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The reaction of the diphosphanes 2a-f with (OC),Mo(nbd) technique by using the program EQNMR. Only 3d shows an 
under high dilution conditions affords the mononuclear ben- interaction with the alkali metal cation Na+ forming a 1:l and 
zomolybdacrown ethers cis-(OC),Mo( 1,2-, 1,3-, 1,4- 2:l  complex (3dlcation) while no interaction with Li+ could 
[Ph2PCH2(CH20CH2),,CH,1,CGH4-~P') (3a-f) (n = 1, 2). On be detected. The molecular structures of 3a and 3d were elu- 
the basis of the 31P nucleus the inclusion behavior of the mo- cidated by X-ray structural analyses. Complexes 3a and 3d 
lybdacycles 3a-f toward the alkali metal salts LiBF4 and crystallize in the monoclinic space groups P2,/c and P2,/n 
NaBPh, was investigated with the aid of a NMR titration with Z = 8 and 4,  respectively. 

Introduction 

Cyclophosphane chemistry is undergoing a rapid devel- 
opment and has created a multitude of architecturally im- 
pressive molecules with features related to structure and 
functionalization, that are able to embed The 
introduction of transition metal fragments leads to a re- 
markable influence on the structure of the resulting metalla- 
cy~lophanes[~l because of their steric requirement. Simul- 
taneously, a new reactive center is obtained that is capable 
of inserting carbon monoxide into M-C CT b0nds[~1[~1. The 
specific incorporation of heteroatoms like oxygen into the 
cyclophane framework would allow to extend the com- 
plexation qualities of metallacyclophanes to include also al- 
kali metal cations as guests. However, the hitherto success- 
fully applied bis(triflate) m e t h ~ d l ~ ] [ ~ ]  for the concomitant 
formation of several metal-carbon G bonds - a variant of 
the cationic alkylation - failed when polyether moieties 
were present in the cyclophane backbone. A suitable 
alternative for the synthesis of metallacyclophanes with 
ether building blocks, which can be also denoted as benzo- 
metallacrown ethers, is the employment of adequate phos- 
phane ligands which form stable metal- phosphorus bonds 
within the cyclophane ring. Herein the sythesis and their 
behavior toward alkali metal cations is studied. Because of 
their rigid nature it is anticipated that both the aromatic 
part and the transition metal fragment provide a higher pre- 
organization of these cycles compared to aliphatic systems. 
The size of the cavity of these benzometallacrown ethers 
can be adjusted by the substitution pattern of thc aromatic 
ring and by the number of C2H40 units in the polyether 
chain. One of the most basic and important processes in 
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supramolecular chemistry is the formation of hodguest 
complexes between two or more chemical species@]. An ap- 
propriate parameter to describe the thermodynamic fea- 
tures of such an inclusion is supplied by the stability con- 
stants which are determined by the method of NMR ti- 
trationsL7I. The advantage of applying NMR spectroscopy 
is that misinterpretations caused by minor impurities, which 
are sometimes serious in other optical methodsf7], are 
avoided. 

As the benzomolybdacrown ethers being under consider- 
ation in this article may be regarded as a connecting link 
between benzocrown and metallacrown  ether^[^-^?] it is 
reasonable to discuss and to compare the inclusion behavior 
of these related host molecules. 

Results and Discussion 
Phosphane Ligands and Benzomolybdacrown Ethers 

For the access to the benzomolybdacrown ethers 3a-f 
the corresponding diphosphane ligands 2a-f are necessary 
as starting materials. They are synthesized by reaction of 
the dichlorides 1,2-, 1,3-, and 1,4-[ClCH2(CH20CH2),CH2- 
OI2C6H4 (la-f,  (n = 1 ,  2) with LiPPhz in a THFln-hexane 
mixture at 0°C (Scheme 1). After purification by column 
chromatography 2a-f are obtained as colorless viscous oils 
which are sensitive to air and dissolve readily in dichloro- 
methane and tetrahydrofuran. The molecular composition 
of the diphosphanes 2a-f was corroborated by their FD or 
EI mass spectra, displaying the molecular peak in each a 
case. In the 31P{LH)-NMR spectra of 2a-f each one signal 
around 6 = -20 is observed which is located in the same 
region as that of related diphosphanes with an aliphatic 
backbone [' '1. 

In a following step the diphosphanes 2a-f are reacted 
with one equivalent of the molybdenum complex (OC)4- 
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Scheme 1 
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nbd = norbornadiene 

[Mo] = Mo(CO), 
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f 

Mo(nbd) in CH2C12 at ambient temperatures as described 
in the l i terat~re"~] to afford the benzomolybdacrown ethers 
ris-(OC)4Mo{1,2-, 1,3-, 1,4-[Ph2PCH2(CH20CH2),,CH2- 
0I2ChH4-RP') (3a-f) (n = 1, 2) as colorless solids (Scheme 
1 and Figure 1). To suppress the formation of oligo- or 
polymeric products the application of the high dilution 
method is necessary. Nevertheless in the "P{'H)-NMR 
spectra of the puru compounds 3c and 3f with a stretched 
OC6H40 arrangement traces of impurities are detectable 
pointing to oligomeric species. The complexes 3a-f are 
somewhat sensitive to air and soluble in polar organic sol- 
vents like tetrahydrofuran, acetonitrile, or dichloromethane. 
Nor in the FD mass spectra neither with the electro spray 
technique other masses than those for the mononuclear 
species could be observed. 

In the 5-pm region of the IR spectra of 3a-f four inten- 
sive absorptions occur which is consistent with a ris- 
Mo(COj4 geometry. Compared to the phosphanes 2a-f the 
"P{'H}-NMR spectra of 3a-f reveal one signal which is 
shifted to lower Gelds. This finding is in agreement with 
the results of Gray et al. who reported about comparable 
aliphatic systems["]. In the low Geld part of the "CtLH)- 
NMR spectra of 3a-f two signal groups are discernible. 
The first one represents an AXX' spin system being as- 
signed to the carbon atoms of the carbonyls arranged trans 
to the phosphorus atoms. The second resonance has the 
shape of a triplet and can be ascribed to the carbonyls ar- 
ranged cis to the phosphorus atoms. The carbon atoms of 
the methylene groups in the u- and P-positions to the phos- 
phorus atom are responsible of the A parts of AXX' pat- 
terns. 

