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Abstract 

The phosphaalkyne ‘BuCP undergoes cyclodimerization at a molybdenum centre to afford a 1,3-diphosphacyclobutadiene complex 

in which, unusually, the four-membered ring is n3 ligated to the metal. 
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1. Introduction 

The chemistry of mononuclear transition metal com- 
plexes which contain coordinated alkynes is of consid- 
erable current interest [l-4]. It has been shown that 
the alkynes in some of these complexes can act as 
either two, three or four-electron donors. Green and 
coworkers [2] have shown that, in the complexes 
[Mo(~5-CgH,XCOXPEt,XMeC,Mell[13F,] and 
[Mo(775-C,H,)(PMe,),(MeC,Mell[BF,l, each molyb- 
denum atom attains a formal l&electron configuration 
if the but-Zyne ligand functions as a four-electron 
donor. 

Likewise, in the complexes [Mo(n5-C,H,XCOI- 
(MeC,Me),][BF,] and [Mo(n5-C,H,XNCMe)- 
(MeC,Me)]JBF,], whose structures have been con- 
firmed by single-crystal X-ray diffraction studies, each 
alkyne can be considered to donate three electrons to 
the molybdenum atom [5]. Complexes which have 
alkynes bonded in the above bonding modes exhibit 
unusually low field 13C chemical shifts [6]. 
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The complex [Mo(T~-C,H,XCO),(CH,CN),][BF,] 
has been extensively used as the starting material for 
the preparation of bis(alkyneIrnonocarbony1 cations, 
[Mo($-C,H7XCOXRC=CR’12]+ (R = R’ = alkyl or 
aryl) (R = H, R’ = alkyl or aryl), and in view of the 
previously discussed analogy in the behaviour of alkynes 
and phosphaalkynes [7,8] it was of interest to carry out 
similar reactions with phosphaalkynes in order to see 
whether n*-(3e or 4e)-phosphaalkyne complexes can be 
obtained. 

2. Results and discussion 

Treatment of [Mo(~5-C,H,XCO),(CH,CNI,I[BF,l 
with an excess of ‘BuC=P gave a red-brown mixture 
whose “P{‘H) NMR spectrum exhibited two strong 
singlets (a(P) = - 122.1 ppm and 6(P) = - 149.9 ppm) 
and temperature-dependent multiplets (S(P) = - 65.0 
to - 40.1 ppm). It was only possible to identify conclu- 
sively the complex responsible for the singlet resonance 
at 8(P) = - 121.1 ppm, which was isolated with a 54% 
yield. The ‘H NMR spectrum of this yellow product 
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[Mo(~~~-C,H,XCO),(‘BUCP),BF,] (1) (v(CO) = 2039, 
and 1976 cm-‘) confirmed that two moles of ‘BuCP 
had been incorporated, and the unusual structure of 
the complex was confirmed by a single-crystal X-ray 
diffraction study. 

The molecular structure shown in Fig. 1 reveals 
that, in contrast with the known behaviour of alkynes, 
the acetonitrile ligands have been displaced by two 
phosphaalkynes to form a 1,3-diphosphacyclobutadiene 
complex. The solid state structure shows that the 1,3- 
diphosphacyclobutadiene ring in 1 is unlike that in 
several related n4-1,3-diphosphacyclobutadiene com- 
plexes [M($-(CsRSX’BuCP)J (R=H or Me) (M= 
Co, Rh or Ir) [9-111. The most significant structural 
feature is the n3-C-P-C allylic fragment which is 
symmetrically bonded to the molybdenum, and only 
the three atoms C(l), C(2) and P(2) of the P,C,‘Bu, 
ring take part in the bonding to the molybdenum atom. 
As a result, the 1,3-diphosphacyclobutadiene ring is no 
longer planar, and the remaining phosphorus atom, 
which is attached to one of the fluorine atoms of the 
tetrafluoroborate anion, is directed out of the C(2)- 
P(2)-C(1) plane. The neutral complex is best described 
as [Mo(T$-C~H,(CO)~{~~-(~BU)CPC(~BU)PFBF~]]. 

