sterically demanding CpR ligand on the Co
atom of the CoP, ring plays an important role. The bonds

Table 2. Crystallographic data for complexes 4, 5, 6b, 7b, 8, and 10.

lengths of the heteroatom ring show the following trend: With
amean value of 2.18 A the bond lengths P1—P2 and P3—P4 are
slightly longer than P2—P3 (2.135 A; Table 3). The average of
Col—P1 and Col—P4is 2.16 A and does not differ significantly
from 2.20 A P3—Col(1’) found in the cubanelike complex 5
(see Table 4 and Figure 5). To the best of our knowledge, 4 is
the first triple decker to be realized in which the five-
membered middle deck consists of a transition metal complex
fragment and four pnictogen atoms. According to the
electron-counting rules!'l of Wade —Mingos this 30 VE com-
pound!® is a closo cluster with (n-+1) skeleton electron pairs
(SEP). This is in accordance with the pentagonal bipyramidal
Fe,CoP, skeleton of 4.

4 5 6b 7b 8 10
formula C,Hy;CoFe,P, C5¢Hs;Co,FePs Cs,Hg,Co,P, C3Hg;CosP, Cs5,HgyCosFeO,Ps  CyHs,Co,P,Ses
M, 686.1 818.4 1068.8 770.6 1124.65 1081.3
crystal size [mm] 0.52x0.32x0.18 0.32x0.12x0.08 044 x024x0.12 0.40x0.16x0.05 0.68x0.52x0.17  0.40 x 0.30 x 0.20
crystal system monoclinic orthorhombic triclinic monoclinic monoclinic monoclinic
space group P2/n Pnma Pl C2/c P2,/n P2,/n
a[A] 8.4824(6) 12.1278(5) 12.1182(9) 18.5187(12) 19.8339(13) 12.6230(10)
b[A] 21.754(2) 20.6671(13) 12.2632(9) 19.3530(13) 12.6626(6) 13.2880(10)
c[A] 16.7792(12) 15.8291(7) 20.947(2) 11.5692(7) 22.4571(15) 25.229(3)
al’] 90 90 99.525(8) 90 90 90
Al 95.640(7) 90 91.561(8) 95.828(8) 95.526(7) 104.410(10)
y[°] 90 90 115.890(7) 90 90 90
VA3 3081.2(4) 3967.5(3) 2744.4(3) 4124.9(5) 5613.9(6) 4098.6(7)
V4 4 4 2 4 4 4
Peaiea [gem ™3] 1.479 1.370 1.293 1.241 1.331 1.751
u[mm~] 1.686 1.412 1.336 1.293 1.303 4.436
2@range|°] 2.76-26.37 3.50-26.05 2.28-25.98 2.75-2535 3.01-27.02 2.04-25.00
measured refl. 46115 38087 38037 20650 77312 9181
independent refl. 6128 3924 9976 3622 12185 7105
Refined parameters 338 217 565 205 591 437
R1(I>20l) 0.0284 0.0708 0.0432 0.1223 0.0407 0.0971
wR2 (all data) 0.0755 0.0757 0.0625 0.0936 0.0741 0.1059
residual electron density [e A=3]  0.220/ — 0.209 0.410/ - 0.397 0.312/-0.391 0.628/ —0.369 0.316/ —0.237 0.616/ —0.575

[a] Diffractometer: Stoe, IPDS; Structure solution by direct methods, SHELXL, SIR 92; refinement: full-matrix least-squares methods against F2

Table 3. Selected bond lengths (A) and angles (°) for complexes 4, 8 and 7b.

[{Cp*Fe}{CpRCoP }{FeCp*}] (4), Cp* = CsH,1Bu

Fel-P1 2.3994(5) Fe2—P1 2.3965(5) P1-P2 2.1859(7) P1-Col-P4 98.78(2)
Fel-P2 2.3595(6) Fe2—P2 2.3615(5) P2-P3 2.1353(8) Col-P1-P2 115.26(2)
Fel—P3 2.3528(6) Fe2-P3 2.3558(5) P3—P4 2.1832(8) P1-P2-P3 105.47(3)
Fel—P4 2.3743(6) Fe2—P4 2.3738(5) Col—-P1 2.1570(5) P2-P3-P4 104.87(3)
Fel—Col 2.6491(4) Fe2—Col 2.6440(4) Col—P4 2.1615(6) P3-P4-Col 115.63(3)
Fel—=Cp e 1.725 Fe2—Cp eny 1.73 Col—=CpReny 1.71 Cpieny-Fel-Fe2  172.4

