














































































































































































en 

IP 

[R2P7]- + 2 NR3 

Sa (R = Me) 

Sb (R = Et) 

Sc (R = n-Bu) 

(4.5) 

starting material IP. Alkylphosphonium salts do not alkylate the P73- ion, however, 

PPh4+ affects an oxidative coupling to give Pt62- as mentioned in Chapter 1 (eq. 1.3)_22 

Compounds Shave been characterized by lH, 13c, 3lp NMR and 2-D 3lp_3tp COSY 

NMR spectroscopic studies. Compounds S were isolated as oily solids that were 

contaminated with trialkyl amine byproducts and presumably potassium bromide. 

Repeated attempts to purify the compounds by crystallization / precipitation and 

sublimation were unsuccessful and we could therefore only characterize the compounds 

by spectroscopic methods and by derivatization (see below). 

R R R 

s 6 

Compounds S can be alkylated further through reactions with alkyl halide 

reagents to give neutral R2R'P7 trialkyl compounds (6) (eq. 4.6). For example, Sc 

reacts cleanly with n-BuBr in DMF to give (n-Bu)3P7 (6e) in good yield.21 Equation 
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+ R'X 
(4.6) 

6a R =R'=Me 

6b R = Me, R' = CH2Ph 

6c R =n-Bu, R' = Me 

6d R = n-Bu, R' = CH2Ph 

6e R = R' = n-Bu 

4-6 chemistry appears to give virtually quantitative conversions to mixtures of isomers, 

Which requires inversion at one alkylated phosphorus position. Due to the extreme 

Insolubility and thenna1 instability of most of compounds 6, detennination of percent 

conversions and diasteromeric distributions were quite difficult. Compounds 6a-6d are 

pale orange to white solids that are moderately air sensitive, thenna11y unstable, and 

Sparingly or insoluble in most solvents (1HF, toluene, en, DMF). Then-Bu complex 

6e is appreciably soluble in DMF and en and is sparingly soluble in toluene. 

Compounds 6 have been characterized by 31P NMR spectroscopies and fast atom 

bombardment mass spectroscopy (FAB-MS). The FAB-MS analyses of 6 showed 

protonated molecular ions ([HR2R1P7J+) for all compounds along with secondary ions 

due to loss of various alkyl groups. The data are summarized in Table 4.1. Because of 

the thenna1 instability of these compounds, elemental analyses were not possible. 

4.2.2 Structural Studies 

The structure of the [K(2,2,2-crypt)J+ salt of [EtP7W(C0)3J2• (4b) was 

determined by single crystal X-ray diffraction. An ORTEP drawing of the anion is 

shown in Figure 4_ 1 _ A summary of the crystallographic data is given in Table 4.2 and 

a listing of selected bond distances and angles given in Table 4.3. 
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► 

Figure 4.J. ORTEP drawing of the [EtP7W(C0)3J2· ion. 

The structure contains a 114-P1 group attached to a CJv W(CO)J center and an 

ethYl group attached to the phosphorus atom furthest from the W(CO)J center. The 

attachment of the ethyl group lowers the virtual point symmetry of the ion from Cs to c
1 

in the solid state but virtual Cs symmetry is observed in solution (see below). The W-P 

and P-P bond distances and angles are remarkably similar to those observed for types 2 

and 3 compounds and range from 2.137 A to 2.215 A. The P(4)--P(5) and P(6)--P(7) 

separations of 2.923(3) A and 3.299(3) A, respectively, are highly asymmetric as is 

also observed in types 2 and 3 compounds. 13 The P-C bond of 1.858(7) A is typical 

for compounds of this type and those in trialkyl phosphines. 23 The en solvate molecule 

and the [K(2,2,2-crypt)]+ ions were crystallographically well behaved and were well 

separated from the anion. 

The [K(2,2,2-crypt)]+ salt of 4c crystallizes with cubic crystal symmetry (a= 

19.0824(7) A) but the structure was unsolved. 

The alkyl groups of 5 reside on two of the three two-coordinate phosphorus 

atoms of the parent p7 cage (see 1.II). Only one two-coordinate P atom remains in 5 
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(see 4.1 and previous drawing of 5) and it bears a formal negative charge. There are 

three possible isomers for compounds 5 as illustrated in structures 4.1-4.111 below 

(viewed down the former C3 axis of 1.11). Structures 4.1 and 4.11 both have Cs point 

symmetry with mirror planes bisecting the alkyl groups. In both structures, there arc 

two pairs of equivalent phosphorus atoms with the remaining three being unique. In 

structure 4.111, all seven phosphorus atoms are inequivalent. The NMR data show 

only one isomer in solution (see Section 4.2.3) and its spectral features are consistent 

with both structures 4.1 and 4.11. Based on steric arguments, we believe that 4.1 is 

the structure adopted by 5. 

R R R 

4.1 4.11 4.111 

Compounds 6 possess three alkyl groups that are attached to the former two­

coordinate phosphorus atoms of lP. There are two possible isomers of compounds 6, 

6-sym and 6-asym, as illustrated below. 3Ip NMR studies monitoring the formation 

of 6e at -20 °C in DMF show that mixtures of isomers 6-sym and 6-asym are present 

in a 1: 10 molar ratio at all stages of conversion. The 1: 10 ratio of isomers is 

independent of termperature (-20 °C to +50 °C) and solvent (DMF, toluene, en). 
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R R R 

R 

R 

6-sym 6-asym 

4.2.3 Spectroscopic Studies 

The spectroscopic data for compounds 4-6 are summarized in Table 4.4 and the 

remaining spectroscopic data are given in the Experimental Section (Section 4.4). 
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Figure 4.2. 31P{ 1H} NMR spectrum of [EtP7W(CO)31
2· recorded in DMF-d7 at 28 °c and 81.0 

MHz. 
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Based on the crystal structure of 4b, one would anticipate seven 31p resonances 

due to the seven inequivalent phosphorus atoms observed in the solid state. However, 

the 31 P NMR spectra for 4 (Fig. 4.2) show AA'BB'MM'X spin patterns due to a 

fluxional process that generates a virtual mirror plane of symmetry. The compounds 

remain fluxional at -60 oC in DMF-d7. The data indicate that the M(CO)3 fragments 

rotate rapidly in the p4 face of compounds 4 as is common for similar [ExM(CO)
31n-

lJ,24 25 talli ds 26-28 Th d al · complexes and related organome c compoun . e ata so indicate 

that the P(4)--P(5) / P(6)--P(7) asymmetries observed in the solid state are time 

averaged in solution (an intramolecular wagging process--Scheme 4.1) but inversion at 

P(l) is not observed on the NMR time scale. These conclusions are based on the 

following: (1) rapid inversion at P(l) without the wagging process would render P(2) 

and P(3) inequivalent, which is not observed, and (2) rapid wagging and inversion at 

P(l) would make P(4), P(S), P(6) and P(7) all chemically equivalent, which is also not 

observed. 

Scheme 4.1 

~ 
t 

Mirror 
Plane ~ 

--
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The 13C NMR spectra show a single carbonyl resonanace at 229 ppm with lJw_ 

c = 167 Hz and 2Jp_c.::;;, 4 Hz. Both coupling constants are only slightly diminished 

relative to 2PW (1Jw-c = 180 Hz and 2Jp_c"" 5 Hz) which is surprising in view of the 

significant decrease in charge and the large blue shift in the v (CO) bands (ca. 40 cm-1 ). 

This P-C coupling indicates that W(CO)3 / P73- dissociation is not occuring on the NMR 

time scale. The 1Jp_c coupling constants to the a-carbons of the alkyl groups range 26 

to 30 Hz which is also typical for alkyl polyphosphorous compounds but larger than 

coupling of 10-15 Hz observed in trialkylphosphines.29 The ex-hydrogens of 4b, 4c 

and 4d are non-diastereotopic in that they are bisected by a mirror plane generated by 

the wagging process described above (Scheme 4.1). 

The IR spectra for compounds 4 each contain three v(CO) bands between 1874 

and 1750 cm-1. Due to the relative decrease in negative charge, these vibrations are blue 

shifted by ca. 40 cm-1 from the parent trianion 2PW. 

-r--.-~~--.---~---,------..--.--r--.--.--~--,---
10 0 -20 -40 -GO -BO -100 -120 -140 

ppm 

Figure 4.3. 31 P{ 11-I} NMR spectrum of [Me2P7r from a crude reaction mixture of pl- and 

Me4W recorded in DMF-d7 at 28 °c and 202.4 MHz. 
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The P-P coupling constants and the general features of the 31 P NMR spectra of 

compounds 5 are quite similar to those of the symmetrical [H2P1]· ion reported by 

Baudler et al.6 
The 31P{ 1H} NMR spectra for compounds 5 show five second-order 

resonanaces with relative intensities of 2:1:1:1:2 (Fig. 4.3). The solution structure is 

clearly that of a symmetrical isomer ( 4.1 or 4.11) in that seven equal intensity 31 P 

resonances would be expected for the unsymmetrical isomer (4.111). Through the use 

of proton coupled 31P NMR and 2-D 31p.3lp COSY NMR experiments, one can assign 

all five resonances in the 31P NMR spectrum. The proton-coupled spectrum of Sa 

shows broadening of the downfield resonance at 12 ppm due to coupling to the a­

hydrogens of the alkyl groups. Thus, the two resonances of relative intensity two at 18 

and -153 ppm can be assigned to alkylated and the non-alkylated equivalent pairs, 

respectively. 

·150 

-100 

-50 

11 • I 

0 

• • 
ppm 

PP• 0 -50 -100 -150 

Figure 4.4. 31p. 31p COSY NMR spectrum of CMeiP7r recorded in DMF-d7 at 25 °c and 202.4 

The atomic labelling scheme is shown in the inset. The solid lines denote cross peaks due to 
MHz. 

one-bond p.p couplings. Toe dashed lines represent the two-bond couplings. 
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The 31P-
31

P COSY NMR spectrum (Fig. 4.4) then allows for the assignments of the 

remaining resonances. Each resonance shows two principal cross peaks due to strong 

coupling between bound phosphorus neighbors and can be assigned as shown in Figure 

4.4. Two additional weaker cross peaks are observed for the two-bond P(2)--P(3) and 

P(l)--P(4) interactions. Because bonds to two-coordinate phosphorus atoms are 

typically 0.1 A. shorter than those to three-coordinate phosphorus atoms, these two 

interactions are enhanced in that they couple to or through the two-coordinated P(4). 

Thus, the relatively large P(2)--P(3) and P(l)--P(4) two-bond couplings are quite 

consistent with the expected structural features. 

The 13C{ 1H} NMR spectrum of Sa shows a large lJC-P value of 45 Hz with 

smaller 2Jc-P coupling of~ 2 Hz. As anticipated from structural considerations, the a­

hydrogens of Sb and Sc are diastereotopic and give rise to AB patterns (8 = 0 ppm) that 

are broadened due to coupling to phosphorus. 

Spectroscopic characterization of compounds 6 was hampered by their limited 

solubility and thermal instability. In addition, both isomers of the mixed alkyl 

compounds 6b-6d possess seven inequivalent phosphorus atoms (i.e., both 6-sym 

and 6-asym have C1 point symmetry) giving rise to 14 overlapping multiplets in their 

respective 31 P NMR spectra. In contrast, the symmetrical isomer 6-sym for the 

homoleptic alkyl compounds (e.g., 6a and 6e) have c3 point symmetry with only three 

chemically distinct phosphorus nuclei in a 3:3: 1 ratio. Thus, the symmetric and 

asymmetric isomers of 6 a and 6e can easily be differentiated by 
31 

P NMR 

spectroscopy. Because of the extreme insolubility and thermal instability of 6a,
30 

only 

6e was studied in detail. 
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Figure 4.5. 31P NMR spectrum of (n-Bu)3P7 from a crude reaction mixture of [(n-Bu)2P7r and n­

BuBr in DMF at -20 °c and 202.4 MHz. The resonances marked with an "s" and "a" arise from the 

symmetrical isomer, 6-sym, and asymmetrical isomer, 6-asym, respectively. The asterisks denote 

The 31 P{ 1H} NMR spectrum of 6e (Fig. 4.5) shows a preponderance of the 

asymmetric isomer as evidenced by the seven equal intensity multiplets between 122 and 

-167 ppm. The spectrum of the minor isomer 6-sym is quite similar to those of related 

symmetrical X3P7 compounds6•7•10 and is characterized by the three resonances at 84, 

-100 and -155 ppm. The latter resonance is hidden beneath a peak from isomer 6-sym. 