Several tetrafluoroborate anion interactions with 
metals have been previously reported [12-171 but the 
compound reported here, to our knowledge, is the first 
example of interaction of a tetrafluoroborate anion 
with a main group element. Selected bond lengths and 
bond angles for 1 are listed in Table 1. Although the 
complex crystallized with two independent molecules 
(structures la and lb) in the asymmetric unit, no 

(0) 

F(3) 

C(6) 

(bl 

significant geometric differences were found between 
the two, and dimensions averaged over the two 
molecules are used in the subsequent discussion. The 
MO(~)-P(2) bond distance (2.447(2) Al is sIigh$ly 
shorter than the mean MO-P bond distance (2.537 AI 
in the complex [Mo(n’-C,H,(CO),(q3-P3)] [181 and the 
MO(~)-C(2) (2.323(7) A) and MOW-C(~) (2.294(&J) A> 
distances are equidistant within the limits of experi- 
mental error. 

The structure of 1 represents the first example of n3 
ligation of the diphosphacyclobutadiene ring system, 
but Binger et al. [19] have shown that similar unex- 
pected ligating modes of the “P2C2tB~z” system can be 
observed in certain rhodium complexes. Thus treat- 
ment of [Rh,Cl,(C,H,),] with an excess of ‘BuCP in 
the presence of PMe, gives a mixture of the complexes 
2 (8%) and 3 (28%). 

(2) (3) 

In solution, 2 rearranges slowly to 3, in which the 
four-membered ring exhibits considerable n1,n3-char- 
acter [19]. Interestingly, a side product in the originally 
described [lo] cyclodimerization of ‘BuCP in the pres- 
ence of ns-indenylbis(ethene)rhodium has recently 
been shown [20] to have the structure 4. 

This contains two v3-PCP fragments resulting from 
a cotrimerization of ‘BuCP and 1 mol of Pr, which 
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Fig. 1. Molecular structure of [Mo(.~~~-C,H,XCO)~(~~-(‘BU)CPC(‘BU)PFBF~}I. 
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must stem from the metathesis of ‘BuCP during the 
reaction. 

The 31P{1 H} NMR spectrum of complex 1 is unaf- 
fected by changes in temperature, and both 19F and 

“B NMR spectra show broad singlets at S(F) = - 142.6 
ppm and 6(B) = - 2 ppm respectively, implying that 1 
may have a different structure in solution from that in 
the solid state. 

TABLE 1. Selected intramolecular distances (A) and angles (‘1 with estimated standard deviations in parentheses 

Bond lengths 

MO(~)-ti(20) 

MdlbP(2) 
MdlbC(2) 
Mo(lbC(12) 
Mo(lbC(14) 
Mo(2)-C(41) 

Mo(2)-P(3) 
Mo(2bC(23) 
Mo(2HX33) 
Md2)-C(35) 
C(20)-O(1) 

C(41)-O(3) 

PWF(2) 
P(lH.x2) 

P(2)-C(2) 
H3bC(23) 
P(4)-C(22) 

F(l)-B(l) 
F(3)-B(1) 
F(5)-B(2) 
F(7bB(2) 

c(lbC(3) 
Mdl)-Cenl 
Md2bCen3 

2.018(8) 
2.450(2) 
2.320(6) 
2.294(9) 

2.38000) 
2.03401) 

2.444(2) 
2.326(7) 
2.302(12) 
2.398(9) 
1.134(10) 

1.13504) 
1.536(5) 
1.766(6) 
1.824(8) 

1.825(7) 
1.770(7) 
1.29304) 
1.35604) 
1.30(2) 

1.39(2) 
1.539(12) 