Cp (ieny-Fe2-Fel 171.9
[{Cp*'Fe}(u,1°:n*m*1"-P5){Co(CO)Cp*HCo,Cp5 (u-CO)}] (8), Cp® = CsH;tBu,-1,3
Fel-P1 2.3938(5) Co3—P3 2.1290(5) P2-P1-P5 99.19(2) P1-Col-Co2 56.858(15)
Fel-P2 2.3699(6) Col—Co2 2.4758(4) P1-P2-P3 109.06(3) Col-P1-Co2 65.599(15)
Fel—P3 2.4338(5) P1-P2 2.3541(7) P2-P3-P4 111.68(3) P1-Co2-Col 57.544(14)
Fel—P4 2.3696(6) P5-P1 2.3542(7) P3-P4-P5 107.79(3) P1-Co2-P2 61.879(18)
Fel—P5 2.3606(6) P2—P3 2.1378(6) P1-P5-P4 111.37(3) P1-P2-Co2 58.519(17)
Col—P1 2.2940(5) P3—P4 2.1306(7) Col-P1-P5 58.595(18) P2-P1-Co2 59.602(18)
Col-P5 2.2752(5) P4—P5 2.1301(7) P1-P5-Col 59.380(18)
Co2-P1 2.2764(5) Cpfeny-Fe 1.75 P1-Col-P5 62.025(18)
Co2-P2 2.3023(5) Col, 2,3-CpR.,y 1.76,1.78,1.72
[{Cp*Co}s(¢5-P).] (7b), Cp® = CsH;Bu,-1,3
Col(1)-P1'(1)  2.1718(14) CpRepy—Col(1)  1.72 Col(1')-Co2-Col'(1) 61.82(2)
Co2-P1(1") 2.1626(15) CpReny—Co2 1.77 Co2-Col(1')-Col'(1) 59.09(2)
Col—Col’ 2.5781(14) Col(1)-P1(1")  2.1576(15) P1-Col(1")-P1’ 94.92(6)
Col(1)—Co2 2.5097(10) P1(1)-Co2-P1'(1) 95.04(8)
1912 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998  0947-6539/98/0410-1912 $ 17.50+.50/0 ~ Chem. Eur. J. 1998, 4, No. 10
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Figure 1. Structure of [{Cp*Fe}{CpRCoP,}{FeCp*}] (4) in the crystal.

[{Cp* Fe] (wi’ s> m'-Ps){ Co(CO) Cp®){ Co,Cp% (u-CO)}]
(8; Cp®=C;sH;tBu,-1,3): The most interesting part of the
structure of 8 is the cyclo-Ps ligand with additional double
side-on binding (%) to the Co,Cp¥(u-CO) fragment and
further terminal coordination (n') of a 16 VE CpR(OC)Co
fragment (Figure 2). As a consequence of the #? coordination
mode, P2-P1 and P1-P5 are elongated to 2.35 A (Table 3);
this is close to the value of 2.36 Al'd found in [{Cp*Fe}(u-
7SP-Po){IH(CO)Cp*)] (16).

(A
%ﬁ@@g&ﬁg

N
!
cpR(OC)Co~ - é 33/ \\
c

C1

@7

Cp

pR
Figure 2. Structure of [{Cp*'Fe}(uyn’:m?2?1'-Ps){Co(CO)CpRHCo,CpX-
(u-CO)}] (8) in the crystal. CpR = CsH3tBu,-1,3.

In sandwich complexes of the type [CpRFe{(CR);P,}M,-
(CO),] (17; CpR=CsH;Bu,-1,3, R=0SiMe;; M=Fe, n=
716l M = Co, n=6[I"1) the five-membered C,P, ring has
one P—P bond that coordinates in an additional #?:7' mode to
M,(CO),.. The sum of bond angles in the Ps ring of 8 was found
to be 539.1° (smallest angle =99.2° at P1 with a formal
connectivity of five; Figure 2). It is worthwhile to note the
difference in the P—P and Fe—P bond lengths (Table 3). In 8
d(P—P) is 2.13 A for the bonds that have no further 7>