The cyclization reaction to give the benzomolybdacrown 
ethers 3a-f has to be performed under exclusion of light 
to avoid a cisltmns isomerization. When a solution of 3f in 
CH2C12 is subjected to an UV irradiation for several mi- 
nutes, the 31P( 'H} -NMR spectrum shows an additional sin- 
glet at 6 = 30.3 caused by a cisltrun;, rearrangement of the 
phosphanes. Beside the four CO bands in the 5-pni region 
of the IR spectrum of 3f an additional CO absorption oc- 
curs for the Mo(CO)~ fragment. A similar observation re- 
cently was made in the case of the molybdacrown ether cis- 
(OC)4Mo[Ph2P(CH2CH20)4CH2CH2PPh2-RP'] in the pre- 
sence of HgC12 or under UV irradiation[22]. 

Structures of 3a and 3d 

Concerning the possibility of the formation of benzomo- 
lybdacrown ethedguest complexes the structures of 3a,d 
were elucidated by X-ray structural analyses. 3a crystallizes 
with two independent molecules (A and B) in the asymmet- 
ric unit having nearly the same conformation, one of which 
(A) is depicted at the top of Figure 2. The dioxophenylene 
unit (C9-C14,06,07) and the adjacent carbon atoms (C8 
and C15) of 3a are located in the aromatic ring plane while 
the remaining part of the molecule is folded over this plane. 
The four oxygen atoms of the polyether backbone are ori- 
ented in another least-square plane forming an angle of 
42.2" to the aromatic ring with the deviations of -0.016 A 
for 05 ,  0.036 A for 06, -0.034 A for 07 ,  and 0.014 A 
for 08. The torsional angles C5-Pl -Mol -P2 (28.4') and 
P1-Mol -P2-C18 (-100.6') at the transition metal center 
reflect a relatively unsymmetric structure of 3a. Figure 2 
(bottom) display? the space-filling model of 3a in which the 
phenyl groups were omitted for clarity. The distance be- 
tween Mol and the phenyleiie unit is 7.0 A while the ether 
oxygen atoms have the following distances for both inde- 
pendent molecules A and B: 05-06  (3.0, 3.0 A), 05-07  

06-08  (4.8, 4.9 A), and 07-08  (3.0, 3.0 A). 
Although the crystal structure of 3d (Figure 3, top) 

shows a disorder, nevertheless it can be used for a very brief 
discussion. One disordered acetonitrile molecule is located 
out of the center of the cavity, the C47 atom being nearer 
than the N1 atom (05-N1 4.4, 010-N1 4.5, 06-C47 3.0, 
and 09-C47 3.4 A). In contrast to 3a the aliphatic skeleton 
is not folded. The ether oxygen atoms have the following 
distances: 05-06  (6.1 A), 06-09  (5.8 A), 06-010 (7.3 
A), 0 5 - 0 9  (6.1 A). The space-filling model of 3d (Figure 
3, bottom) shows a larger cavity compared to 3a in the 
solid state. 

(5.0, 5.0 A), 05-08 (5.8, 6.2 A), 06-07  (2.6, 2.6 A), 

Examination of the Inclusion Characteristic of the 
Benzomolydacrown Ethers 3a-f 

Since the discovery of crown ethers by Pederson in 
1967[241 an amazing number of macrocyclic ligands with 
heteroatoms have been The properties of 
these cycles, in particular their inclusion behavior depend 
on factors as cavity size, the number and the nature of the 
heteroatoms, the kind of substituents in the periphery of 

1816 Clzern. BcelRecueill997. 130, 1815- 1823 



Preparation, Properties, and Reactions of Metal-Containing Hcterocycles, XCVII FULL PAPER 
Figure I .  Benzomolybdacrown ethers 3a-f obtained by the reaction between the diphosphanes 2a-f and Mo(CO),(nbd) 
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the ligands, the properties of the and the pos- 
sibility of preorganizati~n[~~]. Compared to aliphatic crown 
ethers benzocrown ethers implicate two additional effects. 
The aromatic unit represents a sterically defined building 
block in the otherwisc completely flexible system. Further- 
more the aromatic 7c-system is able to participate in the 
complexation of alkali metal cations as was shown by stud- 
ies in the gas-phase and in an aqueous m e d i ~ m [ ~ * I [ ~ ~ ] .  The 
incorporation of transition metal fragments into the crown 
ether framework, leading to metallacrown ethers, offers the 
possibility to combine a hard cation and a soft transition 
metal center[30]. Such an arrangement is capable to activate 
carbon monoxide in the coordination sphere of a transition 
meta1['41['~]['61['x][221~30]. Moreover the latter exerts a steric 
influence on the cyclophane which is expected to change 
the inclusion properties. Benzomolybdacrown ethers are re- 
garded as the combination of benzocrown and metalla- 
crown ethers. Therefore it is of special interest to compare 
the stability constants of these systems if alkali metal cat- 
ions are included. 

The NMR spectroscopy is an often applied method for 
studying the reaction of alkali metal cations with macro- 
cyclic crown ethers, because of the possibility of measuring 
different nuclei for the independent evaluation of stability 
constants. Generally cnvisaged nuclei for the NMR titration 
procedure are 'H[*], 13C[81, and different metal nu- 
clei[Xl[3'land recently also the 31P was employed. 
Compared to the 'H-NMR spectroscopy the 31P nucleus 
provides a larger chemical shift dispersion, therefore the de- 
termination of the stability constants is more reliable. Un- 
fortunately the quadrupole moments of 7Li, "Na lead to a 
serious line broadening, hence the determination of small 
changes of the chemical shifts becomes difficult. In particu- 
lar this is the case if the symmetry of the environment of 
the nucleus is less than T, as in the present study[32]. Meas- 

uring the 3'P-chemical shifts affords a higher sensitivity 
compared to ''C, which is necessary because of the p-value 
originally defined by Weber as the "probability of bind- 
ing"["]. This important parameter to consider in choosing 
the conditions for a titration is the ratio (concentration of 
the inclusion complex)/(maximum possible concentration of 
the inclusion Most informations are obtained 
if the p-value is between 0.2-0.8[341. 