2.006 
2.034 

MdWZol) 
MOW-C(1) 
Mo(lbC(11) 
MoWC(13) 

MdlbC(15) 
Mo(2)-C(42) 

Md2)-Cc221 
MO(~)-C(32) 
Mo(2bCt34) 
Mo(2bC(36) 
c(21bo(2) 
c(42bo(4) 
P(l)-C(l) 
P(2bC(l) 

P(3)-Cc221 
P(4)-F(8) 
P(4)-C(23) 

F(2bBW 
F(4bBW 
F(6)-B(2) 
F(8bB(2) 
C(2)-c(7) 
Mo(lbCen2 
Mo(2bCen4 

1.97700) 
2.308(7) 
2.374(8) 
2.268(10) 

2.458(9) 
1.982(&j 

2.279(8) 
2.403(10) 

2.258(9) 
2.485(9) 
1.13803) 

1.15800) 
1.739(9) 
1.82X8) 
1.825(9) 

1.539(5) 
1.740(9) 
1.477(11) 
1.287(14) 

1.29(2) 
1.43103) 
1.523(10) 
2.052 
2.040 

Bond angles 

F(2bPW-C(l) 
C(l)-P(l)-C(2) 
C(22)-P(3)-CX23) 
F(8)-P(4)-CX23) 

P(l)-F(2)-B(l) 
P(l)-CubP(2) 
P(2bCW-C(3) 
PW-C(2bC(7) 
C(l)-C(3)-C(4) 

C(l)-C(3)-c(6) 
C(4)-C(3bC(6) 
F(l)-B(l)-F(2) 

F(l)-WlbF(4) 
F(2)-B(l)-F(4) 

F(5)-B(2bF(6) 
F(5)-B(2)-F(8) 
F(6)-B(2)-F(8) 
Cenl-Ma(l)-Cen2 
Cenl-MO(l)-C(21) 
Cen2-Ma(l)-C(21) 
Cen3-Mo(2)-Cen4 
Cen3-Mo(2)-C(42) 
Cen4-Mo(2)-C(42) 
Ma(l)-(X20)-O(1) 
Md2bC(41)-0(3) 

117.5(4) 
84.9(3) 
81.1(3) 

116.1(4) 

131.1(6) 
91.9(4) 

126.9(7) 
124.4(5) 
108.4(9) 
111.3(8) 
106.7(9) 
108(l) 
112.4(9) 
114.1(8) 

121(l) 
112.8(8) 
1120) 
141 
109 
99 

142 
110 

97 
172.6(8) 
173.8(8) 

F(2bP(lbCt2) 
C(l)-P(2)-C(2) 
F(8)-P(4)-Ct22) 
CX22)-P(4)-C(23) 

P@-F(8)-B(2) 
P(l)-C(lbc(3) 
P(l)-C(2bP(2) 
P92)-C(2)-C(7) 

c(l)-C(3)-C(5) 
C(4)-C(3)-c(5) 
C(5bC(3)-C(6) 

F(l)-B(lbF(3) 
F(2)-B(lbF(3) 
F(3bBW-F(4) 
F(5)-B(2)-F(7) 
F(6)-B(2)-F(7) 

F(7)-B(2bF(8) 
Cenl-Ma(l)-CX20) 
Cen2-Mdl)-C(20) 
C(20)-M&)X(21) 
Cen3-Md2)-C(41) 
Cen4-Md2)-C(41) 
C(41)-Mo(2)-C(42) 
MO(l)-C(21)-O(2) 
Mo(2bC(42)-O(4) 

117.2(3) 
80.9(3) 

116.3(3) 

85.0(4) 
134.7t6) 
124.8(6) 

91.0(3) 
126.6(5) 
109.2(8) 
109.6(9) 
1110) 
1030) 
109.3(8) 

1100) 
105 (1) 

98(l) 
106.3(9) 
112 
100 

79 
112 
100 

79 
174(l) 