The -100 ppm resonance of intensity one arises from the unique apical phosphorus atom 

of isomer 6-sym. The proton coupled spectrum shows broadening of the 84 ppm 

resonance due to alkylated phosphorus atoms with the upfield peak at -155 ppm 

assignable to the basal atoms. 

For the resonances associated with the asymmetric isomer, the proton coupled 
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spectrum shows significant broadening of the three downfield resonances at 122, 92 

and 22 ppm indicating they arise from the alkylated phosphorus atoms. Through 

comparisons with related compounds (e.g., isomer 6-sym), we can assign the -75 ppm 

resonance to the apical phosphorus and the three upfield resonances at -115, -155 and 

-167 ppm to the basal atoms. These assignments are in accord with those for (i-Pr)3P7 

previously reported by Fritz et al.1 

4.3 Discussion 

The transfer of R+ from the R4N+ ions to the polyphosphide complexes 

described herein occurs by a nucleophilic displacement mechanism involving 

nucleophilic attack at the a-carbon of the R4N+ ions. Two other likely mechanisms that 

are encountered in related chemistry, the SRNl radical pathway and a Hofmann 

elimination / olefin insertion pathway, are not consistent with the observed experimental 

results. These findings are discussed individually below. 

Because the steric congestion at the (n-Bu)4N+ ion would hinder nucleophilic 

attack, the reactions might be occurring by a radical pathway such as an SRN 1 

process.31 A single-electron oxidation of [P7W(C0)3]3· appears to form a reactive 

radical that undergoes rapid abstractions of hydrogen atoms to form [HP7W(C0)3]2
".

18 

It was therefore of concern that the alkylammonium alkylations described herein might 

occur via a similar radical pathway: either a single-electron transfer reaction or an 

initiated radical process.31 The formation of the Me complex 4a from Me(n­

c8H17)3N+ (eq. 4.4) clearly shows that free alkyl radicals are not liberated from 

al.kylammonium ions. The n-C8H17 radical is inherently more stable than the Me radical 

and the [(n-C8H17)P7W(C0)3]2• complex would be the expected product from eq. 4.4 

if free alkyl radicals were involved. Moreover, if alkyl transfer occurred from caged 
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radicals formed in tight-ion pairs (i.e., a R4N+· ·· IP7W(C0)3]3- ion pair), transfer of the 

least sterically hindered alkyl group may he anticipated in a radical mechanism. The 

formation of the benzyl complex 4d from (CH:lh)M~N+ in eq. 4.5 suggests that ion 

pairing is not a determining factor in the formation of compounds 4 in that the most 

electrophilic alkyl group is transfen-ed despite the unfav:)rable steric factors. 

Dealkylations of R4N+ ions arc known to occur by a Hofmann elimination 

process32 involving an initial deprotonation of an alley ~-hydrogen followed by an 

olefin elimination to give tt+, R3N, and olefin. Although the fonnation of the Me and 

CH2Ph compounds 4a, 4d, 6a and 6b cannot proceed via this mechanism, the Et and 

n-Bu transfers could occur by way of a Hofmann elirr.ination from the R4N+ ion (i.e., 

formation of [HP7W(C0)3]2-, olefin and R3N) followed by an olefin insertion into the 

P-H bond of 3b. This mechanism can be discounted in that olefins do not insert into 

the P-H bonds to form compounds 4 (see eq. 4.6). Although olefins appear to affect 

some type of transformation of compounds, 3b, it is clear that compounds 4 are not 

formed in these reactions. 

The data are consistent with a nucleophilic attack at the a-carbon of an R4N+ 

alkyl group in that the most electrophilic alkyl suhstiment is transferred in each case. 

Tetraalkylammonium ions are extremely weak clcctrophiles and are not known for their 

alklyating abilities. They are of course frequently used as "inert" spectator cations in 

various organic and inorganic reactions. In a rclaled system, Haushalter and co­

workers described the thermal decomposition of (MC4N)4Sn9 to give Me3N, Sn2Me6 

and other methylated tin compounds that presumably result from Me+ transfer from 

Me4N+ to Sn94-.33 An example of RS- mcthylation hy Me4N+ under mild conditions 

has also been reported,34·36 but nucleophilic alkyl transfer from (n-Bu)4N+ is, to our 

knowledge, unprecidented. Clearly, compounds 1 and 2 arc potent nucleophiles, 

however, their basicity is relatively mode.st. As statcc previously in Chapter 3, neither 
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nor 2 will deprotonate MeOH and 3 is cleanly deprotonated by NaOMe in DMF to 

give 2. A detailed discussion of the formation and properties of the fHP7M(C0)
3
J2-

compounds was presented in Chapter 3. 18 

Because of the extremely weak electrophilicity of alkylammonium salts, the 

degree of alkylation and isomeric distributions can be controlled in these reactions. In 

Particular the alkylations of 1 give quantitative conversions to single diasteromers. This 

selectivity is observed even for the least sterically demanding alkyl group, Me. 

Preliminary investigations on other systems suggest that the alkylations of 

anionic polyphosphides is quite generic although exhaustive studies of the various R 

groups were not initiated. The chemical selectivity and the ease of subsequent 

alkylations gives this approach a decided advantage over the previously reported 

methods that utilize alkyl halides ( eq. 4. 7). 6, 7•21•37 Equation 4. 7 chemistry gives 

(4.7) 

R == Me, Et, i-Pr, n-Bu, i-Bu 

mixtures of isomers and only certain alkyl groups are amenable to the synthetic 

conditions. For example, Et, cH2c6H5, n-Bu and i-Bu derivatives cannot be prepared 

from alkly halide reactions and disubstituted products are unattainable with any R. The 

R3P7 (R == Me, Et, i-Pr) have been prepared by dehalogenation reactions according to eq 

4 8 21 H h h th ombined use of R4N+ and RX alkylating agents, a large 
· · owever, t roug e c 

· bly be prepared in high yield. 
vanety of mixed alkyl compounds can presuma 

(PR)3 + 4 PCl3 + 6 Mg 
(4.8) 

R == Me, Et, i-Pr 
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Based on steric arguments, one must assume that the symmetrical structure 6_ 

sym is the thennodynamically favored isomer for the R2R'P7 compounds 6. The 

(R3E)3P7 compounds containing the bulky stannyl and silyl substituents Me
3
sn and 

(Me3Si)3Si gave exclusively the symmetric isomer 6-sym , (e.g., (Me
3

Sn) p 7 3 7, 

[(Me3Si)3Si]3P7 
10). The addition of R' to isomer 4.II (or 4.1) at the two-coordinate 

phosphorus site of compounds 5 in eq. 4.6 chemistry would require the fonnation of 6-

asy m as the kinetic product. The formation of isomer 6-sym in eq. 4.6 requires 

inversion at one of the alkylated phosphorus atoms of [R2P7J- during the course of 

reaction. Because the two do not interconvert after several hours at room temperature, 

one must assume that isomers 6-sym and 6-asym are formed competitively in a 

stereoselective reaction (eq. 4.6) and do not represent an equilibrium mixture. 

In summary, the reactions described herein reveal a novel method for alkylating 

highly nucleophilic polyphophide compounds through the use of R4N+ alkylating 

agents. The reactions give virtually quantitative conversions to the alk:ylated products 

and appear to be quite generic for a variety of "R+" electrophiles and polyphosphide 

nucleophiles. The use of this methodology in the formation of other alkylated 

Polypnictides and heterosubstituted phosphines from phosphide anion precursors may 

be Worthy of future investigations. 

4.4 Experimental Section 

4•4•1 General Data 

G 
. d res used in our laboratory have been described in 

eneraI operating proce u 
Ch 

13 
fi d in Chapter 2 are presented below. Elemental 

apter 2. General data not oun 
ana1 . t unospheres by Desert Analytics, Tucson, AZ,. 

yses were performed under mer a 
Pr 

1 
rd d at ambient temperature on both Bruker WP200 

0 ton ( H) NMR spectra were reco e 
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(200.133 MHz) and Bruker AM400 (400.136 MHz) spectrometers. Some phosphorus 

(31 P) NMR spectra were recorded on a Bruker AMXS00 (202.458 MHz) spectrometer. 

The 3lp_3lp COSY NMR experiments were conducted on a Bruker AMXS00 in DMF­

d7 at 28 °c. The mass spectra were obtained on a VG7070E magnetic sector mass 

spectrometer in the fast atom bombardment (FAB) mode utilizing a Xe+ beam (8 kV) 

and a m-nitrobenzyl alcohol (mNBA) matrix. 

The IR and NMR spectral data common to all compounds containing [K(2,2,2-

crypt)]+ and/or en can also be found in Chapter 2. 

4.4.2 Chemicals 

The preparation of K3P7 was reported in Chapter 2. Chemicals not foud in 

Chapter 2 are presented below. Tetraalkylammonium halides, alkyl halides and 18-

crown-6 were purchased from Aldrich and used without further purification. 

Dimethylformamide (DMF) was also purchased from Burdick & Jackson (High Pmity), 

distilled at reduced pressure from K4.Sn9 and stored under dinitrogen over molecular 

sieves. The preparation of 2PW has been described in Chapter 2. 

4.4.3 Syntheses 

4.4.3.1 Preparation of [K(2,2,2-crypt)]z[MeP7W(COh]•en 

Method A: K3P7 (29.6 mg, 0.089 mmol), 2,2,2-crypt (100.0 mg, 0.27 mmol), 

and [C6H3(CH3)3]W(CO)3 (34.4 mg, 0.089 mmol) were dissolved in en (ca. 3 mL) 

and stirred for 12 h at ambient temperature yielding a red solution. An equivalent of 

solid Me(n-CgH17)3NBr (39.9 ng, 0.089 mmol) was added. The reaction mixture was 

stirred for 1 h producing a dark red solution. Solvent was concentrated under vacuum 

to 2 mL and filtered through ca. 0.25 in. of tightly packed glass wool in a pipet. After 
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24 h, the reaction vessel contained rectangular maroon crystals that were removed from 

the mother liquor, washed with toluene, and dried under vacuum (crystalline yield, 49 

mg, 39 %). Method B: A procedure identical to that described in Method A was 

followed except solid Me4NBr (13.8 mg, 0.089 mmol) was used and the reaction 

mixture was stirred for 4 h at ca. 40 oC, concentrated under vacuum to 2 mL and filtered 

through ca. 0.25 in. of tightly packed glass wool in a pipet. After 24 h, the reaction 

vessel contained rectangular maroon crystals that were removed from the mother liquor, 

washed with toluene, and dried under vacuum (crystalline yield, 39 mg, 32 %). IR 

(KBr pellet), cm-1: 1871 (s), 1786 (s), 1757 (s). lH NMR (DMF-d7) 6(ppm): 0.53 

(dt, 3 H, CH3). 13C{ 1H} NMR (DMF-d7) 6(ppm): 229.4 (br s, CO), -3.3 (d, 1Jc-P = 

30.4 Hz; CH3). 

4.4.3.2 Preparation of [K(2,2,2-crypt)]z[EtP7W(C0)3]•en 

A procedure identical to that described for [K(2,2,2-crypt)]2[MeP7W(CO)3]·en 

(Method A) was followed except solid (C2H5)4NBr (18.7 mg, 0.089 mmol) was used. 

