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The reaction of the diphosphanes 2a—i with (OC),Mo(nbd)
under high dilution conditions affords the mononuclear ben-
zomolybdacrown ethers cis-(OC);Mo{1,2-, 1,3-, 14-
[Ph,PCH,(CH,0CH,),CH,],CsH4-RP’} (3a—1) (n =1, 2). On
the basis of the *'P nucleus the inclusion behavior of the mo-
lybdacycles 3a—f toward the alkali metal salts LiBF, and
NaBPh; was investigated with the aid of a NMR titration

technique by using the program EQNMR. Only 3d shows an
interaction with the alkali metal cation Na* forming a 1:1 and
2:1 complex (3d/cation) while no interaction with Li* could
be detected. The molecular structures of 3a and 3d were elu-
cidated by X-ray structural analyses. Complexes 3a and 3d
crystallize in the monoclinic space groups P2,/c and P2,/n
with Z = 8 and 4, respectively.

Introduction

Cyclophosphane chemistry is undergoing a rapid devel-
opment and has created a muliitude of architecturally im-
pressive molecules with features related to structure and
functionalization, that are able to embed guests!?l, The
introduction of transition metal fragments leads to a re-
markable influence on the structure of the resulting metalla-
cyclophanes3! because of their steric requirement. Simul-
taneously, a4 new reactive center is obtained that is capable
of inserting carbon monoxide into M—C o bonds14. 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) method®IP! for the concomitant
formation of several metal—carbon ¢ 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 the aromatic
ring and by the number of C,H,4O units in the polyether
chain. One of the most basic and important processes in
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supramolecular chemistry is the formation of hosi/guest
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-
trations!”, The advantage of applying NMR spectroscopy
is that misinterpretations caused by minor impurities, which
are sometimes serious in other optical methods!”), are
avoided.

As the benzomolybdacrown ethers being under consider-
ation in this article may be regarded as a connecting link
between benzocrown!®! and metallacrown ethers®~231 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-[CICH,(CH,0OCH,),CH-
0],C¢H, (1a~1) (n = 1, 2) with LiPPh, in a THF/n-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 3'P{'H}-NMR spectra of 2a—f each one signal
around 8 = —20 is observed which is located in the same
region as that of related diphosphanes with an aliphatic
backbone!7],

In a following step the diphosphanes 2a—f are reacted
with one equivalent of the molybdenum complex (OC)y-
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Mo(nbd) in CH,Cl, al ambient temperatures as described
in the literature!!71 to afford the benzomolybdacrown ethers
cis-(0OC)Mo{l1,2-, 1,3, 1,4-[Ph,PCHx(CH,OCH,),CH--
0O1,CcH4-PP'} (3a—1) (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 para compounds 3¢ and 3f with a stretched
OCgH,4O 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-um region of the IR spectra of 3a—f four inten-
sive absorptions occur which is consistent with a cis-
Mo(CO), geometry. Compared to the phosphanes 2a—f the
3P{!H}-NMR spectra of 3a—f reveal one signal which is
shifted to lower fields. This finding is in agreement with
the results of Gray et al. who reported about comparable
aliphatic systems'”l, In the low field part of the '*C{'H}-
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 «- and B-positions to the phos-
phorus atom are responsible of the A parts of AXX' pat-
terns.
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The cyclization reaction to give the benzomolybdacrown
ethers 3a—f has to be performed under exclusion of light
to avoid a cis/trans isomerization. When a solution of 3f in
CH,ClL; is subjected Lo an UV irradiation for several mi-
nutes, the *'P{TH}-NMR spectrum shows an additional sin-
glet at 8 = 30.3 caused by a cis/trans rearrangement of the
phosphanes. Beside the four CO bands in the 5-pum 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)4yMo[Ph,P(CH,CH,0),CH,CH,PPh,-P,.P'] in the pre-
sence of HgCl, or under UV irradiation[?2,

Structures of 3a and 3d

Concerning the possibility of the formation of benzomo-
lybdacrown ether/guest 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—-Cl4, 06, O7) 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 O8. The torsional angles C5—P1—-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) displays the space-filling model of 3a in which the
phenyl groups were omitted for clarity. The distance be-
tween Mol and the phenylene unit is 7.0 A while the ether
oxygen atoms have the following distances for both inde-
pendent molecules A and B: O5—-06 (3.0, 3.0 A) 05-07
(5.0, 5.0 A) 05-08 (5.8, 6.2 A), 06— —-07 (2.6, 2.6 A)
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 (O5—NI1 4.4, O10-N1 4.5, 06—-C47 3.0,
and O9—-C47 3.4 A). In contrast to 3a the aliphatic skeleton
is not folded. The ether oxygen atoms have the following
distances: O5—-06 (6.1 A) 06—09 (5.8 A) 06—-010 (7.3
A) 05-09 (6.1 A) The space-filling model of 3d (Figure
3, bottom) shows a larger cavity compared to 3a in the
solid state.