174.0(8) 

Cenl is the centroid of C(ll), C(l2), C(13), C(14), C(S); Cen2 is the centroid of C(2), P(2), c(1); Cen3 is the centroid of CW), c(3), c(34), 
C(35), C(36); Cen4 is the centroid of c(22), P(3), C(23). 
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kh 

It is conceivable that in solution the structure in- 
volves an n4-ligated diphosphacyclobutadiene ring A, 
Fig. 2, in which the positive charge becomes mainly 
localized to molybdenum. In structure B, on the con- 
trary, the positive charge is concentrated on the phos- 

( i ) &czcMe, CH,CI,.RT; (L=MecN) 
(ii1 MeCICMe 

Scheme 1. 

7'-(4e) 

[BF,] 

(Cl 

r 

T2-(4e) 

(ii) 
1 

( i ) ‘BuCiP. CH,CI,, RT; L= M&N 

(ii) ‘BuCEP 

Scheme 2. 

! +(.?e) 

bl 

phorus atom P(l), and the complex could then be 
regarded as containing a phosphenium ion which is 
interacting with the [BF,]- anion, ultimately resulting 
the P-F bond formation and elongation of one B-F 

TABLE 2. Fractional atomic coordinates (X 104) with the estimated 
standard deviations in parentheses 

x Y z 

MO(l) 1282.2(4) 791.7(3) 3424.0(4) 
MO(~) 
P(l) 
P(2) 
P(3) 
P(4) 
F(1) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 
F(7) 
F(8) 
O(1) 
O(2) 
O(3) 
O(4) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
COO) 
CC111 
C(12) 
CC131 
C(14) 
C(15) 
C(16) 
CC171 
CO81 
CO91 
C(20) 
C(21) 
C(22) 
C(23) 
Cc241 
C(25) 
c(26) 
Cc271 
C(28) 
C(29) 
C(30) 
C(31) 
Cc321 
C(33) 
cc341 
C(35) 

4889.7(5) 
-81(l) 
1711(l) 
4268(l) 
5960(l) 

- 1721(6) 
- 54x41 

- 1668(6) 
- 2130(4) 

7701(5) 
7198(7) 
6765(8) 
6204(4) 
3112(4) 
2890(5) 
382q5) 
2793(5) 

714(5) 
895(4) 
542(8) 

- 415(10) 
495(11) 

1309(11) 

938(5) 
1224(7) 
1654(8) 
- 45(6) 

- 147(5) 

640(6) 
1300(7) 
897(7) 

- 5(5) 
- 605(7) 
- 332(9) 

510(12) 
1139(9) 
2444(6) 
2287(6) 
4882(5) 
5447(5) 
4551(7) 
4495(19) 
374H13) 
540802) 
5807(6) 
5680(12) 
5378(17) 
6843(9) 
6059(6) 
5191(7) 
5009(7) 
5796(7) 

2483.6(4) 
16950) 
1676(l) 
12510) 
1150(l) 
2450(g) 
2251(3) 
3166(4) 
2056(4) 

348(4) 
- 607(5) 
- 479(7) 

333(3) 
1330(5) 

- 127(4) 
2864(5) 
2756(4) 
1077(4) 
1999(4) 

640(5) 
225(7) 

1155(7) 

53(7) 
2728(4) 
3331(4) 
2724(6) 
2919(5) 

159t4) 
- 343(5) 
- 179(5) 

417(5) 

61x4) 
1147(5) 
1425(7) 
1265(7) 
792(7) 

1184(5) 
218(5) 

1431(4) 
1422(4) 
1251(5) 
452(9) 

1647(12) 
139201) 
1222(5) 

420(7) 
163402) 
135400) 
2966(5) 
3382(6) 
3705(5) 
3551(5) 

2354.7(4) 
2320(l) 
2582(l) 
2390(l) 
2352(l) 