The complexation between the benzomolybdacrown 
ethers 3a-f and the alkali metal salts LiBF4 and h-aBPh4 
was carried out in CD2C12/CD3CN (1:l) and the course of 
the reaction was monitored 31P{1H}-NMR spectroscopi- 
cally. This combination of solvents turned out to be favor- 
able, because both educts (3a-f and the alkali salts) are 
soluble in such a mixture and the solvent components have 
only a low donating capability[35]. In Figure 4 the changes 
of the 31P chemical shifts are plotted versus the molar ratio 
cation/3d. Figure 5 displays the agreement of the calcu- 
lated[361 with those of the experimental data assuming that 
both 1 : 1 and 2: 1 (3d/NaC) complexes are formed[""]. The 
application of the 1:1 binding model only did not lead to a 
satisfying which was proved by comparison of the 
calculated with the experimental data (Figure 6). A plot of 
residuals[36] is also depicted in cach case (bottom of Figures 
5 and 6) indicating that there is no systematic error in the 
measurements if the proper model is selected. The stability 
constants for the 1:l (logKI = 4.12) and 2:l (logK2 = 2.8s) 
inclusion complexes were determined as described in the 
Experimental Section applying the non-linear least-squares 
program EQNMRr3*1. The R-factor [1.18% in the case of 
1 :1 beside 2: I complex (3d/Na+)] is a quantitative compari- 
son of the fits using the "merit As already 
mentioned the p-value represents a standard of valuation 
for the reliability of a NMR titration. While the p-values 
for the 1:l complex (3d/Na+) are indeed in the range be- 
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Figure 2. Top: ORTEP plot o f  the independent molecule A of com- 
pound 3a. - Bottom: Space-filling representation of compound 3a. 
In both cases the phenyl groups at the phosphorus atoms are omit- 

ted for clarity[”] 

Figure 3. Top: ORTEP plot of the molecular structure of com- 
pound 3d. - Bottom: Space-filling representation of compound 3d. 
In both cases the phenyl groups at the phosphorus atoms are omit- 

ted for clarity‘“] 

02 

La] Selected bond lengths [A] and angles [“I: Mol-PI 2.566(9), 
Mol  -P2 2 537(X), Mol-Cl 2.062(4), Mol-C2 2.020(3), 
Mol-C3 1.982(3), MolbC4 1.984(3), PI-C5 1.850(3), P2-ClS 
1.826(3), 05-C6 1.425(4), 0 5 -  C7 1.424(4), 06-CS 1.432(4), 
06-C9 1.37314). 07-CI4 1.362(4), 07-C15 1.431r4). 08-Cl6 
1.417(5), 08-CI7 1.41015): Pl-Mol-P2 95.86(3), C1-Mol-PI 
90.85( lo), C2-Mol -PI 90.33(9), C3- Mol -PI 89.05(10), 
C4-Mol -P1 174.42(10). C I - M O I - P ~  90.23(9). C2-Mol-P2 
88.58(9), C3-Mol - P i  174.96(10), C4-M;IrP2 89.62(10). 
C5 -PI-Mol 125.52(111. CI8-P2-Mol 113.54(12). C6-05-C7 
111.7(3), C8--06-C9 117.8(8), C14-071C15 117.4(3). 
C16-08-CI7 IlS.9(3). 

tween 0.2 and 0.8 for all measured points, in the case of the 
2:l complexes this is only valid for one third of about 
twenty data points. 

A conspicuous finding is the fact that only 3d interacts 
with Na+ but not with Li+, while no changes in the 31P- 

Selected bond lengths [A] and angles [“I: Mol-PI 2.5.52(8), 
Mol -P2 2.556(7), h.101 -Cl 1.990(3), M o I - C ~  2.026(3). 
MolFC3 1.984(3), M0lbC4 2.032(3), P1-C5 1 844(3), P2-C22 
1.850(3), PI-Mol-P2 98.26(2), CI-Mol-Pl 85.58(12), 
C2-Mol-Pl 91.32(101. C3-Mol-PI 173.90(9). C4-Mol-Pl 
93.16(8), C1 -Mol-P2 176.02(12). C2-MolLP2 92.68(10), 
C3-MoI-P2 87 83(9), C4-Mol -P2 87.75(8), C5-P1-MoI 
114.72(10), C22-P2 -Mol 120.16(9). 

chemical shifts in the cases of the meta and para crown 
ethers 3e and 3f, and the smaller cycles (n = 1) 3a-c indi- 
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Figure 4. "P-chemical shifts vs the molar ratio cation/3d in a mix- 
ture of CD2C12/CD1CN (1:l). Used alkali metal salts were LiBF4, 
and NaBPh4. The ligand (3d) concentrations were in the range bet- 

ween 0.01 M and 0.001 M 
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cate that no inclusion compounds are formed whith the al- 
kali metal cations. With regard to the related benzo-12- 
crown-4['] and the molybdacrown ethers c i ~ ( 0 C ) ~ .  
Mo[Ph2PCH2(CH20CH2),CH2PPh2-U''] (n = 4, 5) exam- 
ined by Gray et al. this result is in marked contrast. 

As reflected in Figure 4 the 3'P-chemical shift moves up- 
field in the case of the inclusion of Na+. N o  effect is estab- 
lished if LiBF4 reacts with 3d. Thus 3d is able to discrimi- 
nate between Na+ and Li+ which is in contrast to the re- 
lated benzo- 18-crown-6 where the stability constants of lith- 
ium and sodium are in the same range[']. A direct 
comparison of both systems is inappropriate, because the 
anions (BF, and BPh, vs picrate) and the employed sol- 
vents (CD2C12/CD3CN vs CDCI,) are difyerent. Gray et 
al.[23] reported on the inclusion of Li+ (LiBF4) and Nat  
(NaBPh4) into the aliphatic molybdacrown ethers cis- 

in a 1:l solvent mixture of CD,CN and CCI4. In contrast 
to 3d both metallacrown ethers form 1:l complexes with 
Li +. On the other hand the sodium complex of 3d shows a 
stability constant which is one or two orders of magnitude 
higher than those for the molybdacrown ethers with n = 4, 5. 
Compared to the systems of Gray[23] this behavior indicates 
that the number of oxygen atoms in the ring framework and 
the cavity of the crown ether in 3d are responsible for the 
discrimination between Lit and Nat . Another diffcrence 
between aliphatic and aromatic molybdacrown ethers is the 
fact that the latter form 2:1 (3d/Na+) along with 1:l com- 

( O C ) ~ M O [ P P ~ ~ C H ~ ( C H ~ O C H ~ ) , C H ~ P P ~ ~ - ~ P ' ]  (n = 4, 5)  

Figure 5.  Top: Plot of the S3'P-chemical shifts vs the concentration 
of3d (CD$lz/CDIChT = 1:l) assuming that 2 1  and 1:l (3d/Na+) 
complexes are formed. Open circles (0) represent experimental 
data, the graph (-) represents shifts calculated using the "best-fit" 

parameters. Bottom: Residuals plot 
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plexes while the first mentioned type forms only 1:l com- 
plexes. 