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

Since the discovery of crown ethers by Pederson in
196724 an amazing number of macrocyclic ligands with
heteroatoms have been reported®l?5], 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
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Figure 1. Benzomolybdacrown ethers 3a—f obtained by the reaction between the diphosphanes 2a—f and Mo(CO)4(nbd)
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the ligands, the properties of the solvent®®] and the pos-
sibility of preorganization?”), 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 m-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 medium %1%, 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%. Such an arrangement is capable to activate
carbon monoxide in the coordination sphere of a transition
metal HAISINEINIEIZ2301 Moreover the latter exerts a steric
influence on the cyclophane which is expected to change
the inclusion properties. Benzomolybdacrown cthers 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 envisaged nuclei for the NMR titration
procedure are 'HB 13CBl and different metal nu-
clei®Bland recently also the *'P nucleus®*! was employed.
Compared to the 'H-NMR spectroscopy the *'P nucleus
provides a larger chemical shift dispersion, therefore the de-
termination of the stability constants is more reliable. Un-
fortunately the quadrupole moments of "Li, >*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 Ty as in the present study 2. Meas-
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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” 3. 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 complex)P4. Most informations are obtained
if the p-value is between 0.2—0.841,

The complexation between the benzomolybdacrown
ethers 3a—f and the alkali metal salts LiBF, and NaBPh,
was carried out in CD,CL,/CD;CN (I:1) and the course of
the reaction was monitored 3'P{'H}-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®*.. In Figure 4 the changes
of the 3P chemical shifts are plotted versus the molar ratio
cation/3d. Figure 5 displays the agreement of the calcu-
lated*®! with those of the experimental data assuming that
both 1:1 and 2:1 (3d/Na*) complexes are formed?'?l. The
application of the I:1 binding model only did not lead to a
satisfying result’*” which was proved by comparison of the
calculated with the experimental data (Figure 6). A plot of
residuals®® is also depicted in each case (botlom 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 1:1 (logK, = 4.12) and 2:1 (logK, = 2.88)
inclusion complexes were determined as described in the
Experimental Section applying the non-linear least-squares
program EQNMRE®L The R-factor [1.18% in the case of
1:1 beside 2:1 complex (3d/Na*)] is a quantitative compari-
son of the fits using the “merit function”®]. As already
mentioned the p-value represents a standard of valuation
for the reliability of a NMR titration. While the p-values
for the 1:1 complex (3d/Na*) are indeed in the range be-
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Figure 2. Top: ORTEP plot of the independent molecule A of com-

pound 3a. — Botlom: Spacc-filling representation of compound 3a.

In both cases the phenyl groups at the phosphorus atoms are omit-
ted for clarityl!

Figure 3. Top: ORTEP plot of the molecular structure of com-

pound 3d. — Bottom: Space-filling rcpresentation of compound 3d.

In both cases the phenyl groups at the phosphorus atoms are omit-
ted for clarity™

) Selected bond lengths [A] and angles [°}: Mol—P1 2.566(9),
Mol—-P2 2.537(8), Mol—-C1 2.062(4), Mol-C2 2.020(3),
Mol—-C3 1.982(3), Mol—C4 1.984(3), P1-C5 1.850(3), P2—C18
1.826(3), O5—C6 1.425(4), O5—C7 1.424(4), 06-C8 1.432(4),
06—C9 1.373(4), O7—-C14 1.362(4), O7—-C15 1.431(4), O8—Cl6
1.417(5), O8—C17 1.410(5); P1-Mol1—-P2 95.86(3), C1-Mol-P1
90.85(10), C2—Mol-P1 90.33(9), C3—Mol-P1 89.05(10),
C4—Mol—P1 174.42(10), C1-Mol-P2 90.23(9), C2—Mol—-P2
88.58(9), C3—Mol—P2 174.96(10), Cd4—Mol—P2 89.62(10),
C5-P1—-Mol 125.52(11), C18—-P2—Mol 113.54(12), C6—-05-C7
111.7(3), C8-06-C9 117.8(8), Cl4-07-C15 1174(3),
Cl6—08—C17 115.9(3).

tween 0.2 and 0.8 for all measured points, in the case of the
2:1 complexes this is only valid for one third of about
twenty data points.