600(4) 
1689(3) 
1484(7) 
1554(5) 
2273(g) 
281q7) 
1664(6) 
2346(3) 
4688(4) 

3118(6) 
3557(4) 
1361(4) 
213N4) 
3079(4) 
1390(5) 
1228(6) 
747(6) 

1467(g) 
3489(4) 
3003(6) 
4288(6) 
3563(5) 
331 l(5) 
3464(5) 
4199(6) 
4536(5) 
3988(4) 
4150(6) 
4874(7) 
5387(7) 
5284(6) 
4214(6) 
3191(6) 
1686(4) 
3044(4) 
837(5) 
727(8) 

39X7) 
507(g) 

3908(5) 
3993(7) 
4377(g) 
4177(g) 
1826(5) 
1581(6) 
2225(7) 
2876(6) 
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TABLE 2. (continued) 

x 

C(36) 
U37) 
C(38) 
C(39) 
U40) 
cc411 
C(42) 
B(1) 
B(2) 

6444(6) 
7351(7) 
7621(9) 
6916(11) 
5996(9) 
4232(6) 
3568(6) 

- 1545(7) 
7025(g) 

Y z 

3098(4) 2608(5) 
2904(5) 
3187(6) 
3625(7) 
3783(7) 
2697(S) 
2622(5) 
2453(6) 

- 70(6) 

3141(6) 
3898(7) 
4137(g) 
3629(g) 
3154w 
1702(5) 
1335(6) 
2335(g) 

bond (B(l)-F(2), 1.454(12) A), the other B(l)-F bonds 
having a mean length of 1.31904) A. 

An attempt to confirm the presence of A in solution 
by reaction of 1 with LiBEt,H was unsuccessful. Inter- 
estingly, analogous cationic T4-cyclobutadiene com- 
plexes have been synthesized by Rheingold and 
coworkers [21] by treating T3-oxocyclobutenyl com- 
plexes of molybdenum and tungsten with biscyclopen- 
tadienyl titanacyclobutane followed by protonation with 
HBF, - Et,O. 

The formation of the q3-1,3-diphosphacyclobu- 
tadienyl complex 1 is particularly interesting. As is 
summarized in Scheme 1, the reaction of, for .:xam- 
ple, but-2-yne with the labile complex [Mo($- 
C,H,XCO),(CH,CN),][BF,] probably proceeds via the 
intermediate q*-(4e)-donor alkyne complex C, and re- 
placement of a second carbonyl group by a but-2-yne 
molecule is assisted by a switch [q*-(4e) + 7*-(2e)] in 
the bonding mode of the alkyne. By analogy, it might 
have been expected that a similar sequence of reac- 
tions would taken place on reaction of the bis- 
acetonitrile complex with ‘BuGP. However, instead of 
CO loss, head-to-tail coupling of the two coordinated 
(7*-(2e>) phosphaalkyne ligands apparently occurs, to 
give initially a cationic q4-1,3-diphosphacyclobutadiene 
complex, which then collapses through a BF;-phos- 
phorus interaction to give the isolated complex 1 
(Scheme 2). 

The reasons for this difference in behaviour are not 
clear, and it is interesting to note that ~4-cyclo- 
butadiene formation at a MO(B) q4-cyclopentadienyl 

(A) (6) 
(solution) (solid 1 

Fig. 2. 

substituted centre has not been observed, although it is 
important to note that, when a toluene solution of 
[MoC1(~5-CSH,X~2-PhC2Ph)2] is heated, dispropor- 
tionation occurs [22], to yield as principal products a 
Mo(I1) metallacyclopentatriene and the paramagnetic 
q4-cyclobutadiene complex [MoC~~(~~-C~HJ(~~- 
C,Ph,)]. Clearly, more work is needed to provide 
understanding of the formation of 1. 