Conclusion 

Benzoinetallacrown ethers take an intermediate position 
between ben7o- and metallacrown ethers. In addition to 
their polyether chain they consist of an aromatic building 
block and a transition metal center. Both constituents con- 
trol the inclusion characteristics and are responsible for a 
defined geometry. Compared to crown ethers with an ali- 
phatic framework benzometallacrown ethers are less flex- 
ible. Dependent on the number of CHzCHzO units and the 
substitution pattern at the benzene ring the benzomolyb- 
dacrown ethers 3a-f offer different cavities. The well 
known cyclic ethers 1.7-benzo-12-crown-4 and 1.2-benzo- 
18-crown-6 are capable to include Li+, Na+, and Kf and 
Li+, N a f ,  Kf ,  Rb+, and Cs+, respectively[8]. Gray et al. 
determined the stability constants of the related aliphatic 
molybdacrown ethers cis-(OC)4Mo[PPh,CH2(CH20CH~)n- 
CH2PPh2-IFjP'] (n  = 4, 5 )  which are able to complex Lif 
and Na Lz3J. Unlike to both systems, the benzomolyb- 
dacrown ether 3d shows an interaction with Na+ forming 
a I : ]  and 2.1 (3dcation) complex, while no effect could be 
observed with Li'. Thus 3d discriminates strongly between 
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I Q  '2 

Figure 6. Top: Plot of the 631P-chemical shifts vs the concentration 
of 3d (CD2CI2/CD3CN = 1:I)  assuining that only a 1:l (3d/Naf) 
complex is formed. Open circles (0) represcnt experimental data, 
the graph (-) represents shifts calculated using the "best-fit" para- 

meters. Bottom: Residuals plot 
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Li+ and Na+. However, all other benzomolybdacrown 
ethers 3a-c and 3e, fa re  not able to incorporate any alkali 
metal cation. The same behavior show the 1,3-substituted 
benzo-19-crown-6 and benzo-13-crown-4 related to 3b,e 
and the 1,4-substituted benzo-20-crown-6, related to 3frsl. 
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Experimental Section 
Generul: All manipulations were carried out under an atmos- 

phere of argon by using standard Schlenk techniques. For the syn- 
thesis of the beiizoinolybdacrown ethers 3a-f brown glass tubes 
were used to protect the reaction mixture from light. The dichlor- 
ides 1 a-f were synthczised following thc literature proced~rer~~] .  
Solvents were dried with appropriate reagents and stored under 
argon. -Column chromatography: Activated silica gel, 0.063-0.2 
mm (Merck), diametedlength of the column 2.5/30 cm. ~ Elemen- 
tal analyses: Carlo Erba 1106. - AAS: Perkin-Elmer model 4000. 

-~ FD-MS: Finnigan MAT 71 IA (8 kV) modified by AMD. - El- 
MS Finnigan TSQ 70 (200°C). ~ ESI spectra were recorded on 
a triple-quadrupole mass spcctroineter API 111 (Scicx, Thornhill, 
Canada) equipped with a nebulizer-assisted electrospray source. - 
IR: Bruker IFS 48 FT-IR. - 'H ,  I7C, and ?'P NMR: Bruker DRX 
250 spectrometer at 250.13, 62.90. and 101.25 MHz, at 25°C. 'H 
and I3C chemical shifts were recorded relative to partially deuter- 
ated solvent peaks which are reported relative to TMS. 3'P-chemi- 
cal shifts were measured relative to 85% H3P04 (6 = 0). ~ Mo- 
(CO),{nbd) was obtained according to literature meth~ds[~'l. Lith- 
ium tetrafluoroborate (Merck) and sodium tetraphenylboratc 
(Merck) were dried in vacuo at 70°C for 3 d. 

N M R  Titrution Procedure; The titration experirncnts as dc- 
scribed in the literature[23] were performed in a NMR tube (diam- 
eter/length = 5/160 mm) containing a solution of 3d in a 1:1 mix- 
ture of CD2C12/CD3CN at 25°C. The molar starting concentration 
of 3d were 6.2,10-3 for thc titration of N a C  as BPh, salt. To this 
were added stepwise in 30 p1 (Na+) portions stock solution of 
NaBPh4 (1.51.10-2 M) in CD3CN. To maintain the 1:l proportion 
of CD2C12/CD3CN the same amount of CDzClz was added after 
each step. The procedure was finished when a 3dlcation ratio of ca. 
1.3 was achieved. 

Calculutional Methods 

The program EQNMRL3*1 is used to evaluate cquilibrium con- 
stants and chemical shifts in systems where all the species are in 
rapid equilibrium under the experimental conditions and whcre thc 
NMR-chemical shift o f a  nucleus varies with the degree of complcx 
formation. Equation (1) shows a reaction type in which M is the 
corresponding alkali metal cation and L is the employed com- 
plexing agent, the chemical shift of which is monitored by NMR 
spectroscopy. 

VIM + nL * M,,zL, (1) 

The chemical shift of this signal is demonstrated by equation (2) 
where ti,,,, is the weighted average of the chemical shifts of the 
various L-containing species present, L represents the uncomplexed 
form of the ligand L, M represents the alkali metal cation, and i 
and J represcnt thc maximum valucs of nz and n. respectively. 

If M,nL, in equation (2) is substituted by (3), equation (4) is 
obtained. The problem consists in a determination of the optimum 
values lor the various F,,,, and Pmn which best fit the experimental 
chemical shift data, whcrc p,,, rcprescnts the stability constant. 