A conspicuous tinding is the fact that only 3d interacts
with Na* but not with Li*, while no changes in the 3!P-

1818

2l Selecled bond lengths [A] and angles [°}: Mol—P1 2.552(8),
Mol1—-P2 2.556(7), Mol-Cl 1.990(3), Mol—-C2 2.026(3),
Mol—C3 1.984(3), Mol —C4 2.032(3), P1—C5 1.844(3), P2—C22
1.850(3); P1-Mol—P2 98.26(2), Cl-Mol—-Pl 85.58(12),
C2—Mol~-P1 91.32(10), C3—Mol-PI1 173.90(9), C4—Mol-P1
93.16(8), C1—-Mol—-P2 176.02(12), C2—Mol—-P2 92.68(10),
C3—Mol—-P2 87.83(9), C4—Mol—-P2 §7.75(8), C5—P1—Mol
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 CDZCIZ/CI)gCN (1:1). Used alkali metal salts were LiBF,,

and NaBPh,. 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 cis-(OC),.
Mo[Ph,PCH»(CH,OCH,),,CH,PPh,-P,P’| (n = 4, 5) exam-
ined by Gray et al. this result is in marked contrast.

As reflected in Figure 4 the *'P-chemical shift moves up-
field in the case of the inclusion of Na*. No effect is estab-
lished if LiBF, 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 rangel®. A direct
comparison of both systems is inappropriate, because the
anions (BF; and BPh; vs picrate) and the employed sol-
vents (CD,Cl,/CD;CN vs CDCl;) are different. Gray et
al.[?* reported on the inclusion of Li* (LiBF,) and Na*
(NaBPh,) into the aliphatic molybdacrown ethers cis-
(OC),Mo[PPh,CH,(CH,OCH,),CH,PPh,-PP’] (n = 4, 5)
in a 1:1 solvent mixture of CD;CN and CCl,. In contrast
10 3d both metallacrown cthers form 1:1 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!?* 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 Na™. Another diffcrence
between aliphatic and aromatic molybdacrown ethers is the
fact that the latter form 2:1 (3d/Na™) along with 1:1 com-

Chem. Ber./Recueil 1997, 130, 18151823

Figure 5. Top: Plot of the §°!P-chemical shifts vs the concentration

of 3d (CD,CL/CD,CN = 1:1) assuming that 2:1 and 1:1 (3d/Na*)

complexes are formed. Open circles (O) 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 1:1 com-
plexes.

Conclusion

Benzometallacrown ethers take an intermediate position
between benzo- 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 CH,CH,O units and the
substitution pattern at the benzene ring the benzomolyb-
dacrown ethers 3a—f offer different cavities. The well
known cyclic ethers 1,2-benzo-12-crown-4 and 1,2-benzo-
18-crown-6 are capable to include Li*, Na*, and K™ and
Li*, Na®, K*, Rb*, and Cs™, respectivelyl®l. Gray et al.
determined the stability constants of the related aliphatic
molybdacrown ethers cis-(OC);Mo[PPh,CH,(CH,OCH,),-
CH,PPh,-P.P'] (n = 4, 5) which are able to complex Li*
and Na™P3 Unlike to both systems, the benzomolyb-
dacrown ether 3d shows an interaction with Na™ forming
a 1:1 and 2:1 (3d/cation) complex, while no effect could be
observed with Li™. Thus 3d discriminates strongly between
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Figure 6. Top: Plot of the §*'P-chemical shifts vs the concentration

of 3d (CD,CL,/CD;CN = 1:1) assuming that only a 1:1 (3d/Na*t)

complex is formed. Open circles (O) represent 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, f are 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 3f(®l.
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sellschaft is acknowledged for supplying valuable starting materials.
The authors thank Prof. Dr. M. J Hynes, Chemistry Department,
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Experimental Section

General: All manipulations were carried out under an atmos-
phere of argon by using standard Schlenk techniques. For the syn-
thesis of the benzomolybdacrown ethers 3a—f brown glass tubes
were used to protect the reaction mixture from light. The dichlor-
ides 1a—f were synthezised following the literature procedure™l.
Solvents were dried with appropriate reagents and stored under
argon. —Column chromatography: Activated silica gel, 0.063—0.2
mm (Merck), diameter/length of the column 2.5/30 cm. — Elemen-
tal analyses: Carlo Erba 1106. — AAS: Perkin-Elmer model 4000.

1820

- FD-MS: Finnigan MAT 711A (8 kV) modified by AMD. — EI-
MS Finnigan TSQ 70 (200°C). — ESI spectra were recorded on
a triple-quadrupole mass spcctrometer API ITT (Scicx, Thornhill,
Canada) equipped with a nebulizer-assisted electrospray source. —
[R: Bruker IFS 48 FT-IR. — 'H, *C, and *'P NMR: Bruker DRX
250 spectrometer at 250.13, 62.90, and 101.25 MHz, at 25°C. 'H
and '3C 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% H,3PQ, (8 = 0). — Mo-
(CO)4(nbd) was obtained according to literature methods™!, Lith-
jum tetrafluoroborate (Merck) and sodium tetraphenylboratc
(Merck) were dried in vacuo at 70°C for 3 d.