3. Experimental details 

3.1. Reaction of (Mo(~~~-C,H,)(CO),(CH,CN),](BF,] 
with ‘BuCzP 

A solution of [Mo($-C,H,XCO),(CH,CN)JBF,] 
(109 mg, 0.25 mm00 in CH,Cl, (10 ml> was frozen and 
degassed at - 197°C. After addition of tBuC=P (69 mg, 
0.69 mmol), the mixture was slowly warmed to room 
temperature and stirred for 16 h, during which a red- 
brown solution was formed. The solvent was removed 
under reduced pressure and the residue was kept un- 
der vacuum for a further 4 h to remove any remaining 
displaced acetonitrile. The resulting red-brown com- 
plex was redissolved in CH,Cl, (2 ml). The 31P{1H] 
NMR soectrum (CH,Cl,) exhibited two strong singlets 
at 6(E, : ,‘..l opm and S(P) = - 149.4 ppm and a 
temperatsu-e-dependent multi&t at a(P) = - 65.0 to 
40.1 ppm. After slow addition of petrcleum ether (30- 
4O”C), the solution was kept at room temperature for 4 
days to afford pale-golden-yellow crystals. The mother 
liquor was syringed off and the crystals wasned several 
times with petroleum ether (30-40°C) and dried in a 
flow of dry dinitrogen. The compound was ide.?tified as 
dicarbonyl-~5-indenyl-~3-[1,3-diphospha-2,4-di-tert- 
butyl-l-{~-fluorotrifluoroborane}-cyclobutadiene]- 
molybdenum, (yield, 58 mg (54%); mp 175°C (de& 

Anal. Found: C, 45.45; H, 4.21. C2,H,BF4Mo02P2 
talc.: C, 45.52; H, 4.55%. IR (CH,C12): v(CO) 2039m 
and 1976br, m cm -l. 31P{1H} NMR (CH,Cl,): - 122.1 
(s) ppm. ‘H NMR (CDCl,): 6 0.95 (s, 18H, ‘Bu); 5.46 
(t, lH, H1, ‘J(H’H*) = 2.93 Hz); 6.13 (d, 2H, H*, 
‘J(H’H*) = 2.93 Hz); 7.10-7.70 (m, 4H, aromatic H) 

ppm. 

3.2. X-ray structural analysis of (Mo(q5-C, H,)-(CO),- 
{q3-(‘BuCPC(‘Bu)PFBF,)I 

3.2.1. Crystal data 
C2,H,BF4Mo02P2; M = 524.1; monoclinic; ospace 

group, P~,/c;~ a = 14.880(6) A, b = 18.280(g) A and 
c = 18.331(9) A, p = 107.77(4)“; F(000) = 2040; U = 
4748.3 A3; 2 = 8; 0, = 1.55 g cme3; monochromated 
MO Ka radiation, h = 0.71069 A; p = 7.2 cm-‘. Data 
were collected using a crystal of approximate dimen- 
sions 0.5 mm X 0.3 mm X 0.3 mm on an Enraf-Nonius 
CAD4 diffractometer. A total of 8963 unique reflec- 
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tions were measured for 2” < 8 < 25”, t-h + k f 1, and 
6079 reflections with IF2 I> a(F2> were used in the 
refinement where a(F2> = [a2(Z) + (0.041)2]‘/2/Lp. 
The structure was solved by routine heavy-atom meth- 
ods and refined by the full-matrix least-squares method 
with anisotropic temperature factors. Hydrogen atoms 
were omitted. The weighting scheme was w = l/c~~(F) 
and the final residuals were R = 0.063 and R’ = 0.092. 
A final difference map had a maximum density of 1.1. 
electrons A- 3 close to the heavy atom. Programs from 
the Enraf-Nonius SDP-PLUS package were run on a 
PDP 11/34 computer. 

Atom coordinates are listed in Table 2. A complete 
list of bond lengths and angles and a table of thermal 
parameters have been deposited at the Cambridge 
Crystallographic Data Centre. 
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