Chem. Eur. J. 1998, 4, No. 10
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coordination (c.f. 2.12 A in compound 16!'!). Interestingly,
the longest Fe1—P3 bond length of 2.43 A involves the P atom
with an additional terminally coordinated Co(CO)CpR frag-
ment (Figure 2). The smallest distance belongs to the Fe1-P5
bond (2.36 A). The Co—P bond lengths of the side-on binding
Co,CpR(u-CO) moiety are between 2.275 and 2.30 A, where-
as Co3—P3 with a classical coordination to a P lone-pair of the
cyclo-Ps ring is distinctly shorter (2.13 A). With 2.48 A, the
Co1—Co2 bond length is in the typical range of a single bond.
Compared with 16, in which the dihedral angle of the FeP,Ir
butterfly structural subunit is 158.5°l'el, the Fel, P1, P5, Col
and Fel, P1, P2, Co2 subunits of 8 show folding angles of 151°
and 153.8°, respectively. The angle Fel-P1-Col(2), for the
midpoint between Col and Co2, was found to be 118.3°.
The geometry of the eight-atom FeCo,Ps skeleton can
formally be derived from an icosahedron with four missing
vertices (Figure 3a). On the other hand, the electron count

Figure 3. a) FeCo,Ps skeleton formally derived from an icosahedron.
b) FeCo,Ps skeleton described as two penetrating five-membered rings
(FeP,Co,/Ps) capped by P1 and Fel, respectively.

according to the Wade —Mingos rules!'¥l gives 11 SEPs, which
is in accordance with a (n+3) arachno-typ structure derived
from a bicapped square antiprism in which two corners have
been eliminated (c.f. BgH,,, a B,H, ., arachno boranel'”).
Another structural description is based on two penetrating
five-membered rings (Ps and Co,P,Fe) capped by Fel and P1,
respectively (Figure 3b).

[{CpRCo};(us-P),] (7b; CpR= C;H;tBu,-1,3): Compound 7b
(Figure 4) was synthesized for the first time by T. Mohr!'®! by
cothermolysing [{Cp*Fe}{CpRTaPs}|*! and [CpRCo(CO),].
The Co—Co distances of 7b lie between 2.51 and 2.58 A
(isosceles triangle). The trigonal bipyramidal Co,P, skeleton
forms nearly equal P-Co-P bond angles (94.9 to 95.0°). The
same holds for the Co—P distances. Both can be compared
with the (u5-P)Co;CpR fragment of [ (u5-P){CosCpR}(us-PSe)]
(18), the first complex with a u;-PSe ligand.["!! To the best of
our knowledge, 7b is the only example of a [{L,M};(us5-P),]
cluster (L,M means 14 VE fragment) that has been synthe-
sized and structurally characterized (c.f. compound 1412 with
ML, as Fe(CO), and additional coordination of one P atom to
a Mn(CO),Cp fragment). The electron count!™ for 7b
(6 SEPs) is in accordance with a typical closo (n+1) cluster.

0947-6539/98/0410-1913 $ 17.50+.25/0 1913



FULL PAPER

O J. Scherer et al.

Figure 4. Structure of [{CpRCo};(u3-P),] (7b) in the crystal.

[{Cp*Fe}{CpRCo},(P,)(P)] (5; CpR= CsH;tBu,-1,3): Compar-
ing the mean P—P distance of 2.27 A for the tripodal P, ligand
in 5 with that of [{Cp*Ni};(P,)(P)] (19)!] (2.21 A as in white
phosphorus itself) an elongation can be observed. For the
more symmetric compound 19 the P-P-P bond angles of the
pyramidal P, ligand lie within the narrow range of 83.0—
84.3°¥1 whereas a much greater difference (72.9-94.4°)
was found for the heterometallic complex 5. Of special
interest are the bond lengths of the diagonally arranged atoms
in the quadrangles of the distorted cubanelike FeCo,P;
skeleton  (Figure 5). P3---P4=3.17, P1---P1'=3.30,
P1(1)---P3=2.70, P1(1")---P4=2.56, Fel---Col(1")=3.64,
and P2---Col(1')=3.56 A are nonbonding, while Fel—P2
(2.36 A) and Col—Col’ (2.56 A) are in the bonding range (c.f.
complexes 7b and 8, Table 3; 6b, Table 4). Complex 5 shows
an interesting parallel to [{CpCo},P,] (20) synthesized and
characterized by X-ray crystallography for the first time in
1973 by Dahl etall (see also X-ray crystal structure
discussion of 6b). As described for 20, the most severe

Table 4. Selected bond lengths (A) and angles (°) for complexes 5 and 6b.