NMR Titration Procedure; The titration experiments as dc-
scribed in the literature®¥ were performed in a NMR tube (diam-
eter/length = 5/160 mm) containing a solution of 3d in a 1:1 mix-
ture of CD,Cl,/CD5CN at 25°C. The molar starting concentration
of 3d were 6.2:10 for the titration of Na* as BPhy salt. To this
were added stepwise in 30 pl (Na™) portions stock solution of
NaBPh, (1.51-102 M) in CD;CN. To maintain the I:1 proportion
of CD,CL/CD;CN the same amount of CD,Cl; was added after
each step. The procedure was finished when a 3d/cation ratio of ca.
1:3 was achieved.

Calculational Methods

The program EQNMRP® is used to evaluate equilibrium con-
stants and chemical shifts in systems where all the species are in
rapid equilibrium under the experimental conditions and where the
NMR -chemical shift of a nucleus varies with the degree of complex
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.

mM + rL=M,L, (€8]

The chemical shift of this signal is demonstrated by equation (2)
where 8., 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 the maximum values of m and n, respectively.

m=in:j6 M L
6”‘; - Zmn mn (2)
< Z L

If M, L, in equation (2) is substituted by (3), equation (4) is
obtained. The problem consists in a determination of the optimum
values for the various 3,,, and pB,,, which best fit the experimental
chemical shift data, where B,,,, represcats the stability constant.

[Man]: an : [M]mA [L]n (3)
wins pon ML

m=0 n=1

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 6.4, 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 C42H40MOOSP2 C48H51MON010P2
M, 830.62 959.78
crystal system monoclinic monoclinic
spage group P2/c P2i/n
a [A] 18.674(2) 9.812(2)
b [A] 17.867(2) 44.436(7)
c [A] 23.492(3) 10.592(2)
B (°] 90.42(1) 95.10(1)
VIAY 7838(2) 4600(1)
Peatoa [grem ™) 1.408 1.386
VA 8 4
F(000) [e] 3424 1992
T[°C] —100 —100
#(Mo-K ) [mm™'] 0.468 0.411
scan mode © ®
hkl range 4/=22,0/—-21, 27 12 £57, +13
20 limits [°] 450 4-50
measured refl. 17240 42142
observed refl. I > 20(]) 8774 7458
refined parameters 956 706
S 0.90 1.73
R1 0.03 0.04
wR2 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 Preparation of the Diphosphanes 2a—{

A solution of LiPPh, in 50 ml of THF/n-hexane (5:1) was added
dropwise to a stirred solution of the dichlorides 1a—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. Subscquently it was hy-
drolyzed with a 40-ml portion of saturated aqucous NH,Cl. The
organic layer was separated and after removing the solvent in vacuo
the remainder was purified by column chromatography (CH,Cly/
Et,Ofsilica gel/30 cm) yielding colorless viscous oils.

O, O-Bis( 5-diphenylphosphanyl-3-oxapentyl) catechol (2a): Start-
ing matcrials: 2.22 g (6.81 mmol) of 1a and 2.62 g (13.62 mmol) of
LiPPh,. Yield 3.52 g (82.9%) of 2a. — 'H NMR (CDCly): § =
2.34 (m, 4 H, CH,P), 3.60 (m, 4 H, CH,CH.P), 3.67 (m, 4 H,
C¢H,0CH,CH,), 4.03 (m, 4 H, CiH,OCH>), 6.84 (m, 4 H, C4H.),
7.2-7.4 (m, 20 H, Ph). — BC{!H} NMR (CDCl;): § = 28.8 (d,
Jpc = 13.4 Hz, CH,P), 68.6 (d, 2Jpe = 24.2 Hz, CH,CH,P), 68.8,
69.2 (C¢H,OCH,CH,), 1151, 121.6, 149.0 (CsH,), 128.4,
128.5,132.6 (0-, m-, p-Ph), 138.2 (ipso-Ph). — *'P{’H! NMR
(CDClLy): § = —21.1 (s). — MS (FD, 35°C), m/z: 622.4 [M*]. —
C3gH4004P, (622.67): caled. C 73.30, H 6.48; found C 73.06, H
6.49.