After 24 h, the reaction vessel contained rectangular maroon crystals which were 

removed from the mother liquor, washed with toluene and dried under vacuum 

(crystalline yield, 45.7 mg, 37 %). Anal. Calcd for C43H85N60 15K2P7W: C, 36.76; 

H, 6.10; N, 5.98. Found: C, 36.92; H, 6.09; N, 5.93. IR (KBr pellet), cm-1: 1866 

(s), 1787 (s), 1750 (s). 1H NMR (DMF-d7) 6(ppm): 0.96 (dq, 21H-P = 14.2 Hz, 3Jff. 

H = 7.1 Hz, 2 H; CH2CH 3), 0.84 (dt, 3JH-P = 13.6 Hz, 3JH-H = 7.1 Hz; 3 H; 

CH2CH3), 13c{ 1H} NMR (DMF-d7) 6(ppm): 229.4 (p, 1Jc-w = 167 Hz, 2Jc-P = 4 

Hz, 3 C; CO), 15.6 (dt, 1 Jc-P = 10.8 Hz, 2Jc-P = 5.4 Hz, l C; CH2CH3), 8.0 (d, 2Jc_ 

p = 26.0 Hz, 1 C; CH2CH3). 
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4.4.3.3 Preparation of [K(2,2,2-crypt)]i[(n-Bu)P7W(CO)J]·en 

A procedure identical to that described for [K(2,2,2-crypt)]2[MeP7W(CO)3]·en 

(Method A) was followed except solid (C4H9)4NBr (28.7 mg, 0.089 mmol) was used. 

After 24 h, the reaction vessel contained octahedral maroon crystals that were removed 

from the mother liquor, washed with toluene and dried under vacuum ( crystalline yield, 

50 mg, 37 %). Anal. Calcd for C47H97N8o15K2P7W: C, 37.81; H, 6.55; N, 7.50; P, 

14.52. Found: C, 37.73; H, 6.51; N, 7.91; P, 13.95. IR (KBr pellet), cm· 1: 1874 

(s), 1785(s), 1752 (s). 1H NMR (DMF-d7) o(ppm): 1.16 (m, 4H; n-Bu), 1.01 (m, 2 

H; n-Bu), 0.74 (t, 3 H;n-Bu)). 13C{ 1H} NMR (DMF-d7) o(ppm): 229.4 (bs s, 3 C; 

CO), 33.7 (m, 1 C, n-Bu), 24.6 (d, Jc.p = 8.1 Hz, 1 C; n-Bu), 14.6 (d, Jc.p = 27 Hz, 

1 C; n-Bu), 14.0 (s, 1 C; n-Bu). 

4.4.3.4 Preparation of [K(2,2,2-crypt)]i[(CH2Ph)P7W(CO)J]•en 

[K(2,2,2-crypt)Ji[(CH2Ph)P7W(CO)3]·en was prepared by two separate 

reactions from two different ammonium salts, (CH2Ph)Me3NBr and (CH2Ph)Et3NBr. 

A procedure identical to that described for [K(2,2,2-crypt)h[MeP7W(CO)3l·en (Method 

A) was followed except solid (CH2Ph)Me3NBr (20.5 mg, 0.089 mmol) was added to 

one reaction and solid (CH2Ph)Et3NBr (24.2 mg, 0.089 mmol) to the other. After 24 

h, the reaction vessels contained rectangular maroon crystals that were removed from 

the mother liquors, washed with toluene and dried under vacuum. Crystalline yields 

were 42 mg (32 %) for each reaction. Anal. Calcd for C46HsoN4O15K2P7W: C, 

39.24; H, 5.73; N, 3.98. Found: C, 39.18; H, 5.73; N, 4.19. IR (KBr pellet), cm· 1: 

1874 (s), 1792 (s), 1755 (s). 1H NMR (DMF-d7) 8(ppm): 7.17-7.00 (CH2Ph), 2.38 

(m, 2 H, CH2Ph). 13C{ 1H} NMR (DMF-d7) 8(ppm): 229.3 (br s, CO), 141.0 (s, 

CH2Ph, ipso), 129.2, 128.4, 125.5 (s, (CH2Ph), 21.2 (d, 1Jc.p = 29.8 Hz; CH2Ph). 
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4.4.3.S Preparation of [Me2P7 ]· 

In a drybox in a 5 dram vial, K3P7 (29.6 mg, 0.089 mmol) and Me4NBr (27.4 

mg, 0.178 mmol) were combined in en (ca. 3 mL) and stirred for 12 h yielding a bright 

yellow solution. 31 P NMR spectra of the crude reaction mixtures showed quantitative 

conversion to a single product. The solvent was removed under vacuum leaving a 

yellow film on the vial that was redissolved in DMF-d7 (ca. 1 mL). The NMR data for 

the dried films showed residual en. 1H NMR (DMF-d7) 6(ppm): -0.39 (m, CH3). 

13c{ 1H} NMR (DMF-d7) 6(ppm): 42.l(d, 1Jc.p = 44.6 Hz; CH3). 

4.4.3.6 Preparation of [EtzP7 ]· 

A procedure identical to that described above for [Me2P7 ]· was followed except 

E14NBr (37 .3 mg, 0.17 8 mmol) was used. 31 P NMR spectra of the crude reaction 

mixtures showed quantitative conversion to a single product. The solvent was removed 

under vacuum leaving a yellow film on the vial that was redissolved in DMF-d7 (ca. 1 

mL). The NMR data for the dried films showed residual en. 1H NMR (DMF-d7) 

6(ppm): 0.71 (m, CH2CH3), -0.07, -0.24 (br m, CH2CH3). 

4.4.3.7 Preparation of [(n-Bu)zP7]· 

A procedure identical to that described above for [Me2P7]· was followed except 

(n-Bu)4NBr (57 .3 mg, 0.178 mmol) was used. 3lp NMR spectra of the crude reaction 

mixtures showed quantitative conversion to a single product. The solvent was removed 

under vacuum leaving a yellow film on the vial that was redissolved in DMF-d7 (ca. 1 

mL). The NMR data for the dried films showed residual en. 1H NMR (DMF-d7) 

o(ppm): 1.73 (m, 2 H, n-Bu), 1.37 (m, 2 H, n-Bu), 1.06 (m, 3 H, n-Bu), -0.12, 

-0.24 (br m, 1 H, CH2C3H7). 
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4.4.3.8 Preparation of Me3P7 

[Me2P71- (0.089 mmol) was prepared in en (ca. 3 mL) as described above 

except a 25 mL Schlenk flask was used. The en was removed under vacuum leaving a 

yellow film in the flask. This film was redissolved in DMF (ca. 4 mL). Mel (5.5 µL, 

0.089 mmol) was syringed into the stirring reaction mixture yielding a colorless solution 

and white precipitant (ppt). An aliquot of the solution was immediately removed and 

taken for MS analysis while the remainder was used for 31 P NMR analysis. 

4.4.3.9 Preparation of (CH2Ph)Me2P7 

A procedure identical to that described earlier for Me3P7 was followed except 

(CH2Ph)Cl (10.2 µL, 0.089 mmol) was syringed into the stirring reaction mixture 

yielding a colorless solution and white ppt. An aliquot of the solution was immediately 

removed and taken for MS analysis. 

4.4.3.10 Preparation of (n-Bu)3P7 

K(n-Bu)2P7 (0.089 mmol) was prepared in DMF (ca. 3 mL) as described above 

except a 25 mL Schlenk flask was used. (n-B u )Br (17 .2 µL, 0.089 mmol) was 

syringed into the stirring reaction mixture yielding a red solution. An aliquot of the 

solution was immediately removed and taken for MS analysis while the remainder of the 

solution was used for 3lp NMR analysis. 

4.4.3.11 Preparation of Me(n -Bu )iP7 

A procedure identical to that described earlier for (n-Bu)3P7 was followed except 

methyl iodide (5.5 µL, 0.089 mmol) was syringed into the stirring reaction mixture 

yielding a colorless solution and white ppt. An aliquot of the solution was immediately 

removed and taken for MS analysis. 
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4.4.3.12 Preparation of (CH2Ph)(n-Bu}zP7. 

A procedure identical to that described earlier for (n-Bu)3P7 wa<; followed except 

benzyl chloride (10.2 µL, 0.089 mmol) was syringed into the stirring reaction mixture 

yielding a colorless solution and white ppt. An aliquot of the solution was immediately 

removed and ta.ken for MS analysis. 

4.4.3.13 Crystallographic Experimental Details for [K(2,2,2-

crypt)]z[EtP7W(COh]•en. 

A single crystal X-ray diffraction study for [K(2,2,2-crypt)h[EtP7W(CO)3]·en 

was done by Dr. James C. Pettinger, University of Maryland. 
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Table 4.1. FAB-MS Data for R2R'P7 Compounds (6). 

Compound 

(n-Bu)zMeP7 

MfZ 

347 

331 

289 

423 

365 

331 

339 

323 

247 

263 

247 

96 

11< Intensity 

61.6 

l2.2 

31.6 

l0.1 

8.39 

L2.5 

54.7 

18.8 

26.3 

20.8 

11.7 

lill1 

HM+ 

M+-CI-14 

M+- C4H10 

HM+ 

M+-~H10 

M+-CH3C6Hs 

HM+ 

M+ - CI-14 

M+-CH3C6Hs 

... 



Table 4.2. Crystallographic Data for [K(2,2,2-crypt)]2[EtP7W(CO)3]. 

Empirical formula 

Formula weight 

Temperature 

Radiation 

Space group 

Cell dimensions 

Volume 

Density (calculated) 

Absorption coefficient 

Crystal size 

Reflections collected 

Independent reflections 

Data/ restraints/ parameters 

Goodness-of-fit on p2 

Final R indices [1>2cr(I)] 

Largest diff. peak and hole 

C43 Hss K2 N6 015 P7 W 

1405.01 

293(2) K 

Mo Ka (A= 0.71073 A) 

Pl 

97 

a= 12.176(3) A 

b = 15.106(2) 'A. 

a= 93.509(10) deg 

~ = 98.833(13) deg 

c = 18.975(2) A. y = 111.472(12) deg 

3183.1(9) A3 (Z = 2) 

1.466 g/cm3 

0.391 mm-1 

0.50 x 0.25 x 0.20 mm 

8776 

8301 [R(int) = 0.0224] 

8301 / 0 / 670 

1.066 

R(F) = 0.0420, wR(F2) = 0.1023 [6746 data] 

1.352 and -0.907 e/ A.-3 



Table 4.3. Selected Distances (A) and Angles ( 0 ) for the [EtP7W(CO)3J 2- Ion. 

Distances 

W-P(4) 2.581(2) W-P(5) 2.584(2) 

W-P(6) 2.673(2) W-P(7) 2.676(2) 

W-C(l) 1.918(8) W-C(2) 1.911(9) 

W-C(3) 1.953(8) C(l)-O(1) 1.183(8) 

C(2)-O(2) 1.201(9) C(3)-O(3) 1.171(8) 

P(4)-P(6) 2.137(3) P(5)-P(7) 2.163(3) 

P(4)--P(5) 2.923(3) P(6)--P(7) 3.299(3) 

P(4)-P(2) 2.215(3) P(5)-P(2) 2.212(2) 

P(6)-P(3) 2.200(3) P(7)-P(3) 2.185(3) 

P(l)-P(2) 2.173(3) P(l)-P(3) 2.176(3) 

P(l)-C(4) 1.858(7) C(4)-C(5) 1.474(10) 

Angles 

C(2)-W-C(l) 92.9(3) C(2)-W-C(3) 81.8(3) 

C(l)-W-C(3) 93.6(3) C(l)-W-P(4) 130.8(2) 

C(3)-W-P(4) 133.7(2) C(2)-W-P(5) 125.6(2) 

C(l)-W-P(5) 140.6(3) C(3)-W-P(6) 175.0(2) 

C(2)-W-P(7) 173.8(2) P(5)-W-P(7) 48.53(6) 

P(6)-W-P(7) 76.15(6) P(4)-P(6)-W 63.75(7) 

P(3)-P(6)-W 92.99(7) P(6)-P(4)-W 68.28(7) 

P(2)-P(4)-W 103.17(8) P(7)-P(5)-W 67.97(7) 

P(2)-P(5)-W 103.16(8) P(4)-P(6)-P(3) 103.77(10) 

P(6)-P(4)-P(2) 106.53(10) P( 1)-P(2)-P(5) 99.07(10) 

O(1)-C(l)-W 177.4(8) O(3)-C(3)-W 177.0(6) 

O(2)-C(2)-W 177.4(7) 
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CHAPTER 5 

Reactivity of [P7M(C0)3]3· Ions in the Synthesis of [P7M(C0)4]3· and 

[RP7M(C0)4]3· (R = H, CH2Ph; M = Mo, W) Complexes 

5.1 Introduction 

The synthesis and characterization of the [~M(CO)3]3- complexes (where E = 

P, As, Sb and M = Cr, Mo, W) were described in Chapter 2. These complexes are 

easily prepared from (,i6-arene)M(CO)3 precursors and E?- ions according to eq. 2.1. 