Cot’

Figure 5. Skeleton structure of [{Cp*Fe}{CpRCo},(P,)(P)] (5) in the
crystal. Cp* and CpR ligands (CpR = CsH3rBu,-1,3) have been omitted for
clarity.

deviation from a cubanelike structure in 5 results from the two
butterfly like halves P1, P2, Fel, P1’ (dihedral angle = 120.7°)
and P3, Col, Col’, P4 (120°), which are connected by the
wing-tip atoms P1 and P1’" and the hinge atoms Col and Col’
as shown in Figure 5. Small differences are found for P1-Fel-
P1’ (96.0°) and P1-P2-P1’ (94.4°) compared with P3-Col(1')-
P4 (90.4°). The strong distortion from a cubanelike FeCo,P;
skeleton can also be seen from the following bond angles in
complex 5: Fel-P4-Col(1')=107.5°, P2-P3-Col(1’) and P2-
P1(1')-Col(1") =104.6°, Fel-P1(1')-Co1(1") =109.2°. The de-
viations from the least-squares mean planes are as follows:
Fel, P4, P1(1), Col(1')=0.15 A; Col(1), P1(1), P2, P3=
0.12 A; P3, Col, P4, Col’ =0.46 A; Fel, P1, P2, P1'=0.47 A.

[{CpRCo},P,] (6b; Cp®=CsH;tBu,-1,3): The comparison of
6b with the Cp analogue [{CpCo},P,] (20)?! shows an
interesting influence of the Cp substituents with respect to
the structure of the Co,P, skeleton (Figure 6). Whereas the
FeCo,P; skeleton of complex 5 (Figure 5) shows a remarkable
parallel to the Co,P, core of compound 20 (Figure 6), the

[{Cp*Fel{Cp*Co},(P,)(P)] (5), Cp* = CsHytBu,-1,3

Fel-P1(1") 22221(9)  P1(1)-P2 2.2506(13) Fel-P1(1))-Col(1')  109.22(4) P1(1))-P2-P3 72.93(4)
Fel-P2 23556(13)  P2-P3 2.2987(18) P1(1')-Fel-P4 69.79(3) Col(1')-P1(1)-P2)  104.59(5)
Fel—P4 2.2483(15)  P3—Col(l’) 2.1971(10) P1(1)-Col(1)-P3  75.00(4) Fel-P1(1')-P2 63.56(4)
Col(1'-P1(1) 2.2445(10) P1(1')- Col(1))-P4  69.07(4) P1-P2-PI’ 94.43(7)
Col(1')-P4 22666(9)  PI(1')---P4 2.5576(13) Fel-P4-Col(1") 107.52(5) P1-Fel-P1’ 96.03(5)
Col—Col’ 25580(8)  PI(I') ---P3 2.70 P3-Col(1)-P4 90.44(4)
Fel—Cp* e 175 P3---P4 3.17 Col-P4-Col’ 68.70(3)
Col—CpRay 175 Pl---PI 3.30 Col-P3-Col’ 71.20(4)
Fel - Col(1") 3.64 P2--- Col(1') 3.56 Col(1')-P3-P2 104.55(4)
[{CpRCo},P,] (6b), CpR = CsHyBu,-1,3
Col—Co2 2.5246(4)  Co3—P1 2.2621(7) P3-Col-P1 63.42(2) C03-P1-Co4 68.58(2)
Co3-Co4 25176(4)  Co3-P2 2.2054(7) P1-Col-P4 73.26(2) Col-P1-Co4 106.91(3)
Col ---Co4 3.60 Co3-P3 2.2794(6) P3-Col-P4 88.53(2) Col-P1-Co3 113.00(3)
Co2---Co3 3.60 Co4-P1 2.2056(6) P2-Co2-P4 63.47(2) C03-P2-Co4 68.67(2)
Col-P1 22759(7)  Co4—P2 2.2574(7) P2-Co2-P3 73.37(2) C02-P2-Co3 106.67(2)
Col-P3 22675(7)  Co4—P4 2.2827(7) P3-Co2-P4 88.58(2) C02-P2-Co4 113.04(3)
Col-P4 22081(5)  P1-P3 2.3882(8) P1-Co3-P3 63.45(2) Col-P3-Co2 68.71(2)
Co2-P2 22769(6)  P2-P4 2.3908(8) P2-Co3-P3 73.32(2) C02-P3-Co3 106.60(2)
Co2-P3 22051(7)  P2---P3 2.6782(7) P1-Co3-P2 88.27(2) Col-P3-Co3 112.66(3)
Co2-P4 22687(7)  P1--P4 2.6758(8) P2-Co4-P4 63.55(2) Col-P4-Co2 68.64(2)
CpRey—Col 234  1.77,1.77,1.77,1.765  P1-Cod-P4 73.17(2) Col-P4-Co4 106.60(3)
P1-Co4-P2 88.39(2) C02-P4-Co4 112.39(3)
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Figure 6. Comparison of bond lengths and structural differences for the
skeletons of [{CpRCo},P,] (6b, CpR = CsH;tBu,-1,3) and [{CpCo},P,]?" (20,
Cp = GC;Hs).