O, O-Bis( S-diphenylphosphanyl-3-oxapentyl ) resorcinol (2b): Start-
ing materials: 3.98 g (12.38 mmol) of 1b and 4.75 g (24.76 mmol)
of LiPPh,. Yield 6.28 g (81.5%) of 2b. — 'H NMR (CDCl;): 8 =
2.36 (m, 4 H, CH,P), 3.59 (m, 4 H, CH,CH,P), 3.67 (m, 4 H,
CsH,OCH,CH,), 3.96 (m, 4 H, CgH.OCH.), 6.37—6.45 (m, 4 H,
CgHy), 7.20-7.41 (m, 20 H, Ph). — BC{'H} NMR (CDCl;): § =
288 (d, Jpe = 12.8 Hz, CH,P), 68.7 (d, Ype = 24.93 Hz,
CH,CH,P), 67.3, 69.1 (CsH,OCH,CH,0), 101.7, 107.1, 129.7,
159.9 (CsHy), 128.5, 128.6, 132.7 (o-, m-, p-Ph) , 138.16 (ipso-Ph).
= 3P{'H} NMR (CDCl;): = —21.1 (s). — MS (EL 70 eV), mlz:
622.2 [M™]. — CagHagO4P; (622.67): caled. C 73.30, H 6.48; found
C 73.42, H 6.61.
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Q. O-Bis( 5-diphenylphosphanyl-3-oxypentyl ) hydroquinone  (2¢):
Starting materials: 3.84 g (11.87 mmol) of 1¢ and 4.57 g (23.74
mmol) of LiPPh,. Yield 6.80 g (92.0%) of 2¢. — '"H NMR (CDCl,):
8 = 238 (m, 4 H, CH,P), 3.56—3.69 (m, 8 H, CH,OCH,CH,P),
395 (m, 4 H, CH,OCHy), 6.75 (m, 4 H, CgHy), 7.25—7.41 (m, 20
H. Ph). — BC{H} NMR (CDCl,): & = 28.7 (d, 'Jpc = 13.3 Hz,
CH,P), 68.7 (d. *Jpc = 255 Hz, CH,CH,P), 67.9, 69.2
(CsH4OCH,CH,), 115.5, 153.0 (C4Hy), 128.4, 128.6, 132.7 (o-,
m-, p-Ph) . 138.2 (ipso-Ph). — 3'P{'H} NMR (CDCL): § = —21.1
(s). — MS (FD, 35°C), miz: 622.4 [M*). — CsgH404P; (622.67):
caled. C 73.30, H 6.48; found C 73.25, H 6.40.

O, O-Bis(8-diphenylphosphanyl-3,6-dioxavciyl) catechol (2d):
Starting materials: 4.12 g (10.03 mmol) of 1d and 3.85 g (20.04
mmol) of LiPPh,. Yield 6.29 g (88.3%) of 2d. — 'H NMR (CDCl;):
6 = 236 (m, 4 H, CH,P), 344-366 (m, 12 H,
CH,CH,OCH,CH,P), 3.77 (m, 4 H, CGH,OCH,CH,), 4.09 (m, 4
H, CH4,OCH,), 6.85 (m, 4 H, C¢H,), 7.31—7.44 (m, 20 H, Ph). —
BC{'H} NMR (CDCls): § = 28.6 (d, "Jpc = 12.8 Hz, CH,P), 68.4
(d, 2Joc = 25.6 Hz. CH,CH,P), 68.7, 69.6, 70.0, 70.6 (CsH,OCH,-
CH,OCH,CH,0), 114.7, 121.5, 148.8 (C4H.), 128.3, 128.5, 132.5
(0-, m-, p-Ph) , 138.1 (ipso-Ph). — 3IP{TH} NMR (CDCl,): & =
=21.1 (s). = MS (FD, 35°C), m/z: 710.5 [M']. — C4HasO4P>
(710.76): caled. C 70.98, H 6.81; found C 71.03, H 6.87.

O, 0-Bis( 8-diphenylphosphanyl-3,6-dioxaoctyl ) resorcinol (2e):
Starting materials: 3.85 g (9.36 mmol) of le and 3.60 g (18.72
mmol) of LiPPh,. Yield 6.62 g (99.5%) of 2e. — "H NMR (CDCl,):
& = 237 (m, 4 H, CH,P), 3.48-3.65 (m, 12 H, OCH,CH;-
OCH,CH,P), 3.75 (m, 4 H, CH,OCH,CH>), 402 (m, 4 H,
CeH,OCH,), 6.41-6.50, 7.04—7.14 (m, 4 H, C¢H,), 7.22—7.43 (m,
20 H, Ph). — 3C{'H} NMR (CDCl,): 6 = 28.6 (d, "Jpe = 13.5
Hz, CH,P), 68.4 (d, 2Jpc = 25.6 Hz, CH,CH,P), 67.2, 69.6, 70.0,
70.6 (CH,O0CH,CH,OCH,CH,), 101.6, 106.9, 129.6, 159.8
(C¢Hy), 128.3, 128.4, 132.5 (o-, m-, p-Ph), 138.1 (ipso-Ph). —
3P{H} NMR (CDCL): § = —21.0 (s). — MS (EL 70 eV), miz:
710.4 [M™]. — C42Hug06P> (710.76): caled. C 70.98, H 6.81; found
C 70.99, H 6.78.