Tremel et al. 1•2 prepared the [Sb7Mo(CO)3]3- member of this class of compounds by 

using a Mo(CO)ibipy) precursor, which requires CO loss at some stage of the reaction. 

The [E7M(CO)3]3- ions have norbomadiene-like E7 fragments with a formal 

negative charge associated with the unique two-coordinate pnictogen atom furthest from 

the transition metal (the E(l) site). The pnictogen atom remains highly nucleophilic and 

is the site of attack by various electrophiles (e.g., H+, R+, W(CO)3(en), etc.) as 

described in Chapters 3, 4 and 6.3-6 The reactivity of [P7W(CO)3]3- is depicted in 

Scheme 2.1. 

The [E7M(CO)3]3- ions also react with nucleophiles. Contrary to the 

electrophilic attacks that were ligand-based, the nucleophiles attack at the metal-center. 

Under an atmosphere of carbon monoxide, the [~M(CO)3]3- ions coordinate a fourth 

CO ligand to form the [E7M(CO)4]3- ions. The reactions of the [P7M(CO)3l3- (where 

M = Mo, W) with carbon monoxide have been investigated. The synthesis, structure 

and properties of the [P7M(CO)4]3- and [HP7M(CO)4]2- ions, as well as the alkylated 

complex, [RP7W(CO)4]2-, are described.7 
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5.2 Results 

5.2.1 Synthesis 

Ethylenediarnine (en) solutions of [K(2,2,2-crypt)h[P7M(CO)3] (M = Mo, W) 

react under one atmosphere of carbon monoxide to form [K(2,2,2-crypt)h[P7M(CO)4] 

complexes as crystalline powders according to eq. 5.1 in 18 % crystalline yield when M 

= Mo and 71 % crystalline yield 

[n4-P7M(C0)3]3- + CO ◄--<~-►-

M = Mo (2PMo) 

M=W (2PW) 

['r12-P7M(CO)4]3-

M =Mo (7a) 

M=W(7b) 

(5.1) 

when M = W.7 The complexes are bright yellow and are very air and moisture sensitive 

in solution and the solid state. Both compounds are susceptible to CO loss under N2 in 

solution and in the solid state. Additionally, both compounds are more soluble in DMF 

than in en, however, they lose CO more readily in DMF than they do in en. The 

[P7W(CO)4]3- ion, 7b, is considerably more stable than the [P7Mo(CO)4]3- ion, 7a, in 

both solid and solution. Because of this instability, 7a is always contaminated by 

2PMo impurities when under N2 and low pressures of CO. Compounds 7 were 

characterized by IR, 13c and 31 P NMR spectroscopic studies. Microanaylsis was 

obtained for 7b, but not for 7a because it proved to be too unstable. 
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warmed ( ~ 35 °C) within minutes of initiation of the reaction, the relative amount of 

[P7Mo(C0)3]3- formed increases. If the reaction mixture is gently warmed after an hour 

into the reaction, the relative amount of [HP7Mo(C0)3]2- formed increases. The 

reaction of Pl- with (pyridine)2 W(C0)4 generates [P7W(C0)4]3- in an exceedingly 

slow reaction (eq. 5.3). Warming the solution to accelerate the reaction affects a 

decarbonylation of the product to form 2PW. 

[P7M(C0)~3- reacts with methanol in en to quantitatively give [HP7M(C0)4]2-

ions (8) according to eq. 5.4. Compounds 8 can also be prepared by carbonylation of 

[HP7M(C0)3]2-, 3, as shown in eq. 5.5.7 The compounds are yellow to golden yellow 

and the solids and solutions are very air and moisture sensitive. The compounds are 

susceptible to CO loss under N2 in solution and the solid state. 

[P7M(C0)4]3- + MeOH 

7 

[HP7M(C0)3)2- + CO 

3 

► 

► [HP7M(CO)J2- + MeO­

M = Mo (Sa); M = W (8b) 

(5.4) 

(5.5) 

The [K(2,2,2-crypt)h[HP7M(C0)4]-en salts were isolated in 40 % (M = Mo) 

and 76 % (M = W) crystalline yields. The compounds are golden yellow in color and 

moderately air and moisture sensitive in solution and the solid state. Compounds 8a 

and 8b slowly lose one CO ligand under N2 atmospheres in solution but are much more 

stable than 7. 

Compounds 8a and Sb were characterized by microanalyses and IR, 1 H, 13c, 

and 31 P NMR spectroscopies. The [K(2,2,2-crypt)t salts of 8a and 8b were studied 

by single crystal X-ray diffraction. 
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Unlike the tricarbonyl complexes 3 (see Scheme 5.1, eq. C), Meo- is not a 

strong enough base to deprotonate S in en or DMF. However, Sb is efficiently 

deprotonated by LiNHCH2CH2NH2 in en to give 7b according to eq. 5.6. For Sa, 

deprotonation with LiNHCHiCH2NH2 presumably gives 7a as a transient intermediate, 

however 2PMo is the only detectable product (eq. 5.7). Identical experiments in which 

[HP7W(C0)4]2- + NH2CH2CH2NH- --►- [P7W{C0)4]3· + en (5.6) 

Sb 7b 

[HP7Mo(C0)4]2- + NH2CH2CH2NH---► "[P7Mo(C0)4]3-" + en --► (5.7) 

Sa [P7Mo(C0)3]3- + CO 

2PMo 

Meo· 
[HP7Mo(C0)4]2- X ► [HP7Mo(C0)3]2- + CO ~ [P7Mo(C0)3]3- + MeOH (5.8) 

Sa 3c 2PMo 

Sa and excess NaOMe (instead of LiNHCH2CH2NH2) are stirred in en show unreacted 

Sa after 48 hat room temperature. These experiments show that the 2PMo formed by 

deprotonating Sa with LiNHCH2CH2NH2 proceeds through 7a as outlined in eq. 5.7 

and not through 3c as shown in eq. 5.8. If 3c were the intermediate in the formation of 

2PMo, the reaction with NaOMe would have been equally effective in the preparation 

of 2PMo from Sa (i.e., Meo- readily deprotonated 3c). In addition, the corresponding 

tungsten chemistry yields 7b as an isolable intermediate in the deprotonation reactions. 

Ethylenediamine solutions of [(CH2Ph)P7W(C0)3]2-, 4d, react under an 

atmosphere of CO to form the yellow [(CH2Ph)P7W(C0)4]2- complex. Sc, according 

to eq. 5.9. The reaction between Me3(CH2Ph)N+ and [P7W(C0)4]3- also affords Sc 
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according to eq. 5.10. This reaction appears to proceed faster (too~ 4 h) than the 

alkylations reactions of 2PM (too~ 12 h) at room temperature, however, neither reaction 

rates were quantitatively measured. Through the use of eq. 5.9 chemistry, transparent 

(5.9) 

4d Sc 

[P7W(CO)4]3· + Me3(CH2Ph)N+ -~►- [(CH2Ph)P7W(CO)4]2· + Me3N (5.10) 

7b Sc 

yellow crystals of Sc were isolated in 61 % crystalline yield as the [K(2,2,2-

crypt)h[(CH2Ph)P7W(CO)4] ·en salt and have been characterized by microanalysis and 

IR, 1H, Be and 31p NMR spectroscopic studies. Repeated attempts to grow X-ray 

quality crystals were unsuccessful, however the spectroscopic studies show that Sc 

contains an 112-P7 unit and is isostructural to the protonated analog Sb. Carbonylations 

of other [RP7W(CO)3J2- complexes where R = Me, Et, n-Bu appear to proceed 

similarly but were not studied in detail. 

5.2.2 Structural Studies 

Crystals of 7 suitable for X-ray diffraction were not obtained, however, NMR 

spectroscopic studies and structural comparison between 2PM, 4 and S indicate an 112-

P7 ligand with overall Cs point symmetry with the mirror plan defined by P(l), mutually 

trans carbonyl ligands (see drawing of the [P7M(CO)~3- ion). 
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0(1)~ 

H 

Figure 5.1. ORTEP drawing of the [HP7Mo(CO)412• ion (Sa). The hydrogen atom was not 

crystallographically located. 

The structures of the [K(2,2.2-crypt)t salts of the [HP7M(CO)4]2• ions [M = 

Mo (Sa), M = W (Sb)] were determined by single crystal X-ray diffraction. The 

compounds are isotypic and crystallize in space group C2/c, however, have overall C1 

point symmetry. An ORTEP drawing of the anion Sa is shown in Figure 5.1. A 

summary of the crystallographic data is given in Table 5.1 and a listing of selected bond 

distances and angles given in Table 5.2. 

The anions have rotational disorder in the solid state. The P7 unit is rotationally 

disordered about the crystallographic two-fold axis that places the P(2) atom "up" fifty 

percent of the time, and "down" [P(2)'] the other fifty percent. The two-fold disorder 

of the [HP7M(CO),i]2· ions is illustrated in Figure 5.2. 
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Figure 5.2. Ball-and-stick drawing of the disordered [HP7W(C0)4,]2- ion (Sb). The two-fold disorder 

is illustrated by the differently shaded P7 units. 

The [HP7M(CO)4]2- structure type contains a P7 core that is virtually 

unperturbed from the parent P?- anion. A P7 core is bound 112 to an M(CO)4 fragment 

and a hydrogen atom is bound to a phosphorous atom giving the anion overall C 
1 

molecular symmetry. Four carbonyl groups and two phosphorus atoms form a 

distorted octahedron of ligands about the central transition metal with the phosphorus 

atoms necessarily cis. Two of the carbonyl groups [C(2), C(2)'] are trans to 

phosphorus atoms [P(5) and P(4) respectively] and two are trans to one another [C(l), 

C(l)']. The en solvates and [K(2,2,2-crypt)]+ ions are well separated from the anions 

in the crystal lattice. 

The average M-C(l) distances [2.025(10) A (Sa), 2.000(13) A (Sb)] are typical 

of M-C distances of metal carbonyls trans to carbonyl groups of neutral compounds. 8•11 

The average M-C(2) distances [1.919(10) A (Sa), 1.920(12) A (Sb)] are shorter than 

the M-C(l) distances as one would expect due to the higher trans influence of carbonyl 

groups relative to P. These contacts are also shorter than M-C distances of metal 

carbonyls trans to phosphorus atoms of neutral compouncts.8•11 
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The average C(l)-O(1) distances [l.141(10) A (Sa), 1.116(14) A (Sb)] are 

typical of C-O distances of metal carbonyls trans to carbonyl groups of neutral 
compounds.s-10,12 The average C(2)-O(2) distances [1.173(10) A (Sa), 1.178(12)) A 
(Sb)] are longer than the C(l)-O(1) distances as one would expect and also longer than 
C-O distances of metal carbonyls trans to phosphorus atoms of neuu·al compounds.