(3) 

(4) 

The program EQNMR is suitable to calculate the concentrations 
of all species present in solution on the basis of an initial estimate 
of the stability constants By using equation (4) the program sub- 
sequently calculates the chemical shifts ijcalc, in consideration of the 
complexed and umcomplexed species contributing to the overall 
chemical shift of the nucleus being monitored. This procedure is 
followed by the non-linear least-squares subroutines which are re- 
sponsible for the refinement of the various parameters. The ob- 
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Table 1. Crystal data and refinement details for compounds 3a and 
3d 

3a 3d 

formula 
M 
crystal system monoclinic monoclinic 
s p a s  group P2,lc P21/n 

[41 18.674(2) 9.8 12(2) 
b [$I 17.867(2) 44.436(7) 
c [A1 23.492(3) 10.592(2) 

90.42( 1) 95.1 O( 1 ) 
7838(2) 4600( 1) 
1.408 1.386 

3424 1992 
- 100 -100 
0.468 0.41 1 

P [9 v "47 
pLdlLd [g.cm-'I 
Z 8 4 
F(000) [el 
T ["CI 
,u(Mo-K,)[mm-'] 
man mode w (0 
hkl range 4/-22, 0/-21, ?27 ?12, k57, ?13 
20 limits ["I 4-50 4-50 
measured refl. I7240 42 142 
observed refl. I > 244 8774 7458 
refined narameters 956 706 
S 
R1 

0.90 1.73 
0.03 0.04 

N3R2 0.076 0.091 

tained data were employed for the calculation of' the refined sta- 
bility constants. The next iteration step of the whole procedure fol- 
lows until a minimum of the R-factor is achieved. 

General Procedure ,for the Preparcition of the Diphosplianes 2a-f 

A solution of LiPPh, in 50 ml of THFln-hexane (5:l) was added 
dropwise to a stirred solution of the dichlorides la-f in 50 ml of 
THF at 0 "C until the color of the reaction mixture remained red. 
The solution was stirred for 12 h at 20°C. Subscquciitly it was hy- 
drolyzed with a 40-mI portion of saturated aqueous NH4Cl. The 
organic layer was separated and after rcnioviiig the solvent in vacuo 
the remainder was purified by column chromatography (CH2ClZ/ 
Et,O/silica gel130 cm) yielding colorless viscous oils. 

0, 0-Bis( S-diphen)1lphosphan)1l-3-o~~ipent~l) catecliol (2a): Start- 
ing matcnals: 2.22 g (6.81 nimol) of l a  and 2.62 g (13.62 inmol) or 
LiPPh:. Yield 3.52 g (82.9%)) of 2a. - 'H NMR (CDCI,): 6 = 

2.34 (m, 4 13, CH,P), 3.60 (m, 4 H, CH2CH2P), 3.67 (m, 4 H, 

7.2-7.4 (m, 20 H, Ph). - I3C{lH) NMR (CDC13): F = 28.8 (d, 
C~H~OCH~CHZ) ,  4.03 (m, 4 H, C&OCHl), 6.84 (m, 4 H, C,H4), 

' J p c  = 13.4 Hz; CHZP), 68.6 (d, 'Jpc = 24.2 Hz, CHlCHzP), 68.8, 
69.2 (C6H,OCH2CH,), 115.1, 121.6, 149.0 (C,H,), 128.4, 
128.5,132,6 (0-, P I - ,  p-Ph), 138.2 (@so-Ph). - "'PI'H) NMR 
(CDC13): 6 = -21.1 (s). - MS (FD, 35OC), mlz: 622.4 [M+]. - 
C38H4004P2 (622.67): calcd. C 73.30, H 6.48; found C 73.06, H 
6.49. 

0,O-Bis (5-~ipheny~hos1~iiu~zyl-3-oxapentyl) resorciriol(2b): Starl- 
ing materials: 3.98 g (12.3X mmol) of l b  and 4.75 g (24.76 mmol) 
of LiPPh,. Yield 6.28 g (81.5?4) of 2b. - 'H NMR [CDCI,): 6 = 

2.36 (m. 4 H, CH2P). 3.59 (m, 4 H, CH2CH2P), 3.67 (m, 4 H, 
C6H40CH2CH2), 3.96 (ni, 4 H. C6H40CH2), 6.37-6.45 (m, 4 H, 
C6H4). 7.20-7.41 (m, 20 H, Ph). - I3C{'H} NMR (CDCI3): 6 = 

28.X (d, ' J p c :  = 12.8 Hz. CHZP), 68.7 (d, 'Jpc = 24.93 Hz, 
CHZCHZP), 67.3. 69.1 (C,H,OCH2CH,O), 101.7, 107.1. 129.7, 
159.9 (C&4), 128.5, 128.6, 132.7 (0-, m-,p-Ph) , 138.16 (iyso-Ph). 
- 31P{1H} NMR (CDC13): 6 = -21.1 (s). - MS (EI, 70 eV). mlz: 
622.2 [M+]. - C38H4004P2 (622.67): calcd. C 73.30, H 6.48; found 
C 73.42. H 6.61. 

O.O-Biss/5-dipheiiylyhosphnnyl-3-~.~ypentyl~ kyclroquinone (2c): 
Starting materials: 3.84 g (1 1.87 mmol) of l c  and 4.57 g (23.74 
mmol) of Lil'Ph2. Yield 6.80 g (92.0°/0) of 2c. - IH NMR (CUCI?): 
6 = 2.38 (m, 4 H, CHZP), 3.56-3.69 (m, 8 H, CH2OCHZCH2P), 
3.95 (m. 4 H. C&OCH*), 6.75 (m, 4 H, C&4), 7.25-7.41 (ni, 20 
H, Ph). - 13C{1H) NMR (CDCI?): 6 = 28.7 (d, lJpc = 13.3 Hz, 
CHIP), 68.7 id, *Jpc = 25.5 Hz, CH,CH,P)), 67.9. 69.2 
(C(,H4OCH,CHZ), 115.5, 153.0 (ChH4), 128.4, 128.6. 132.7 (0-, 

HZ-, p-Ph) 138.2 (ip.Yo-Ph). - 31P( 'H} NMK (CDCl?): 6 = -21.1 
(s). - MS (FD, 35"C)> m h :  622.4 [M+]. - C38H4004PL (622.67): 
calcd. C 73.30, H 6.48; found C 73.25, H 6.40. 