O, O-Bis(8-diphenylphosphanyl-3,6-dioxaoctyl) hydrochinone (2f):
Starting materials: 4.17 g (10.15 mmol) of 1f and 391 g (20.3
mmol) of LiPPh,. Yield 6.25 g (86.6%) of 2f. — 'TH NMR (CDCl,):
§ = 236 (m, 4 H, CH,P), 3.50--3.62 [m, 12 H, OCH,CH»-
OCH,CH,P), 3.73 (m, 4 H, C;H,OCH,CH,), 398 (m, 4 H,
CcH4OCH,), 6.76 (m, 4 H, CgH,), 7.24—7.40 (m, 20 H, Ph). —
BC{H} NMR (CDCL): = 28.7 (d, 'Jpc = 13.2 Hz, CH,P), 68.5
(d, 2Jpc = 25.4 Hz, CH,CH,P), 67.9, 69.8, 70.1, 70.7 (CqH,OCH,-
CH,0CH,CH,), 1154, 153.0 (C4Hy), 128.4, 128.6, 132.7 (o0-, m-,
p-Ph) , 138.2 (ipso-Ph). — *'P{'H} NMR (CDCl;): = —21.0 (s}.
~ MS (EL, 70 eV), m/z: 710.2 [M*). — Cy2HyO6P; (710.76): caled.
C 7098, H 6.81; found C 70.63, H 6.89.

General Procedure for the Formation of the Molybdacycles 3a—f1171

To 500 ml of CH,Cl, were added simultaneously equimolar solu-
tions of (OC);Mo(nbd) and 2a—f dissolved in 50 ml of CH,Cl, at
20°C. After stirring overnight, the solvent was removed under vac-
uum and the residue was purified by column chromatography (sil-
ica gel, column length 30 ¢cm, with a linear gradient of diethylether/
CH,Cl, starting with pure CH,Cl, and finishing with a volume
ratio of 1:3). The complexes were dissolved in 20 ml of CH;CN
and the products were precepitated by degassed water providing an
almosl colorless powder which was dried under vacuum for sev-
eral days.

9,9,9,9-Tetracarbonyl-8,8,10, 10-tetraphenyl-2,5,13,16-tetraoxa-9-
molybda-8,10-diphosphabicyclo[15.4.0717 [henicosa-1(21),17,19-
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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 (CD,CL,): § = 242 (m, 4 H, CH,P), 3.44 (m, 4 H,
CH,CH,P), 371 (m, 4 H, C{H,OCH,CH,), 408 (m, 4 H,
C,H,0CH,), 6.91 (m, 4 H, CH,), 7.29-7.41 (m, 20 H, Ph). —
BC{'H} NMR (CD,CL): $ = 31.8 (vt®*, ¥ = 16.4 Hz, CH,P),
67.5, 69.1, 70.0 (C;H,OCH,CH,OCH,), 114.7, 121.9, 149.6
(CeHy), 128.8, 129.9, 132.7 (0-, m-, p-Ph), 137.3 (mB!, N = 34.9
Hz, ipso-Ph), 210.3 (t, 2Jpe = 9.2 Hz, axial CO), 215.8 (m™*! ¥ =
15.3 Hz, equatorial CO). — *'P{TH} NMR (CD,Cl,): § = 21.5 (s).
— m.p. > 145°C (dec.). — IR (KBr): v = 2018 cm™!, 1918, 1895,
1861 (CO). — MS (FD, 30°C), m/z: 832.2 [M*]. — CasHapMoOsP>
(830.63): caled. C 60.73, H 4.85, Mo 11.55; found C 60.61, H 4.78,
Mo 11.61.