8
• 

10, 12 

The average M-P bonding distances to P(4) and P(5) [2.719(6) A (Sa), 

2.702(11) A (Sb)] are significantly longer than distances typically found for M-P bonds 
trans to carbonyls [e.g., 2.462(2) A (cis-Mo(CO)4[P(OCH3)3]NHC5H10);

8 
2.502(7) A 

(cis-W(CO)
4

(PCH
3

)
6

) 13]. Although these long bonds may imply weak M-P 

interactions, this was not found. The P7 ligands do not dissociate on the NMR time 
scale and are not displaced by en or dppe. The lack of correlation between M-P bond 

length and bond strength was recently described. 10 The average distances from the 

transition metal to P(6) and P(7) [3.673 A (Sa), 3.678 A (Sb)] are well beyond bonding 

distances.14 

The range of P-P bonding distances of 3 (2.15-2.29 A) is similar to that of the 
bare P7

3- ion in Sr3P14 (2.17-2.25 A) 15 and [P7Cr(CO)3]3- (2.114-2.237 A). 16 The 

P(l)-P(2) distance in Sb (2.09 A) is very short for a P-P single bond but may be the 

consequence of the various disorders within the crystal lattice. 

The 8c ion contains seven inequivalent phosphorus atoms as determined by 31p 

NMR spectroscopic studies (see below) which is indicative of C1 point symmetry. The 
spectroscopic similarities to 8a and Sb suggest the three are isostructural. 

5.2.3 IR Spectroscopic Studies 

The IR spectra (K.Br pellet) for compounds 7 show four v(CO) bands between 
1940 and 1743 -l · h h cm wit t e usual appearance characteristic of cis-L

2
M(CO)

4 
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compounds. 17•18 The carbonyl stretching frequencies are~ 85 cm·1 Iower energy than 

neutral cis-L2M(C0)4 structures signaling significant charge transfer from the P7 cluster 

to the M(C0)4 center. 

. a 

21tl 1175 ......... ,_ .. , 

Figure 5.3. Solid-state IR spectrum (KBr pellet) showing the P-H and carbonyl regions of the 

lHP7Mo(C0)412- (8a) ion. 

The v(PH) and v(CO) regions of 8a are shown in Figure 5.3. The IR spectra 

for 8a and 8b show v(PH) modes at 2240 to 223 8 cm· 1. The IR spectra of com pounds 

8 show four v(CO) bands between 1969 and 1778 cm·1 that are blue shifted 24-37 cm·1 

relative to the respective compounds 7. The IR spectrum for 8c is virtually identical to 

that of 8b. 

5.2.4 NMR Spectroscopic Studies 

The 31P NMR spectra for compounds 7 show five second-order resonances 

between 65 and -130 ppm of integrated relative intensities 1:1:1:2:2. The 31P NMR 

spectrum of 7b is shown in Figure 5.4 as an example. The samples showed minor 
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Figure 5.4. 31 P NMR spectrum for the [P7W(C0)413• ion (7b) recorded al 27 °c and 202.458 

MHz from Dl\fF-d7 solution. The resonances marked with * are for the [HP7W(C0)412• ion (Sb) and 

the resonances marked witb # were due to impurities. 

amounts of 2PM, [HP7M(CO)4] 2· and unknown impurities. The solution structure of 

7 show Cs point symmetry with a mirror plane of symmetry defined by the transition 

metal, P(2), P(l) and P(3). This mirror plane bisects the two sets of phosphorus atoms 

P(4)-P(6) and P(5)-P(7) rendering them pairwise equivalent. Based on comparisons to 

related compounds, the following assignments are propo~d. For 7b, the -127 ppm (-

130 ppm, 7a) resonance is assigned to the two equivalent basal phosphorus atoms, 19-
23 

P(6) and P(7), and the -46 ppm (-53 ppm, 7a) resonance is assigned to the two 

phosphorus atoms bound to the transition metal, P(4) and P(5) (see drawing 

[P7W(CO)4]3-). The resonance at 3 ppm (-11 ppm, 7a) is a disordered doublet of 

doublets and can be confidently assigned to the lone two-coordinate phosphorus atom 

P(l). The splitting is consistent to that observed for the lone two-coordinate 
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phosphorus atom of [Me2P
7
r.5 The resonances at 65 ppm (60 ppm, 7a) and -3 ppm (-

16 ppm, 7a) can be assigned to P(3) and P(2) respectively. The P(3) assignment is 

unusual in that basal phosphorus resonances usually appear upfield from nonbasal 

phosphorus resonances_ 19-21,24,25 

The 13c NMR spectrum for 7b shows three resonances in the 218-208 ppm 

range in a 2: 1: 1 ratio. The downfield resonance of intensity 2 shows a splitting of 13 

Hz. The other two CO resonances are broad singlets. In general, there is a downfield 

shift of the carbonyl resonances relative to the M(CO)6 compounds (204-194 ppm)26 

and an upfield shift relative to the [P7M(CO)3J3- ions (239-232 ppm) where M = Mo, 

w.16 

The 1H NMR spectra of Sa and Sb (Figure 5.5) show P-H resonances that 

appear as doublets of doublets of multiplets at 1.78 ppm with one-bond H-P couplings 

of 174 Hz and two-bond H-P coupling of 16.7 Hz. Additional couplings to atoms P(2) 

and P(3) are also observed. 

2.2 1.8 1.4 1.0 
ppm 

Figure 5.5. 
1
H NMR spectrum for the [HP7W(C0)4]2- ion (Sb) recorded at 27 °c and 400.1 MHz 

from DMF-d7 solution. The resonance at 1.28 ppm is ethylenediamine. 

The 
31

P-
31

P COSY NMR spectrum of Sa is shown in Figure 5.6. The 31p 

NMR spectra of S show seven resonances of equal intensity corresponding to each of 
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the seven inequivalent phosphorus atoms. This chemical inequivalence is consistent 

with the C 1 point symmetry observed in the solid state that is caused by the hydrogen 

atom bound to P( 1 ). In the proton coupled 31 P NMR spectra, the resonance furthest 

downfield [35.5 ppm (Sa), 49.5 ppm (Sb)] shows coupling to hydrogen and can 

therefore be assigned to P(l) (see Figure 5.1). 

P(I) P(3) P(5) P(2) P(4) P(6) P(7) 

Figure 5.6. 31 p}lp COSY NMR spectrum for the [HP7Mo(C0)4]2• ion (Sa) recorded at 27 °c 

and 202.5 MHz from DMF-d7 solution. The arrows point to resonances of the [HP7Mo(C0)312• ion, 

3c. Toe asterisk denotes a resonance from an unidentified product 

With this assignment of P(l), one can interpret the 31P-31P COSY NMR 

spectrum of Sa without difficulty. The threshold level was selected so that only the 

crosspeaks due to normal one-bond P-P coupling would be exhibited. The resonance 

furthest downfield (120 ppm) for Sc can then also be assign to P(l). The P(l) 

resonance for Sc is considerably further downfield than for Sa and Sb, presumably 

because of the attached benzyl group. 
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The 13c NMR spectra for compounds 8 show four resonances in the 200-225 

ppm range. Two of these resonances are doublets with coupling of~ IO Hz. Another 

is a doublet that shows a larger coupling of 28.7 Hz. The remaining resonance in this 

chemical shift range is a broad singlet. As was observed for compounds 7, there is a 

downfield shift of the carbonyl resonances relative to the M(C0)6 compounds and an 

upfield shift relative to the [P7M(CO)3J3- ions where M = Mo, W. For Be, the benzyl 

a-carbon resonance appears as a doublet at 26.9 ppm with 2Jp.c = 30 Hz. The 1 H 

NMR spectrum of 8c shows resonances between 7.3 to 7.0 ppm due to the phenyl 

hydrogens of the benzyl group and "AB multiplets" at 1.83 and 1.53 ppm resulting 

from the diastereotopic a-hydrogens. 

5.3 Discussion 

Our initial discovery of the [HP7M(CO)4]2· complexes, 8, involved an 

attempted Mo(CO)3 / W(CO)3 exchange reaction between [P7W(CO)3J3- and 

(cycloheptatriene)Mo(CO)3. Although no exchange occurred in the absence of protio 

impurities after several days, in the presence of H+ the [K(2,2,2-crypt)J+ salts of 

[HP7Mo(CO)4J2- and [HP7W(CO)4J2- were isolated as well as an ill-defined "K-Mo-P" 

[P7W(CO)3J3-+ "Mo(CO)3"~[HP7W(CO)4J2-+ [HP7Mo(CO)4J2-+ "K-Mo-P" (5.11) 

2PW 8b 8a 

solid state compound with a Ba VS3 related structure (eg. 5.11). 27 While this reaction 

is quite reproducible, it gives inseparable mixtures of products thus prompting the 

develop the rational routes to the complexes described herein. 
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Scheme 5.1 

A B 
amide 

~ ;;;:t [P7M(00)4f 0 

7 

H methoxide 

[HP7M(C0)4J2· % ~ [P7M(C0) 3]3 " 

8 
2PM 

D C 

[HP7M(CO)a f" 

3 

The [,i4-P7M(C0)3]3- ions (2) react with carbon monoxide in ethylenediamine 

to form the [,i 2-P7M(C0)4]3- ions (7) (M = Mo, W) (Scheme 5.1). In contrast, 

complexes 8 are isolable and relatively stable towards CO loss in solution and the solid 

sate. Compounds 7 readily lose CO under N2 atmospheres and only the tungsten 

complex 7b has been prepared in pure form. The enhanced relative stability of the 

protonated tetracarbonyl complexes 8 in comparison to the unprotonated complexes 7 is 

somewhat curious. Upon protonation of the P7 cage, the C-0 bond strengths increase 

[higher v(CO)] which is usually accompanied by a decrease in the M-C bond strengths. 

However, the protonated compounds 8 are less prone to CO loss than 7. These relative 

stabilities are consistent with the following two scenarios: 

1) If the tetracarbonyl complexes (7 or 8) rapidly (and reversibly) lose CO to 

give 112-P7M(C0)3 16-electron intermediates, two reaction pathways can be envisaged 

and are shown in eq. 5.12. The intermediate can either coordinate CO to reform the 
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tetracarbonyl complexes (no net reaction) or undergo a haptatropic shift of the P7 ligand 

(112 --> 114) to form the stable tricarbonyl compounds (2PM or 3). Partitioning of 

products in eq. 5.12 results from a competition between CO and the P7 cage for the 

vacant coordination site at the 16-electron intermediate. The unprotonated P7 cage of 7 

is more nucleophilic and competes more effectively with CO than does the protonated 

HP7 cage of 8. The result is that the net loss of CO is faster for 7 than 8. 

[112-P7M(CO)4]Il- -C: ► [112-P7M(CO)3]Il- + co --ei►► [114-P7M(CO)3]Il· (5.12) 

7 (or 8) 2PM (or 3) 

2) Alternatively, the haptatropic shift could be part of a concerted nucleophilic 

displacement of a CO ligand to form the tricarbonyl complexes without pre-dissociation 

of CO. In this case, the relative nucleophilicities of the protonated versus unprotonated 

P7 cages would still give rise to the same relative stabilities of 7 versus 8. 

In either scenario, the unprotonated P73· ligand of 7 is more nucleophilic than 

the protonated HP12• cage of 8 and will favor formation of the tricarbonyl complexes 

(CO loss). 

The series of compounds also show unusual trends in basicity and 

nucleophilicity. For example, addition of a CO ligand to 2PM in the formation of 7 

increases the basicity and nucleophilicity of the coordinated P7 cage. These 

enhancements are evidenced qualitatively by the faster alkylation reactions of 7 (i.e., eq. 

5.10) relative to 2PM (i.e., Scheme 2.1, eq. B) and quantitatively in the acid-base 

reactions outlined in Scheme 5.1. Protonation of 7 in en solutions is easily 

accomplished using MeOH (eq. 5.4) and the deprotonation of 8 requires a stronger base 

than MeO· (i.e., an amide, eq. 5.7). In contrast, protonation of 2PM requires stronger 

acids than MeOH (i.e., 9-phenylfluorene) to form 3 and subsequent deprotonations are 
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accomplished using Meo- (see Scheme 5.1 ).4 The enhanced basicity and 

nucleophilicity of 
7 

can be underStood through the following considerations. First, the 

p73- Iigand is functioning as a four-electron density from the p
7
3- fragment in 7 relative 

to 2PM. Second, the molecular orbital calculations indicate a large degree of charge 

transfer from the P7
3
-1igand to the M(CO)3 fragments in the electronic structure of 

2PM. In a limiting valence bond model for 2PM, one could partition the charge in the 

form P1
1

- -- M(C0)3 
2

- thus making it electronically equivalent to 

Fe(C0)3(norbornadiene)
28 

and adequately describing the v(CO) energies. In contrast, 

the IR data for 7 show a lesser overall charge transfer suggesting a limiting valence 

bond description of P7
3- -- M(CO)4. Both of these factors could lead to enhanced 

basicity and nucleophilicity of the P7 cage in 7 relative to 2PM. 