CpR® analogue 6b differs distinctly from 20. For example, in 6b
the P—P bond lengths of 2.39 A are much shorter than 2.56/
2.57 A in 20 (Table 4, Figure 6). As consequence, the Co,P,
skeleton of 6b can be described as a tetragonal antiprismatic
structure. Compared with 5 and 20 the deviations from the
least-squares mean planes are much smaller for 6b: Col, P1,
Cod, P4=0.02 A; P3, Co3, P2, Co2=0.02 A (20:> P2, Co3/,
P3, Co2=0.11 A; Co3, P3, Col, P1=0.11 A). An average
P—P bond length of 2.31 A was found for [{CpFe},(P,),] (21), a
cluster with a triangulated dodecahedral Fe,P, skeleton.?!l

[{CpRCo}(P)(PSe);] (10; Cp®= CsH tBu): Going from the
unoxidized CsH;tBu, derivative 6b to the threefold selenated
complex 10 with CsH,Bu ligands on the Co atoms, the
selected mean bond lengths show the following trends
(Tables 4 and 5, Figures 6 and 7). Selected mean bond lengths
for compounds 6b [10]: Co—Co=2.52 A [2.57 A], Co—P=
225A [223A], and P-P=239A, P---P=268A [2.52/
2.77 A]. The most significant change occurs with the P—P
bonds. Whereas 2.39 A in 6b is in the range of P—P bonds,
P2--P4=2.48 A and P1--P3=2.57 A in 10 are on the border-
line. For [CI(Ph;P),Rh(7>-P,)] a P—P distance of 2.46 A was
found for the #n*-coordinated edge of the intact P, tetrahe-
dron.?21 In 10 the deviation from the least-squares mean plane
for the atoms P2, Co2, P3, Co3 is 0.02 A, which is identical
with the value found for 6b. The corresponding value for the
planes P1(Sel), Col, P4, Co4 is 0.06 A in 10 compared with
0.02A in 6b. The P-Se bond mean value of 2.12 A for

Table 5. Selected bond lengths (A) and angles (°) for complex 10.
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Figure 7. Skeleton structure of [{CpRCo},(P)(PSe);] (10); CpR(CsH,Bu)
ligands have been omitted for clarity.

compound 10 is slightly longer than 2.09 A found in [(us-
P){CpRCos}(us-PSe)] (18, CpR = CsH;tBu,-1,3)' and 2.10 A
in [{CpFe}4(P,Se,),], with two planar Se=P—P=Se ligands.?!

For [{CpRCol4(us-PS)4] (11) (Scheme 2) an X-ray study has
been carried out which unambiguously shows its highly
symmetric structure. Due to low quality of the data set no
structural details will be given. The P---P distances (ca.
2.70 A) are nonbonding. The avarage of P=S (ca. 1.96 A) bond
lengths is in the normal range.”!

Experimental Section

All experiments were carried out under an argon atmosphere in dry
solvents. [Cp*Fe(y*-P5)] (1), [Cp*Fe(i’-Ps)] (1)1 [Cp*Co(CO),]
(2a,b),? and [{CpRCo(u-CO)},] (3)*! were synthesized according to the
literature (1’ in analogy to the Cp* derivatives, 2a,b and 3 in analogy to the
Cp derivatives). IR spectra were recorded on a Perkin—Elmer 881. UV-
irradiation: 150 W high-pressure lamp, TQ 150, Heraeus Quarzlampen
GmbH, Hanau.