9,9,9,9-Tetracarbonyl-8,8,10,10-tetraphenyl-2,5,13,16-tetraoxa-9-
molybda-8,10-diphosphabicyclo[15.3.1777 Jhenicosa-1(21),17,19-
triene (3b): Starting material: 415 mg (0.67 mmol) of 2b and 202
mg (.67 mmol) of (OC),;Mo(nbd). Yield 285 mg (51.2%) of 3b. —
IH NMR (CD,CL): & = 2.14-2.24 (m, 4 H, CH,P), 3.37—3.46
(m, 4 H, CH,CH,P), 3.60—-3.67 (m, 4 H, CH,;OCH,CH,),
4.17-4.23 (m, 4 H, CH,OCH,), 6.58, 7.00, 7.22 (4 H, CcH,),
7.32—7.41 (m, 20 H, Ph). - *C{'H} NMR (CD,Cl,): 6 = 31.1
(vt N = 17.9 Hz, CH,P). 67.2 (m, CH,CH,P), 68.1, 70.0
(CsH,OCH,CHj,), 104.0, 108.3, 160.3 (C¢Hy), 128.4, 129.8, 132.2
(0-, m-, p-Ph), 137.1 (m™, N = 33.7 Hz, ipso-Ph), 210.0 [t, 2Jpc =
9.4 Hz, axial CO], 215.5 (m™], ¥ = 15.2 Hz, equatorial CO). —
3'P{TH} NMR (CD,CL): § = 19.7 (s). — m.p. > 140°C (dec.). —
IR (KBr): ¥ = 2023 cm™!, 1927, 1895, 1866 (CO). — MS (FD,
30°C), miz: 832.2 [M™*]. — CyHasMoOgP; (830.63): caled. C 60.73,
H 4.85, Mo 11.55; found C 60.41, H 4.92, Mo 11.78.

9,9.9.9-Tetracarbonyi-8,8,10, 10-tetraphenyl-2,5,13, 16-tetraoxa-9-
molybda-8,10-diphosphabicyclof15.2.2"77 Jhenicosa-1(20),17,18-
triene (3¢): Starting matcerial: 532 mg (0.85 mmol) of 2¢ and 256
mg (0.85 mmol) of (OC),Mo(nbd). Yield 230 mg (32.4%) of 3e. —~
'"H NMR (CD,Cl,): & = 1.83—1.94 (m, 4 H, CH,P), 3.03-3.13
(m, 4 H, CH,CH,P), 347-3.53 (m, 4 H, CH,OCH,CH,),
4.15-4.22 (m, 4 H, C;H,0CH,), 7.01 (s, 4 H), 7.21-7.39 (m, 20
H, Ph). — *C{'H} NMR (CD-CL): & = 30.6 (vt*!l, N = 17.1 Hz,
CH,P), 66.7 (m, CH,CH,P), 67.9, 69.8 (CsH,OCH,CH,), 117.1,
152.8 (CeHy,), 128.4, 129.4, 132.1 (0-, m-, p-Ph), 136.6 (mI*!, N =
33.4 Hz, ipso-Ph), 210.0 (t, 2Jpc = 9.6 Hz, axial CO), 215.5 (m*!],
N = 14.9 Hz, equatorial CO). — 3'P{'H} NMR (CD,ClL): § =
19.9 (s). — IR (KBr): ¥ = 2019 cm™!, 1914, 1893, 1876 (CO). — MS
(FD, 30°C), miz: 832.0 [M*|. — C4aH,oMoOgP, (830.63): caled. C
60.73, H 4.85, Mo 11.55; found C 61.00, H 5.12, Mo 11.76.