A similar pathway may be proposed for Tremel's synthesis of the 

[Sb7Mo(CO) 3]
3

- ion from the (bipy)Mo(CO)4 and Sb73- precursors. 1•2 The 

[Sb7Mo(CO)4]
3
- ion may be formed initially followed by the loss of a CO ligand. 

S.4 Experimental Section 

5.4.1 General Data 

General operating procedures and data have been described in Chapter 2. 

General data not included in Chapter 2 follow. Proton (1H) NMR spectra were 

recorded at ambient temperature on a Bruker AM400 (400.136 MHz) spectrometer. 

b (13c) NMR spectra were recorded at ambient temperature on a Bruker 
Some car on 

AF2oo (50.324 MHz) spectrometer. Some of the 13c NMR chemical shifts and 

l. re confirmed by recording the spectra at different magnetic field strengths. 
coup mgs we 

Some phosphorus (3 1p) NMR spectra were recorded on a Bruker AMXS00 (202.458 
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riment was conducted on a Bruker MHz) spectrometer. The 31P-31P COSY NMR expe 

AMXsoo in DMF-d7 at 27 °C. 

to all compounds containing [K(2,2,2-The IR and NMR spectral data common 

ctypt)j+ and/or en can be found in Chapter 2. 

S.4.2 Chemicals 

All materials not included in Chapter 2 follow. 

't · · · · d be Itri ethylammonium bromide were etracarbonylb1s(p1pendme)molybdenum an nzy m 

purchased from Aldrich and used without further purification. Carbon monoxide (CO) 

was purchased from Air Products and used without further purification. The 

preparation of 2PMo, 2PW and 4d were previously reported.5•16 

S.4.3 Syntheses 

S.4.3.1 Preparation of [K(2,2,2-crypt)J3[P7Mo(C0)4]. 

In a 25 mL Schlenk flask, crystalline [K(2,2,2-crypt)J3[P7Mo(CO)3J·en (114 

mg, 0.067 mmol) was dissolved in en(~ 3 mL) yielding a red solution. The head gases 

were removed under vacuum and the flask back filled with CO(~ l atm). The flask was 

left open to the bubbler with a flow of CO for 30 s. The reaction mixture was 

vigorously stirred for 12 h producing a yellow-orange solution and yellow-orange 

powder. The mother liquor was removed, the yellow-orange powder washed with tol 

and dried under vacuum (powder yield, 57 mg). IR spectroscopic analysis of the 

powder showed 8a contaminates and 31P NMR spectroscopic analysis of the mother 

liquor showed both 2PMo and 8a contaminates. IR data (KBr pellet), cm-1: 1943 (s), 

1830 {s), 1799 (s), 1748 (s). 31p NMR (DMF-d
7

) o(ppm): 60 (m, l P), -11 (dd, IP), 

-16 {m, 1 P), -53 (m, 2 P), -130 (m, 2 P). 
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5.4.3.2 Preparation of [K(2,2,2-crypt)1J[P7 W (C0)4]•en. 

In a 25 mL Schlenk flask, K3P7 (29.6 mg, 0.089 mmol), 2,2,2-crypt (100.0 

mg, 0.27 mmol) and [C6H 3-(CH3)3]W(C0)3 (34.4 mg, 0.089 mmol) were combined 

in en ( ~ 3 mL). The reaction mixture was stirred for 12 h yielding a red solution. The 

head gases were removed under vacuum and the flask back filled with CO (~ 1 attn). 

The flask was left open to the bubbler with a flow of CO for 30 s. The reaction mixture 

was vigorously stirred for 12 h producing a yellow solution and yellow powder. The 

mother liquor was removed, the yellow powder washed with tol and dried under 

vacuum (powder yield, 115 mg, 71 %). Anal. Calcd for C6()H116N8o22K3P7W: C, 

39.61; H, 6.43; N, 6.16: Found: C, 39.79; H, 6.25; N, 6.31. IR data (KBr pellet), 

cm-1: 1939 (s), 1819 (s), 1793 (s), 1744 (s). 13C{ 1H} NMR (DMF-d7) 6(ppm): 218 

(d, Jc-P = 13 Hz, CO), 215 (hrs, CO), 212 (br s, CO). 31p NMR (DMF-d7) 6(ppm): 

65 (m, 1 P), 3 (m, 1 P), -3 (m, 1 P), -46 (m, 2 P), - 127 (m, 2 P). 

5.4.3.3 Preparation of [K(2,2,2-crypt)]i[HP7Mo(C0)4]•en. 

In a vial in a drybox, K3P7 (29.6 mg, 0.089 mmol), 2,2,2-crypt (100.0 mg, 

0.27 mmol) and [(C5H10NH)2Mo(CO)4] (33.7 mg, 0.089 mmol) were dissolved in en 

(~ 2 mL) and gently stirred for 3 h yielding a red-orange solution. The reaction mixture 

was filtered through ca. one quarter inch of tightly packed glass wool in a pipet. After 

24 h, the reaction vessel contained rectangular yellow-orange crystals that were removed 

from the mother liquor, washed with toluene and dried under vacuum (crystalline yield, 

47 mg, 40 %). Anal. Calcd for C42H 81 N6O 16K2P 7Mo: C, 38.30; H, 6.20; N, 6.38. 

Found: C, 37.42; H, 5.89; N, 6.07. IR data (KBr pellet), cm-1: 2238 (w), 1969 (s), 

1854 (s), 1831 (s), 1783 (s). 1H NMR (DMF-d7) 6(ppm): 1.78 (ddm, 1Ju-P = 172 

Hz, 2JH-P = 16.7 Hz). 13C {1H} NMR (DMF-d7) B(ppm): 223 (d, 2Jc-P = 11 Hz, 
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CO), 222 (d, 2Jc-P = 10 Hz, CO), 215 (d, 2Jc.p = 29 Hz, CO), 214 (br s, CO). 

31 P{ 1H} NMR (DMF-d7) 8(ppm): 35.5 (m, 1 P), -18.5 (m, 1 P), -31.5 (m, 1 P), 

-55.0 (m, 1 P), -7 4.0 (m, 1 P), -106.0 (m, 1 P), -118.0 (m, 1 P). 

5.4.3.4 Preparation of [K(2,2,2-crypt)Ji[HP7W(C0) 4]•en. 

Method A: [K(2,2,2-crypth[P7W(CO)4]·en (0.089 mmol) was generated in 

situ as described above (Method A). The powder was not isolated from the mother 

liquor. Instead, methanol (10 µL) was added under a flow of CO and the mixture 

stirred vigorously for 8 h. The color of the solution remained yellow. After stirring, 

the mother liquor was removed leaving a yellow, powdery solid that was washed with 

toluene and dried under vacuum (powder yield, 96 mg, 76 %). Method B: In a 25 mL 

Schlenk flask, crystalline [K(2,2,2-crypt)]i[HP7W(CO)3]-en (41 mg, 0.031 mmol) 

was dissolved in en (~ 2 mL) yielding a dark red solution. The head gases were 

removed under vacuum and the flask back filled with CO (~ 1 atm). The flask was left 

open to the bubbler with a flow of CO for 30 s. The reaction mixture was vigorously 

stirred for 12 h producing a yellow solution and yellow powder. 31 P NMR 

spectroscopic analysis of the mother liquor showed quantitative yield of Sb. Anal. 

Calcd for C42H81N6O16K2P7W prepared by Method A: C, 35.91; H, 5.81; N, 5.98. 

Found: C, 35.37; H, 5.64; N, 5.96. IR data (KBr pellet), cm•l: 2240 (w), 1964 (s), 

1843 (s), 1825 (s), 1778 (s). 1 H NMR (DMF-d7) o(ppm): 1.78 (ddm, 1 JH-P = 172 

Hz, 2Jtt.p = 16.7 Hz). 13C { 1H} NMR (DMF-d7) o(ppm): 215 (d, 2Jc-P = 11 Hz, 

CO), 214 (d, 2Jc.p = 11 Hz, CO), 211 (br s, CO), 210 (d, 2Jc.p = 29 Hz, CO). 
31 P{ 1H} NMR (DMF-d7) 8(ppm): 49.5 (m, 1 P), -9.3 (m, 1 P), -24.2 (m, 1 P), -54.7 

(m, 1 P), -71.3 (m, 1 P), -106.2 (m, 1 P), -116.0 (m, 1 P). 
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5.4.3.5 Preparation of [K(2,2,2-crypt)Ji[(CH2Ph)P7W(C0) 4]•en. 

Method A: In a vial in a drybox, K3P7 (29.6 mg, 0.089 mmol), 2,2,2-crypt 

(100.0 mg, 0.27 mmol) and [C6H3-(CH3h]W(CO)3 (34.4 mg, 0.089 mmol) were 

combined in en (~ 3 mL) and stirred for 12 h producing a red solution. Solid 

(CH2Ph)Me3NBr (20.5 mg, 0.089 mmol) was added and the reaction mixture stirred 

for an additional 12 h yielding a maroon solution. The reaction mixture was transferred 

from the vial to a 25 mL Schlenk flask, and the head gases were removed under 

vacuum. The Schlenk flask was then back filled with CO(~ 1 atm). The flask was left 

open to the bubbler with a flow of CO for 30 s. The reaction mixture was vigorously 

stirred for 12 h producing a yellow solution and yellow powder. The mother liquor was 

removed yielding a yellow powder that was washed with tol and dried under vacuum 

(powder yield, 81 mg, 61 %). Method B: [K(2,2,2-crypt)h[P7W(CO)4]•en (0.089 

mmol) was prepared as described above (Method A). Solid (CH2Ph)Me3NBr (20.5 

mg, 0.089 mmol) was added and the reaction mixture stirred for 8 h. 3lp NMR 

spectroscopic analysis of the mother liquor showed quantitative yield of 8c. Anal. 

Calcd for C49H88N6O16K2P7W prepared by Method B: C, 39.34; H, 5.93; N, 5.62. 

Found: C, 38.50; H, 5.69; N, 5.44. IR data (KBr pellet), cm-1: 1964 (s), 1840 (s), 

1824, (s), 1774 (s). 1H NMR (DMF-d7) o(ppm): 7.3-7.0 (m, CH2Ph), 1.83, 1.53 

(CH2Ph). 13C{ 1H} NMR (DMF-d7) o(ppm): 215 (m, CO), 214 (m, CO), 211 (br s, 

CO), 210 (d, 2Jc-P = 30 Hz), CO), 144 (br s, ipso C), 130, 128, 125 (CH2Ph), 26.9 

(d, 1Jc-P = 30 Hz, CH2Ph). 31P{ 1H} NMR (DMF-d7) o(ppm): 120 (m, 1 P), -1 (m, 

1 P), -38 (m, 1 P), -58 (m, 1 P), -80 (m, 1 P), -119 (m, 2 P). 

5.4.3.6 Reaction of [P7W(C0) 3]3" and "Mo(C0)3". 

In vial 1 in a drybox, K3P7 (29.6 mg, 0.089 mmol), 2,2,2-crypt (100.0 mg, 

0.27 mmol) and [C6H3-(CH3)3]W(CO)3 (34.4 mg, 0.089 mmol) were dissolved in en 
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( ~ 3 mL) and stirred for 12 h producing a red solution. In vial 2, (C7H8)Mo(COh 

(24.1 mg, 0.089 mmol) was suspended in toluene ( ~ 1 mL) then added dropwise to the 

contents of vial 1 and stirred for 2 h. The solution color remained red. After 24 h, the 

reaction vessel contained golden yellow crystals that were removed from the mother 

liquor, washed with toluene and dried under vacuum (crystalline yield, 46 mg). A 

crystal was selected for single crystal X-ray diffraction analysis giving the structure as 

[K(2,2,2-crypt)]i[HP7W(CO)4]-en. IR and 31P NMR spectroscopic analysis of the 

crystals revealed 8a and 8b in a 1: 10 ratio. Visual inspection of the crystals also 

showed five that were red in color. Single crystal X-ray diffraction revealed a "K-Mo­

P" compound with a BaVSTtype structure.27 

5.4.3.7 Attempts at Deprotonation. 

K(2,2,2-crypt)]i[HP7M(CO)4]·en (M = Mo, W) (0.089 mmol) was prepared as 

described above (Method A for 8b). Solid NaOMe (7.2 mg, 0.134 mmol) was added 

and the reaction mixture stirred for 8 h. 31 P NMR spectroscopic analyses of the mother 

liquors showed a 1:4 ratio for 2PMo:8a when M = Mo and 8b when M = W. 