Reaction of [Cp*FeP;s] (1) with [CpRCo(CO),] (2a) to give 4, 6a, and 7a:
Compound 1 (440 mg, 1.27 mmol) and 2a (500 mg, 2.12 mmol) were
dissolved in decalin (ca. 50 mL), and the mixture was stirred and heated to
reflux for about 2h until the #(CO) band in the IR spectra of 2a
disappeared. After evaporation of the solvent under oil-pump vacuum, the
residue was dissolved in dichloromethane (ca. 8 mL; small amounts of
[{Cp*Fe},(P,),] could be detected by 3'P-NMR spectroscopy), neutral
ALO; (ca. 2g, activity grade II) was added, and the mixture was
concentrated until it was flowed freely. Column chromatography (column

[{CpRCol,(P)(PSe);] (10), Cp* = C;H,Bu

Col—Co2 2.5508(12) Co4-P1 2.1671(17) P1-Col-P3 70.67(7) Col-P1-Co3 106.34(7)
Co3—Cod 2.5836(12) Co4-P2 2.2127(19) P1-Col-P4 76.13(6) C03-P2-Cod 71.35(6)
Col -+ Cod 3.50 Co4-P4 2.2976(18) P3-Col-P4 93.94(7) C02-P2-Co3 101.34(7)
Co2-+-Co3 345 P1---P3 2.559(2) P2-Co2-P4 66.97(6) C02-P2-Cod 110.97(8)
Col-P1 2.2120(19) P2---P3 2.80 P2-Co2-P3 78.05(6) Col-P3-Co2 70.54(6)
Col-P3 2.2130(19) P2---P4 2.478(2) P3-Co2-P4 93.74(7) C02-P3-Co3 102.33(7)
Col-P4 2.2368(17) P1---P4 2.74 P1-Co3-P3 69.67(6) Col-P3-Co3 107.64(7)
Co2-P3 2.2047(18) P1-Sel 2.1233(18) P2-Co3-P3 78.17(6) Col-P4-Co2 69.25(5)
Co2-P2 2.2392(18) P2-Se2 2.1218(17) P1-Co3-P2 89.79(7) Col-P4-Cod 101.21(7)
Co2-P4 2.2522(19) P3-Se3 2.1257(17) P2-Cod-P4 66.63(7) C02-P4-Cod 107.46(8)
Co3-P2 2.2176(18) CpRoy—Col,2,3,4  1.74,175,1.74,1.74  P1-Co4-P4 75.75(6) Co-P-Se 117.4-125.7
Co3-P1 2.259(2) P1-Cod-P2 92.34(7) P-P-Se 129.8-132.0
Co3-P3 2.2210(17) C03-P1-Cod 71.39(6)

Col-P1-Cod 106.30(8)
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12 x 1.5 cm, neutral ALOs(II), petroleum ether) with petroleum ether
afforded a red-violet fraction 20 mg (5% yield) of [{CpRCol;(us-P),] (7a).
With petroleum ether/toluene (30:1) 300mg (67% yield) of green
[{CpRCo},P,] (6a) was eluted. A 10:1 mixture gave 150 mg (10% yield)
of 4 as a dark brown fraction. 4: C,yH,;CoFe,P, (686.1): calcd C 50.76, H
6.32; found C 49.97, H 6.15. 6a: C5,H;,Co,P, (844.4): caled C 51.21, H 6.21;
found C 51.79, H 6.10. 7a: C,;H3,Co;P, (602.3): calcd C 53.84, H 6.53; found
C 53.05, H 6.61.

Reaction of 1 with 2b to form of 5, 6b, and 7b: Compound 1 (294 mg,
0.85 mmol) and 2b (740 mg, 2.53 mmol) were dissolved in decalin (ca.
110 mL), and the mixture was stirred and heated to reflux for about
100 min [IR control and column chromatography (basic Al,O5(II), column
15x2.0cm) as described above]. Traces of [{Cp*Fe},(P,),]”! and
[{CpRCo},(P,),]®! were detected by *'P NMR spectroscopy. Petroleum
ether as eluent gave 50 mg (8 % yield) of 7b as a red-violet fraction. 290 mg
(43% yield) of green 6b were eluted with a 50:1 mixture of petroleum
ether/toluene, and 120 mg (12 % yield) of brown 5 were isolated from a 10:1
mixture. 5: CyHs;FeCo,Ps (818.4): caled C 52.83, H 7.02; found C 52.60, H
7.04. 6b: Cs,Hg,Co,P, (1068.8): caled C 58.43, H 7.92; found C 58.67, H 7.82.
7b: C3Hg;CosP, (770.6): caled C 60.78, H 8.24; found C 60.30, H 8.15.