12,12,12,12-Tetracarbonyl-11,11,13,13-teiraphenyl-
2,5,8,16,19,22-hexaoxa-12-molybda-11,13-diphospha-
bicyclo[21.4.0123 Jheptacosa-1(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(nbd). Yield 196 mg (33.4%) of 3d. — 'H NMR (CDCly): 6 =
2.28—2.40 (m, 4 H, CH,P), 3.31-343 (m, 4 H, CH,CH,P),
3.46—3.53,3.69—-3.76 (m, 4 H, m, 4 H, CH,CII,OCH,CH,P), 3.87
(m, 4 H, C¢qH,OCH,CH,), 417 (m, 4 H, CsH,OCH,), 6.90 (m, 4
H, C¢Hy), 7.27-7.42 (m, 20 H, Ph). — PC{'H} NMR (CDCl,):
8 = 31.1 (vt/*I, N = 17.0 Hz, CH,P), 67.1 (m, CH,CH,P), 69.2,
69.8, 704, 70.7 (CsH,OCH,CH,OCH,CH,), 114.5, 121.5, 148.9
(CgHy), 128.3,129.3, 132.1 (0-, m-, p-Ph) , 1372 (m"*, N = 344
Hz, ipso-Ph), 209.8 (t, 2Jpe = 9.4 Hz. axial CO), 215.1 (mPI, & =
15.5 Hz, equatorial CO). — 3'P{'H} NMR (CDCl.): 8 = 20.4 (s).
— m.p. > 130°C {(dec.). — IR (KBr): ¥ = 2019 cm™!, 1932, 1888,
1870 (CO). — MS (FD, 30°C), m/z: 919.5 [M™]. — C4sHsMoO,,P;
(918.73): caled. C 60.14, H 5.27, Mo 10.44; found C 60.34, H 5.30,
Mo 10.38.
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12,12,12,12-Tetracavbonyl-11,11,13,13-tetraphenyl-
2,5,8,16,19,22-hexaoxa-12-molybda-11,13-diphospha-
bicycelo[21.3.1"33 Jheptacosa-1(27),23,25-triene (3e): Starting matc-
rial: 294 mg (0.41 mmol) of 2e and 124 ing (0.41 mmol) of (OC),-
Mo(nbd). Yield 246 mg (64.7%) of 3e. — 'H NMR (CD,CL): 8 =
2.13-2.25 (m, 4 H, CH,P), 3.09-3.20 (m, 4 H, CH,CH,P),
3.21-3.28, 3.39-3.45, 3.60—3.66, 3.94—4.00 (m, 16 H, CsH,O-
CH,CH,OCH,CH,), 6.40, 6.45, 7.07 (4 H, CcHy), 7.19—7.33 (m,
20 H, Ph). — >)C{'H} NMR (CD,CL): & = 31.6 (vt*], N = 19.2
Hz, CH.P), 669 (m, CH,CH,P), 67.8, 69.5, 70.2, 708
(CeH,OCH,CH,OCH,CH.,), 102.3, 107.1, 160.2 (CeHy), 128.4,
129.8, 1322 (¢-, m-, p-Ph), 136.6 (m™1, N = 32.7 Hz, ipso-Ph),
209.9 (t, 2Jpc = 9.6 Hz, axial CO), 215.6 (mM*!, N = 157 Hz,
equatorial CO). — ¥P{!H} NMR (CD,Cl,): 3 = 20.9 (s). — m.p.
> 135°C (dec.). — IR (KBr): ¥= 2019 cm™?, 1917, 1897, 1877 (CO).
— MS (ED, 30°C). m/z: 919.6 [M*]. — CygHagMoO P, (918.73):
caled. C 60.14, H 5.23, Mo 10.44; found C 60.46, H 5.40, Mo 10.71.

12,12,12,12-Tetracarbonyl-11,11,13,13-tetraphenyl-
2,5,8,16,19,22-hexaoxa-12-molybda-11,13-diphospha-
bicyclo[21.2.2:%3 [heptacosa-1(26),23,24-triene (3f). Starting mate-
rial: 410 mg (0.58 mmol) of 2f and 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, CH,P), 3.17-3.37, 3.48—3.55, 3.69—-3.76 (m,
16 H, CeHOCH,CH,OCH,CH,OCH,), 4.09-4.16 (m, 4 H,
CeHLOCH>), 691 (s, 4 H, CgHy), 7.26—7.41 (m, 20 H, Ph). —
3C{'H} NMR (CD,Cl,): 8 = 31.6 (vt*U, N = 19.5 Hz, CHP),
66.7 (m, CH,CH.P), 68.6, 69.8, 70.2, 70.5 (CsH,OCH,CH,-
OCH,CH,), 116.1, 153.1 (CsHy), 128.2, 129.3, 131.9 (e-, m-, p-Ph),
136.4 (m™', & = 32.3 Hz, ipso-Ph), 209.6 (t, >Jpc = 9.4 Hz, axial
CO), 215.3 (m™*!), N = 14.8 Hz, equatorial CO). — 'P{'H} NMR
(CD,CL): & = 20.8 (s). — TR (KBr): ¥ = 2018 cm™"', 1915, 1899,
1874 (CO). — MS (FD, 30°C), m/z: 919.6 [M*]. — CagH1sM0O, P>
(918.73): caled. C 60.14, H 5.23, Mo 10.44; found C 60.06, H 5.45,
Mo 10.11.

Crystal Structure Determination: Single crystals of 3a and 3d
were obtained from n-hexane/dichloromethane and acetonitrile/
H,0, 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, respcetively, are compiled
in Table 1. The latticc constants were determined with 25 precisely
centered high-angle rcflections 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 crystul 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™? and refined with
anisotropic thermal parameters for all non-hydrogen atoms. Hydro-
gen atoms were included in calculated positions (riding model). An
absorption correction (y 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—-C16 proved to be dis-
ordered. The disorder had to be extended to the atoms C10—C19
and the acetonitrile moleculc. The disorder was treated with split
positions leading to separate occupation factors of 0.55 for the
atoms C10—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
as supplementary publication no. CCDC-100442. Copies of the
data can be obtained free of charge on application to The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: int. code
+44(0)1223/336-033, e-mail: deposit@chemerys.cam.ac.uk].

* Dedicated to Professor Achim Miiller on the occasion of his

60th birthday.
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