[K(2,2,2-crypt)]i[HP7M(CO)4]·en (M = Mo, W) (0.089 mmol) was prepared 

as described above (Method A for Sb). Solid H2NCH 2CH2NHLi (8.9 mg, 0.134 

mmol) was added and the reaction mixture stirred for 8 h. 31 p NMR spectroscopic 

analyses of the mother liquors showed quantitative conversion to 2PMo when M = Mo 

and 7b and 2PW when M = W. 

5.4.4 X-ray Crystallographic Studies. 

Single crystal X-ray diffraction studies of [K(2,2,2-crypt)h[HP7Mo(CO)4]·en 

and [K(2,2,2-crypt)h[HP7W(CO)4]·en were done by Dr. James C. Pettinger, 

University of Maryland. 
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Table 5.1. Crystallographic Data for [K(2,2,2-crypt)Ji[HP7M(C0)4]•en Where M = 

Mo,W. 

formula C42Hs1 K2MoN6016p7 

fw 

space group 

a,A 

b, A 

C, A 

a, deg 

~,deg 

y, deg 

v,A3 

z 
cryst dimens, mm 

cryst color 

D(calcd), Mg/m3 

µ(Mo Ka), mm-1 

temp, K 

20 scan range, deg 

no. of reflns, colld 

no. of ind reflns 

[Rint=0.0220] 

Data/restraints/parameters 

no. of ind obsd reflns 

F
0 

> 4cr(F
0

) 

R(F), %a 

1317.10 

C2/c 

22.848(2) 

12.528(2) 

21.460(2) 

90 

91.412(12) 

90 

6140.9(12) 

4 

0.50 X 0.20 X 0.20 

yellow 

1.419 

0.595 

153(2) 

2.57 - 22.50 

4125 

4008 [Rint = 0.0505] 

4008 / 0 / 357 

2697 

0.0681 

124 

C42Hg1 K2 WN6016p7 

1405.01 

C2/c 

23.067 (20) 

12.6931(13) 

21.433(2) 

90 

90.758(7) 

90 

6274.9(10) 

4 

0.50 X 0.20 X 0.20 

golden yellow 

1.455 

0.395 

293(2) 

20.6 - 22.50 

4478 

4096 

4096 / 0 / 363 

2833 

0.0573 



Rw(F2), %b 

Afcr(max) 

GOF 

0.1399 

.s. 0.001 

1.135 

125 

0.1409 

5. 0.001 

1.004 



•·~···· ~ · . ;,c:;' 

Table 5.2. Selected Distances ( A ) and Angles ( 0 ) for the [HP7M(CO).J2- Ions. 

Distances M = Mo M=W Distances M=Mo M = W 

M-C(l) 2.025(10) 2.000(13) M-C(2) 1.919(10) 1.920(12) 

C(l)-O(1) 1.141(10) 1.116(14) C(2)-O(2) 1.173(10) 1.178(12) 

Mo-P(4) 2.722(6) 2.691(11) Mo-P(5) 2.717(6) 2.714(11) 

P(l)-P(2) 2.15(2) 2.09(2) P(l)-P(3) 2.190(12) 2.18(2) 

P(2)-P(4) 2.148(8) 2.174(13) P(2)-P(5) 2.180(8) 2.151(12) 

P(3)-P(6) 2.24(2) 2.29(2) P(3)-P(7) 2.25(2) 2.29(2) 

P(4)--P(5) 3.268(8) 3.238(13) P(4)-P(6) 2.175(7) 2.155(10) 

P(5)-P(7) 2.169(7) 2.155(12) P(6)-P(7) 2.195(7) 2.178(9) 

Angles M = Mo M=W Am:Ies M=Mo M=W 

P(l )-P(2)-P( 4) 99.2(5) 105.4(7) P( 1 )-P(2)-P(5) 102.5(6) 100.8(7) 

P(l)-P(3)-P(6) 99.3(10) 103.1(10) P(l)-P(3)-P(7) 102.3(11) 100.1(10) 

P(2)-P(l)-P(3) 103.7(12) 102.8(10) P(2)-P(4)-P(6) 99.8(3) 99.3(5) 

P(2 )-P( 5)-P(7) 99.8(3) 99.3(5) P(3)-P(6)-P(4) 108.2(5) 106.3(6) 

P(3)-P(6)-P(7) 60.9(4) 61.6(5) P(3)-P(7)-P(5) 107.7(5) 105.9(6) 

P(3)-P(7)-P(6) 60.6(4) 61.7(5) P( 4)-P(2)-P(5) 98.1(2) 97.0(3) 

P(4)-P(6)-P(7) 104.3(2) 104.2(4) P(5)-P(7)-P(6) 104.3(3) 104.3(4) 

P(6)-P(3)-P(7) 58.5(4) 56.8(4) P(2)-P(4)-M 81.8(2) 82.1(4) 

P(2)-P(5)-M 81.4(2) 81.9(4) P(4)-M-P(5) 73.86(12) 73.6(2) 

P(4)-M-C(l) 83.6(3) 86.6(4) P(4)-M-C(2) 169.6(3) 168.1(4) 

P(5)-M-C( 1) 86.6(3) 84.5(4) P(5)-M-C(2) 169.1(3) 169.0(4) 

P(6)-P(4)-M 96.8(2) 98.0(4) P(7)-P(5)-M 96.6(3) 97.5(4) 

C(l)-M-C(l)' 172.3(6) 172.6(8) C(l)-M-C(2) 91.0(4) 91.3(5) 

C(2)-M-C(2)' 87.7(5) 90.6(7) M-C(l)-O(1) 171.6(11) 173(2) 

M-C(2)-O(2) 178.8(9) 175.3(12) 
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CHAPTER 6 

The Synthesis and Characterization of the [(en)(CO)3WP7M(CO)3] 3· 

ions Where M = Cr, W. Inversion at Phosphorus! 

6.1 Introduction 

The synthesis and characterization of the [E7M(C0)3]3- complexes (where E = 

P, As, Sb and M = Cr, Mo, W) were described in Chapter 2. The [E7M(C0)3]3· ions 

(2EM) have norbomadiene-like E7 fragments bound 114 to the M(C0)3 fragment. The 

compounds possess high-lying lone pairs associated with the unique two-coordinate 

pnictogen atom furthest from the transition metal (the E(l) site). The pnictogen atom 

remains highly nucleophilic and is the site of attack by various electrophiles (e.g., H+, 

R +) as described in Chapters 3 and 4. 1· 3 In this chapter, the preparation and 

characterization of the [(en)(C0)3WP7M(C0)3] (M = Cr, W) bimetallic complexes are 

described in which a neutral WL5 fragment is appended to the P(l) site.4 

6.2 Results 

6.2.1 Synthesis 

Ethylenediamine solutions of [K(2,2,2-crypt)l3[P7M(C0)3] (M = Cr, W) react 

with one equiv of (mesitylene)W(C0)3 to form [K(2,2,2-

crypt)]3[(en)(C0)3WP7M(C0)3] in good yields (eq. 6.1). Eq. 6.1 chemistry also 

occurs in DMF to presumably give [(DMF)2(C0)3WP7M(C0)3]3· although this anion 

has not been isolated. 
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en orDMF 
[P7M(CO)3]3- + (mesitylene)W(CO)3 ► [(L2)(CO)3WP7M(CO)3]3- (6.1) 

2PM M = Cr, L2 = en (9a) 

M = W, L2 = en (9b) 

Monitoring by 3lp NMR spectroscopy shows modest rates of reaction (too= 3 h) 

and virtually quantitative conversion to 9 at ambient temperatures. Like the protonations 

and alkylations, the attachment of the (L2)(CO)3 W moiety (L2 = en or DMF2) is at the 

P(l) site of the precursor 2PM.2·3 Equation 6.1 chemistry affords good crystalline 

yields of 9 (9a, 53 %; 9b, 60 %) with small quantities of co-crystallized 2PM. 

Compounds 9 are dark red in color and are moderately air and moisture sensitive in 

solution and solid state. Compounds 9 have been characterized by IR, lH, 13c and 3lp 

NMR spectroscopies, elemental analyses, and a representative single crystal X-ray 

diffraction study. 

The reaction between 9b and 2 equiv of PMe3 in DMF showed no sign of PMe3 

coordination (eq. 6.2). However, the reaction between 9a and one equiv of K3P7 in 

DMF displaces the L2(CO)3W fragment to form one equiv each of [P7Cr(CO)3]3- and 

[P7W(CO)3]3- (eq. 6.3). 

DMF 
[(en)(CO)3WP7W(CO)3]3- + 2 PMe3 )( ► [(PMe3)2(CO)3WP7W(CO)3]3- (6.2) 

9b 

DMF ► 
[P7W(CO)3]3- + [P7Cr(CO)3]3- (6.3) 

9a 2PW 2PCr 
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6.2.2 Structural Studies 

Figure 6.1. ORTEP drawing of the [(en)(CO)3WP7W(CO)3]3- ion. 

The structure of the [K(2,2,2-crypt)]+ salt of [(en)(CO)3WP7W(COhl
3
- (9b) 

was determined by single crystal X-ray diffraction. An ORTEP drawing of the 

[(en)(CO)3WP7W(CO) 3]3• anion is shown in Figure 6.1. A summary of lhe 

crystallographic data is given in Table 6.1 and a listing of selected bond distances a
nd 

angles given in Table 6.2. The structure contains an T\4.p7 group attached to a C3v 

M(COh center and a (en)(CO)3W fragment attached to the phosphorus atom furtheS
t 

from the M(CO)3 center [P(l)] (see Fig. 6.1). The structural study shows that P(l) is 

pyramidal so that only one pair of electrons on P(l) participates in sigma bonding to the 

tungsten atom (see Table 6.3). The W(l)-P (ave 2.634 A.) and P-P (2.135 to 2.232 A) 

bond distances are virtually identical to those observed for [HP7W(CO)3]2- (3b) and 
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[EtP7W(CO)3]2· (4b) (Chapters 3 and 4).2•3 A selection of distances and angles of 3b, 

4b and 9b is presented in Table 6.3 below. As was seen in 3b and 4b, there is a slight 

lengthening of the W-P contacts to the phosphorus atoms trans to the CO ligands due to 

the high trans influence of carbon monoxide [P(6)-W(l)-C(3) = 174.4(4)0, P(7)-W(l)­

C(2) = 172.7(4)0, and P(l)-W(2)-C(4) = 177.1(4)0]. The W(2)-C bonds trans to the 

W-N bonds are significantly longer [l.950(13) A. and 1.94(2) A] than those of the other 

W-C contacts. However, the average W(2)-N bond distance of 2.324 A. is typical for 

W-N bonds trans to CO ligands [i.e., N4P4(NMe2)sW(CO)4 {2.33(2) A. and 2.37(1) 

A}].5 The W(2)-P(l) bond distance of 2.643(3) A. is virtually identical to the average of 

those of W(l) to the four metal-bound phosphorus atoms (2.634(3) A. ave.), but long 

for a typical W-P single bond [i.e., W(CO)4(PMe3)6 {2.502(7) A}].6 

Table 6.3. Select distances (A) and angles (0) associated with appended fragment of 

[HP7W(CO)3]2- (3b), [EtP7W(CO)3]2- (4b) and [(en)(CO)3WP7W(CO)3]3- (9b). 