Photochemical reaction of [ (CsMe Et)FePs] (1) with [{CpRCo(u-CO)},]
(3) to give 8: Compound 1’ (360 mg, 1 mmol) and 3 (529 mg, 1 mmol), each
dissolved in a small volume of toluene, were placed in a UV apparatus
containing toluene (100 mL). The water-cooled mixture was irradiated for
about 390 min until the CO band in the IR spectrum of 3 disappeared.
After evaporation of the solvent, the black oily residue was dissolved in
petroleum ether (ca. 7mL) and chromatographed (column 10 x 2.0 cm,
neutral ALOs(II), petroleum ether). With petroleum ether traces of
[CpRCo(CO),] (2b) were detected. Further elution with the same solvent
gave a blue fraction (oily, no *'P NMR signal) and after that a brown-violet
fraction containing 390 mg (53 % yield) of 8. Cs,Hq,CosFeO,P5 (1124.65):
calced C 55.53, H7.17; found C 55.08, H 7.14; IR (toluene): #(CO) =1927(s),
1791(brs, u-CO).

Oxidation of [{CpRCo},P,] (62 and 6b) with S; to the sulfurized products 9
and 12: Compound 6a (480 mg, 0.57 mmol) [6b (110 mg, 0.103 mmol)] and
Sg (146 mg, 0.57 mmol) [53 mg, 0.207 mmol] were dissolved in toluene
(30mL) [10mL] and stirred for 48h at room temperature. After
evaporation of the solvent, the brown residue was dissolved in dichloro-
methane (ca. 5 mL). Silica gel (ca. 1.5 g, IT) was added and the mixture was
concentrated until it flowed freely. Chromatography (column 10 x 1.0 cm,
silica gel (II), petroleum ether) with a mixture of petroleum ether/toluene
(20:1) gave green-brown fractions of 390mg (73% yield)
[{CpRCo}4(PS);(P)] (9) [75 mg (64 % yield) 12]. 9: C;Hs,Co,P,S; (940.6):
caled C 45.97, H 5.57; found C 45.84, H 5.57. 12: Cs,Hg,Co,P,S, (1132.9):
caled C 55.13, H 7.47; found C 54.86, H 7.43.

Oxidation of 6a and 6b with grey selenium to give [{CpRCo},(PSe);(P)]
(10) and [{CpRCo}4(PSe),P,] (13): Compound 6a (400 mg, 0.474 mmol) [6b
(80 mg, 0.075 mmol)] and grey selenium (300 mg, 3.80 mmol) [50 mg,
0.63 mmol] were stirred for 24 h in dichloromethane (20 mL) (P NMR
control). Workup as described for 9 and 12. Neutral Al,O;(II) was used
instead of silica gel. With petroleum ether/toluene (1:1) green-brown
fractions of 10 and 13 were eluted. 10: 240 mg (47 % yield); C;xHs,Co,P,Se;
(1081.3): caled C 39.99, H 4.85; found C 39.97, H 4.78. 13: 25 mg (27 %
yield); Cs,Hg,Co,P,Se, (1226.7) caled C 50.91, H 6.90; found C 49.98, H 7.04.

Oxidation of 9 to [{CpRCo},(u;-PS),] (11): Compound 9 (180 mg,
0.19 mmol) and Sg (13 mg, 0.05 mmol) were heated to reflux in dichloro-
methane (25 mL) for 24 h. Workup as described before for 9 and 12 (silica
gel(I)). A mixture of petroleum ether/toluene (5:1) gave 120 mg (63 %
yield)of 11 as a brown fraction. C;Hs,Co,P,S, (972.7): caled C 44.45, H
5.34; found C 44.26, H 5.18.

Single-crystal X-ray structure determinations: See also Table 2. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-101528, CCDC-101529,
CCDC-101530, CCDC-101531, CCDC-101532, and CCDC-101533. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).
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