O,O-Bis(8-diphen~lpliosplan~l-3,6-dioxuocryl)c~~fechol (2d): 
Starting materials: 4.12 g (10.03 mmol) of Id and 3.85 g (20.04 
mmol) ofLiPPh2. Yield 6.29 g (88.3%) of 2d. - 'H NMR (CDCI,): 
6 = 2.36 (m. 4 H, CH,P), 3.44-3.66 (m, 12 H, 
CH2CH,OCH2CH,P), 3.77 (m, 4 H, C6H40CH2CH2). 4.09 (ni, 4 
H, C6H40CH2), 6.85 (m, 4 H, C,H4), 7.31-7.44 (m, 20 H, Ph). - 
13C(lH) NMR (CDClj): 6 = 28.6 (d, 'Jpc = 12.8 Hz, CHZP), 68.4 
(d. ,.Jpc = 25.6 Hz. CHzCH,P), 68.7, 69.6, 70.0. 70.6 (C&OCH2- 
CHzOCH,CH20), 114.7, 121.5, 148.8 (C,H,), 128.3, 128.5. 132.5 
(0-, WI-: p-Ph) , 138.1 (ipso-Ph). - "P{'H) NMR (CDC13): F = 
-21.1 ( s ) .  - MS (FD, 35"C), m l ~ :  710.5 [M' ] .  - C42H480J'z 
(710.76): calcd. C 70.98, H 6.81; found C 71.03. H 6.87. 

0,O-Bis~8-dQher1ylyhosphan~~l-3,6-dio.~u~ctyl)r~sorc.inol (2e): 
Starting materials: 3.85 g (9.36 mmol) of l e  and 3.60 g (18.72 
mmol) of LiPPh?. Yield 6.62 g (99.5%) of 2e. - ' H  NMR (CDC13): 
F = 2.37 (in, 4 H, CH,P), 3.48-3.65 (ni, 12 H, OCI12CHZ- 
OCH2CHzP), 3.75 (m, 4 H, C6H40CH2CH2). 4.02 (m, 4 H, 
C~H~OCNZ) ,  6.41-6.50, 7.04-7.14 (m. 4 H, C&), 7.22-7.43 (m, 
20 H. Ph). - 13C{1H) NMR (CDCI?): 6 = 28.6 (d, ' J p , .  = 13.5 
Hz, CHZP), 68.4 (d, 'JPc = 25.6 Hz, CH,CHIP), 67.2, 69.6. 70.0, 
70.6 (C6H4OCH2CH20CH2CH;\, 101.6, 106.9, 129.6, 159.8 
(C,H,), 128.3, 128.4, 132.5 (0-, in-, [J-Ph), 138.1 (iyso-Ph). - 
31P(1H/ NMR (CDCI3): 6 = -21.0 (s). - MS (EI, 70 eV), m/z: 
710.4 [Mt]. - C4ZH4806P2 (710.76): calcd. C 70.98, H 6.81; found 
C 70.99. H 6.78. 

O,O-Bis(8-Llip/~mn~~lphosphan~l-3,6-dio.~aort)~l)Iz~~dr~~clzinone (2f): 
Starting materials: 4.17 g (10.15 mmol) of If and 3.91 g (20.3 
mmol) of LiPPli2. Yield 6.25 g (86.6%) of 2f. - 'H NMR (CDCI?): 
6 = 2.36 (m. 4 H, CH2P), 3.50- 3.62 [m, 12 H. OCIZ2CH2- 
OCH2CH2P), 3.73 (m, 4 H, C6H40CH2CH2), 3.48 (in. 4 H, 

"CI'H) NMR (CDC13): S = 28.7 (d, ' J p c  = 13.2 Hz, CH,P), 68.5 

CH20CH2CHz). 115.4, 153.0 (C,H4), 128.4, 128.6. 132.7 (0-$ m-, 

- MS (EI, 70 eV), n7k 710.2 [ M i ] .  - C42H4b'06P2 (710.76): calcd. 
C 70.98, H 6.81; found C 70.63, H 6.89. 

c&OCH2), 6.76 (m, 4 H,  C&). 7.24-7.40 (m, 20 H, Ph). - 

(d, ?JpC = 25.4 Hz, CH,CH2P), 67.9, 69.8. 70. I ,  70.7 (C6HjOCH2- 

p-Ph) , 138.2 (ip.yo-Ph). - 31P{1H) NMR (CDC13): 6 = -21.0 (s). 

Geneml Procedure,for the Forimtion of the LUulyhdarj~cles 3a-fr171 

To 500 1111 of CH2C12 were added simultaneously equimolar solu- 
tions of (OC),Mo(nbd) and 2a-f dissolved in 50 ml of CH2CI, at 
20°C. After stirring overnight, the solvcnt was removed under vac- 
uum and the residue was purified by column chromalography (sil- 
ica gel, column length 30 cm, with a linear gradient of diethylether/ 
CH2C12 starting with pure CH,C12 and finishing with a volume 
ratio of 1:3). Thc complcxcs were dissolved in 20 ml of CH3CN 
and the products were precepitated by degassed water providing an 
almost colorless powder which was dried under vacuum for sev- 
eral days. 

9,9,9,9- Tetrucarhot~yl-8,8,lO,lO-tetraphen~l-2 .S, 13.16-tetruoxa-9- 
tnolyhtlrr-8,l O-diphospI~uhic~~clo~lS.  4.0' 7/henicosa-I (21 ), I7,19- 
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triene (3a): Starting material: 470 mg (0.75 mmol) of 2a and 223 
mg (0.74 mmol) of (OC),Mo(nbd). Yield 372 mg (59.4%) of 3a. - 
' H  NMR (CD2CL2): 6 = 2.42 (m, 4 H, CH,P), 3.44 (m, 4 H, 
CH2CH2P), 3.71 (m. 4 H, C6H40CH2CH2), 4.08 (rn, 4 H, 
CbH40CH2), 6.91 (m, 4 H. C6H4), 7.29-7.41 (m, 20 H, Ph). - 
'3C{'H) NMR (CD2C12): F = 31.8 (vt["'J, N = 16.4 Hz, CH2P), 

(C,H,), 128.8, 129.9, 132.7 (0-, m-. p-Ph), 137.3 (ni["], N = 34.9 
Hz, $)so-Ph), 210.3 (t, ,JPc = 9.2 Hz, axial CO), 215.8 (m[411, N = 
15.3 Hz, equatorial CO). - 31P{1H} NMR (CD2C12): 6 = 21.5 (s). 
- m.p. > 145°C (dec.). - IR (KBr): 5 = 2018 cm-', 1918, 1895, 

(830.63): calcd. C 60.73, H 4.85, M o  11.55; found C 60.61, H 4.78: 
Mo 11.61. 

9.9,9,9-TetrararhonyI-K,K, 10, IO-tetruphenyl-2,5,13, I h-tctraoxa-9- 
niol~~hdu-8,1O-diplzosyhubic~~clo[ 1S.3.1i.'i]herzicosa-I (21) ,I 7, l  Y- 
triene (3b): Starting material: 415 mg (0.67 mmol) of 2b and 202 
mg (0.67 mmol) of (OC),Mo(nbd). Yield 285 mg (51.2'%,) of 3h. - 
'H NMR (CD,Cl,): 6 = 2.14-2.24 (m. 4 H, CH2P), 3.37-3.46 
(m, 4 H, CH2CH2P), 3.60-3.67 (m. 4 H, C6H40CH2CH2), 
4.17-4.23 (in, 4 H, C,H40CH2), 6.58, 7.00, 7.22 (4 H. C6H4), 
7.32-7.41 (m, 20 H, Ph). ~- 13C{'H) NMR (CD2C12): 6 = 31.1 
(vtr4'1. N = 17.9 Hz; CH2P), 67.2 (m. CH2CH2P), 68.1, 70.0 

(0-, m-. p-Ph). 137.1 (m[411, N = 33.7 Hz, @so-Ph), 210.0 [t, ' JPc = 

9.4 Hz, axial CO], 215.5 N = 15.2 Hz. equatorial CO). - 
31P{'H} NMR (CD2CI2): 6 = 19.7 (s). - m.p. > 140OC (dec.). - 
IR (KBr): i j  = 2023 cm-', 1927, 1895, 1866 (CO). - MS (FD. 
30"C), mlz: 832.2 [M+]. - C42H40Mo08P2 (830.63): calcd. C 60.73, 
H 4.85, Mo 11.55; found C 60.41, H 4.92. Mo 11.78. 

9,9,9,9-Tetracarbon.~I-8,8, IO,IO-tetraphenyl-2.5,13,16-tetruoxa-9- 
molybda-8, IO-diphosphabic~~rlo/Ij.2.2' '7]henicoso-l (20), I7,18- 
triene (3c): Starting matcrial: 532 mg (0.85 mmol) of 2c and 256 
mg (0.85 mmol) of (OC),Mo(nbd). Yield 230 mg (32.4%) of 3c. - 
' H  NMR (CD2Cl2): S = 1.83-1.94 (m, 4 H, CH2P). 3.03-3.13 

4.15-4.22 (m, 4 H, C6H40CH2). 7.01 (s, 4 H), 7.21-7.39 (m, 20 

CH2P), 66.7 (m, CH2CH2P), 67.9, 69.8 (C6H40CH2CH2), 117.1. 
152.8 (C6H4). 128.4, 129.4, 132.1 (0-, wz-, y-Ph). 136.6 (m["], N = 
33.4 HL, +so-Ph). 21 0.0 (t, 2Jpc = 9.6 Hz, axial CO), 21 5.5 (mL4'], 
N = 14.9 Hz, equatorial CO). - 31P{'H) NMR (CD2C12): S = 
19.9 (s). - 1R (KBr): i j  = 2019 cm-', 1914, 1893, 1876 (CO). - MS 
(FD. 30°C). ndz: 832.0 [M+l. - CJZH40M008P2 (830.63): calcd. C 
60.73, H4.85, Mo 11.55; found C 61.00, H 5.12, Mo 11.76. 

I2,12,12, I2 - T e  t ra cn rboiiy I- I I ,  I1,13, I 3  - t e t r a p  heny  I -  
2 , 5 , 8 , 1 6 , 1 9 , 2 2 - h e x a o x a - 1 2 - n a o l y h d u - 1 1 , 1 3 - d i p h o s p 1 ~ a -  
bic~do[2I .  4. O'.23]heptacosu-l (27),23,25-triene (3d): Starting mate- 
rial: 454 mg (0.64 mmol) of 2d and 0.192 g (0.64 mmol) of (OC),- 
Mo(nbd1. Yield 196 mg (33.4%) of 3d. - 'H NMR (CDC1;): 6 = 
2.28-2.40 (m, 4 H, CH2P), 3.31-3.43 (m, 4 H, CH2CH2P), 
3.46-3.53, 3.69-3.76(m,4 H , m , 4  H, CH2CIf20CH,CHIP), 3.87 
(m, 4 H, C6H40CH2CH2), 4.17 (m. 4 H, C,H,0CH2), 6.90 (m, 4 
H. C6H4). 7.27-7.42 (m, 20 H, Ph). - 13C{1H) NMR (CDC13): 
6 = 31.1 (vtL4'l, N = 17.0 Hz, CH,P), 67.1 (m; CH2CHLP), 69.2, 

(C6H4), 128.3, 129.3, 132.1 (0-, m-, p-Pli) , 137.2 (mr4l], N = 34.4 
Hz, ipso-Ph), 209.8 (t, 2Jpc = 9.4 Hz? axial CO), 215.1 (mrJ1], N = 

15.5 Hz. equatorial CO). - 31P{1H) NMR (CDCI,): S = 20.4 (s). 
- m.p. > 130°C (dec.). - IR (KBr): P = 2019 cm-', 1932, 1888, 
1870 (CO). - MS (FD; 30"C), mls:  919.5 [M+]. - C4,H,,MoOl,,P2 
(918.73): calcd. C 60.14, H 5.27, Mo 10.44; found C 60.34, H 5.30, 
Mo 10.38. 

67.5. 69.1, 70.0 (CbH40CH,CH2OCH2), 114.7, 121.9, 149.6 

1861 (CO). - MS (FD, 30"C), td3 :  832.2 [MC]. - C ~ ~ H ~ ~ M O O J ' ~  

(C6H40CH2CH2), 104.0, 108.3, 160.3 (C6H,), 128.4, 129.8, 132.2 

(m, 4 H, CH2CH?P), 3.47-3.53 (m. 4 H, C6H40CH$H2), 

H, Ph). - 'T{ 'H} NMR (CD2C12): 6 = 30.6 ( ~ t [ ~ ' ] ,  N = 17.1 Hz. 

69.8, 70.4, 70.7 (C6H40CH2CH20CH2CH2); 114.5, 121.5, 148.9 

12,12,12, I2 - Te t rucnvhony  l -  1 I ,  I I ,  1 3 , 1 3 -  t e t r a p h c n y l -  
2 , 5 , 8 ,  I 6 ,  I 9,22  - h e x a  o x a - 1 2 - m o Iy h da  - I I , I 3 - dip Ii o s p  h a - 

lo(21.3.1~ "]hep~ucosa-I (27),23.25-triene (3e): Starting mate- 
rial: 294 mg (0.41 mmol) of 2e and 124 mg (0.41 mmol) of (OC),- 
Mo(nbd). Yield 246 tng (64.7%) of 3e. - 'H NMR (CD2C12): 6 = 
2.13-2.25 (m, 4 H, CH2P), 3.09-3.20 (m, 4 H, CH~CHZP), 
3.21-3.28. 3.39-3.45, 3.60-3.66, 3.94-4.00 (m, 16 H, C6H40- 
CH2CH,0CH,CH2), 6.40, 6.45, 7.07 (4 H, C6H4), 7.19-7.33 (m, 

Hz, CH2P), 66.9 (m. CH2CH2P), 67.8, 69.5, 70.2. 70.8 

129.8, 132.2 (0-, m-, p-Ph). 136.6 (ml4'1, iV = 32.7 Hz. @so-Ph), 
209.9 (t, 2Jpc = 9.6 Hz, axial CO), 215.6 (rnl4'l, N = 15.7 Hz. 
equatorial CO). - 31P{1H) NMR (CD2C12): 6 = 20.9 (s). - m.p. 
> 1 3 5 T  (dec.). - IR (KBr): O= 2019 cm-', 1917, 1897, 1877 (CO). 
- MS (FD, 30°C). mh: 919.6 [M+]. - C46H48M0010P2 (918.73): 
calcd. C 60.14, H 5.23, Mo 10.44; found C 60.46, H 5.40, Mo 10.71. 

12,12,12.12-Tctracarbonyl-11 , I  1.13,13-tctraphenyl- 
2,j, 8 , 1 6 , I Y ,  22 - k  exu oxu - I 2  -rn o Iy b da - 1 I ,  I 3  - d i p h  osp  h a - 
biq~cl0[21.2.2~ '3]heptacosa-l (26) ,23.24-triene (3f): Starting mate- 
rial: 410 mg (0.58 mmol) of 2f a id  173 mg (0.58 mmol) of (OC),- 
Mo(nbd). Yield 305 mg (58.3%) of 3f. - ' H  NMR (CD,Cl,): 6 = 
2.18-2.32 (m, 4 H, CH2P), 3.17-3.37, 3.48-3.55. 3.69-3.76 (m, 
16 H, C,H,0CH,Cr~20CH,Cl~20CH~), 4.09-4.16 (m, 4 H, 
C6H40CH2). 6.91 (s, 4 €J, C6H4), 7.26-7.41 (m, 20 H, Ph). - 

66.7 (m, CH2CH2P), 68.6, 69.8. 70.2, 70.5 (C6HdOCH2CH2- 
OCHZC'H2), 116.1, 153.1 (C6H4), 128.2; 129.3, 131.9 (0-,  nt-,p-Ph), 
136.4 (rnr4'1, N = 32.3 Hz, @so-Ph), 209.6 (t, ' JPc = 9.4 Hz, axial 
CO), 215.3 (mr4'1, N = 14.8 Hz, equatorial CO). - "P{'H} NMR 
(CD2C12): 6 = 20.8 ( 5 ) .  - IR (KRr): P = 2018 cm-I, 1915. 1899, 
1874 (CO). - MS (FD, 30"C), m/s: 919.6 [M+J. - C46H48M~O~J'2 
(918.73): calcd. C 60.14, H 5.23. Mo 10.44; found C 60.06, H 5.45, 
Mo 10.11. 

20 H, Ph). - "C{'H) NMR (CDZCI,): F = 31.6 (vt'"'], iV = 19.2 

(C,H,OCH2CH,OCH2CH2), 102.3; 107.1, 160.2 (C6H4), 128.4, 

"C{'€I} NMR (CDZCI,): 6 = 31.6 ( ~ t [ ~ ' ] ,  N = 19.5 Hz, CH?P), 

Crystal Structure Determination: Single crystals of 3a and 3d 
were obtained from n-hexaneldichloromethane and acetonitrilel 
H20, respectively. Crystals were mounted on a glass fibre and 
transferred to a P4 Siemens diffractometer by taking rotation 
photographs to find a suitable reduced cell (graphite-monochro- 
mated Mo-K, radiation). The final cell parameters and specific 
data collection parameters for 3a and 3d, respectively, are compiled 
in Table 1. The latticc constants were determined with 25 precisely 
centered high-angle reflcctions and refined by least-squares meth- 
ods. The presence of two molecules in the asymmetric unit of 3a 
and the p angle of near 90" suggest that the crystal could belong 
to an orthorhombic crystal system. A search for higher metric sym- 
metry led to a R(int) = 0.47 for an orthorhombic P-Lattice in 
contrast to R(int) = 0.03 for a monoclinic P-Lattice. There is no 
acceptable orthorhombic space group. The R(int) value of 3d is 
0.075. Minor decay corrections were applied to both crystals. All 
structures were solved by Patterson methods[42] and refined with 
anisotropic thermal parameters for all non-hydrogen atoms. Hydro- 
gen atoms were included in calculated positions (riding model). An 
absorption correction (w scan) was applied to compound 3d with 
maximum and minimum transmission 0.494 and 0.445. Maximum 
and minimum peaks in the final difference synthesis were 0.300 
and -0.354 and 0.977 and -0.508 eA-3, respectively. In an early 
refinement stage the phenyl group C11-Cl6 proved to be dis- 
ordered. The disorder had to be extended to the atoms C10-Cl9 
and the acetonitrile moleculc. The disorder was treated with split 
positions leading to separate occupation factors of 0.55 for the 
atoms CIO-C19 and 0.59 for the acelonitrile molecule. The final 
combined occupation factor is 0.55. Crystallographic data (exclud- 
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ing structure factors) for the structures reported in this paper have 
been deposited with the Cambridge Crystallographic Data Centre 
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