3b 4b 9b 

P( 1 )-appendage 1.858(7) 2.643(3) 

P(l)-P(2) 2.163(4) 2.173(3) 2.144(4) 

P(l)-P(3) 2.162(4) 2.176(3) 2.149(4) 

P(2)-P(l)-P(3) 100.8(7) 100.0(2) 97.3(2) 

P(2)-P(l )-appendage 103.4(3) 115.0(2) 

P(3 )-P( 1 )-appendage 101.5(2) 116.9(2) 

W ( 1 )-P( 1 )-appendage 115.9(3) 135.5(4) 
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6.2.3 Spectroscopic Studies 

Figure 6.2. Solid-state IR spectrum (KBr pellet) showing the carbonyl region of the 

[(en)(CO)3 WP7W(CO)3]3- anion (9b). 

The IR spectra for 9 show four v(C-O) bands between 1869 and 1734 cm-I and 

have similar energies and intensities as found for M(dien)(CO)3 (1884-1727 cm-I) 

where M = Cr and W.7 The v(CO) region of 9b (KBr pellet) is shown in Figure 6.2 as 

an example. The blue shift of~ 35 cm-I from the bands of the parent 2PM is 

approximately the same as seen for the [HP7M(CO)3J2- (3) and [RP7W(CO)3J2- (4) 

compounds relative to 2PM. 1-3 

The time-lapse 3IP{ Itt} NMR spectra from a crude reaction mixture of the 

parent 2PW with (mesitylene)W(CO)3 is shown in Figure 6.3. The spectrum at t = 0 h 

is of [P7W(CO)3J3- in DMF-d7. (Mesitylene)W(CO)3 was added to the sample and 

stirred for 1.5 hours. The spectrum at t ""' 1.5 h is of an aliquot removed from the crude 

reaction mixture at 1.5 h and shows both the [P7 W (CO) 3] 3- and 

{ (DMF)2(CO)3WP7W(CO)3J3- ions. The spectrum at t""' 3 his of an aliquot removed 
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Figure 6.3. 31 P{ 1H} NMR spectra from a crude reaction mixture of [P7W(CO)3] 3- and 

mesityleneW(CO)3 giving [(DMF)2(CO)3 WP7W(CO)3]3- in DMF-d7 recorded at t = 0 h, t = 1.5 hand 

t = 3 h (bottom to top, respectively) at 27 °C and 81.0 MHz. The asterisks denote unidentified by­

products. The spectra at t = 1.5 h and t = 3 h are offset by ~ 35 ppm. 

from the crude reaction mixture after 4 hand shows the ((en)(C0)3WP7W(C0)3]3-

ion. The 3 l P NMR spectra for 9 show three resonances in a 4:2: 1 integral ratio 

corresponding to the four metal-bound atoms [P(4), P(S), P(6), P(7)], the two bridging 

atoms [P(2), P(3)] and the unique phosphorus atom P(l), respectively. A summary of 

NMR data is given in Table 6.4. These spectra are similar to those of the parent 2PW 

compounds in that the four metal-bound atoms appear chemically equivalent on the 

NMR time scale. 1 This is in sharp contrast from what is observed for the protonated 
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(Chapter 3)2 and the alkylated (Chapter 4)3 compounds that also have appended 

moieties at P(l). Based on the crystal structure of 9b, one would anticipate seven 3Ip 

resonances due to the seven inequivalent phosphorus atoms observed in the solid state. 

However, the spectra are consistent with AA'A"A"'MM'X spin systems, indicating that 

the compounds are fluxional on the NMR time scale at room temperature. That is, the 

asymmetries in the P(4)--P(5) / P(6)--P(7) separations observed in the solid state are 

time averaged in solution due to an intramolecular wagging process, generating a virtual 

mirror plane that bisects the P(4)-P(6) and P(5)-P(7) bonds making atoms P(4) and P(5) 

chemically equivalent to atoms P(6) and P(7), respectively. This mirror plane does not, 

however, make atoms P(4) and P(6) chemically equivalent to atoms P(5) and P(7), 

respectively. These atoms are made chemically equivalent by pyramidal inversion at 

P(l) of the (en)(CO)3 W moiety generating another virtual mirror plane that bisects the 

P(4)--P(5) I P(6)--P(7) separations (see Section 6.3). 

Figure 6.4. 13c{ 1H} NMR spectrum of [(en)(CO)3WP7Cr(CO)3J3- recorded at 27 °C and 50.3 MHz 

from DMF-ct, solution. 
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The 13C{ 1H} NMR spectrum of 9a is exhibited in Figure 6.4 and the data are 

presented in Table 6.3. The 13C { 1 H} NMR spectra for 9 show two carbonyl 

resonances between 236 to 226 ppm for both compounds. For this discussion, the 

metal center with the 114-P7 ligand will be denoted as M(CO)3 and the metal center with 

the 11 Lp7 ligand will be denoted as W(en)(CO)3. The 13c NMR spectrum for the 

mixed metal ion, [(en)(CO)3WP7Cr(CO)3J3- (9a), provided the information necessary 

for the decisive assignments of the 13C NMR resonances. For 9a, the upfield 

resonance (231 ppm) is a multiplet (2Jc-P,,. 6 Hz) with tungsten satellites (lJc.w = 171 

Hz). Therefore, this resonance is assignable to the carbonyls of the W(en)(CO)
3 

fragment and the broad singlet at 236 ppm is assignable to the carbonyls of the Cr(CO)
3 

fragment. The C-P coupling indicates that 111-p7 / W(en)(CO)3 dissociation is not 

occurring on the NMR time scale. Because of the similarities of the 13C NMR spectra 

of 9a and 9b, the assignment of resonances of 9a can be directly inferred from 9b. It 

follows then that for 9b the resonance at 230 ppm is assigned to the carbonyls of 

W(CO)3 and the resonance at 226 ppm is assigned to the carbonyls of W(en)(CO)3. As 

stated earlier, the carbonyl resonances of 9b are similar to those observed for 9a with 

the exception that the downfield carbonyl resonance (230 ppm) exhibits C-P (2Jc.p = 

2.5 Hz) coupling reminiscent of the carbonyl resonance of the parent 2PW. The 

upfield carbonyl resonance (226 ppm) is a multiplet and also exhibits C-P coupling 

(2Jc.p = 3 Hz). Again, the C-P coupling indicates that 111-p7 / W(en)(CO)3 dissociation 

is not occurring on the NMR time scale. 

The single resonance for the carbonyls of the M(CO)3 fragments indicate that the 

M(CO)3 fragments rotate rapidly in the P4 face of 9 as is also observed for the 

compounds 2EM, 3 and 4. 1•3 The single resonance for the carbonyls of the 

W(en)(CO)3 fragments indicates fluxtionality of the fragment relative to the P7M(CO)3 
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core and 1· 
igand rearrangement at the W center. There is a downfield shift of the 

carbonyl reson . 
_ ances of 9 relative to the M(C0)6 compounds (M = Cr, o = 212 ppm; M 
- 'W, o == 192 8 

ppm) and an upfield shift relative to the parent 2PM (M = Cr, o = 246 
PPlll; M-w ~ 

- , u == 232 ppm). 

6.3 
Discussion 

Perhaps the most interesting feature of 9 is the fluxional behavior of the 

colllpounds in solution. The data are indicative of rapid inversion at P(l). This 
conclusion . 

is based on the following observations: 1) the 31p NMR data show that the 
four Phos 
. Phorus atoms bound to W(l) of 9 remain chemically equivalent on the NMR 

tlllle SCale fi 
rom -60 °C to 27 oc and 2) the 13C NMR data show that the three carbonyls 

of the (en)(C 
0)3 W fragment are chemically equivalent on the NMR time scale and 

eJChib't c 
I -P co li up ng. 

. Numerous papers and reviews have been presented on such mechanisms 
InvoJvin . . . . 

g inversion at nitrogen, phosphorus and sulfur. 9•10 Typical ranges for barners 
Of' . 

Inversfo · 1k 1 h h · n are 4-8 kcal/mo! for trialkylamines, 29-40 kcallmol for tna y p osp mes, 
25-29 k 
. Cal/mo! for sulfonium ions and 35-42 kcallmol for sulfoxides. 9• 

10 Noteworthy 
~the~ . . 

aJnatic reduction in barrier height conveyed by the presence of d orbitals on an 
ad· 

\Jacent substituent, as in the silylpho~phines that have barriers of~ 19 kcallmol and 
Soll} 
12 e sulfur containing transition metal complexes that have barriers of 5-18 kcallmol.9· 

The first detection of inversion of configuration at phosphorus in a 
Polyc 

Yclophosphane was reported by Baudler et al. for the compounds P9R3 (R = Et, t-

13u) 1'h h' hr 
. . e inversion banier for P9t-Bu3 was detennined to be 18.5 kcallmol w zc ies 

In the range f . . hosphanes with P-P bonds 
. 0 the mversion barriers for open-cham organop 
In the· h 

Ir lllo1ecu1ar k 1 IO 13 15 I ot.ed that P9Et3 inverted at a lower rate t an s e etons. • - t was n 
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P9t-Bu3, but no value was reported. Inversion is also observed for other 

polycyclophosphanes including P11i-Pr3, P12i-Pq, P13i-Pr5, and P14i-Pq. Barriers to 

inversion for these compounds were found to be higher than that of P9t-Bu3 but no 

values were reported. 

To explain the observed 13C and 3 1 P NMR data, two mechanisms for 

phosphorus inversion (at the P(l) site) were considered: a dissociation-recombination 

pathway and inversion through a trigonal planar state. The inversion at P(l) of 

[(en)(C0)3WP7W(C0)3]3- cannot be occuring by the dissociation-recombination 

pathway. The carbon-phosphorus coupling exhibited by the carbonyls of the 

( en)(C0)3 W fragment clearly shows that this fragment remains associated to the P7 core 

in solution and that [P7W(C0)3l3- and [(en)(C0)3WP7W(C0)3]3· are not in equilibrium 

on the NMR time scale (see Figure 6.3). 

With the (en)(C0)3 W fragment remaining attached in solution, both the 

rearrangement of ligands of the (en)(C0)3W fragment and the inversion at P(l) must be 

occurring to explain the observed NMR data. If the ligands were rearranging and 

inversion were not occurring, one would observe four resonances in the 31 P NMR 

spectra with an integral ratio of 2:2:2: I equated with P(5, 7), P(4, 6), P(2, 3), and P(l), 

respectively. If the inversion were occurring and the ligands were not rearranging, one 

would observe two resonance in the 13c NMR spectra for the carbonyls of the 

(en)(C0)3W fragments with an integral ratio of 2:1. 

The I H and l 3 C NMR data for the ethylenediamine of the 

[(en)(C0)3 WP7W(C0)3]3- ions (in DMF-d7) show resonances that are of "free" 

ethylenediamine. This indicates that ethylenediamine is dissociating from the tungsten 

atom. This dissociation allows the subsequent rearrangement of the carbonyls on the 

tungsten atom affording a single resonance as seen in the 13c NMR spectra for the 

(en)(C0)3 W fragment. 
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The ethylenediamine dissociation from the (en)(CO)3W fragment (presumably 

one "arm" at a time) leaves a 5-coordinate. 16-electron tungsten atom open to 

coordination by either a solvent molecule or the second lone pair on P(l). A reasonable 

hypothesis is that the second lone pair coordinates to the tungsten atom and that midway 

in the inversion process, double bond character is present between tungsten and 

phosphorus lowering the barrier to inversion (see Figure 6.5). The NMR data are 

consistent with this mechanism. This mechanism has been also been proposed for 

other cases of pyramidal inversion involving transition metals [i.e., cis-bis(dibenzyl 

sulfide)dichloroplatinum(II) (Ea= 18.0 kcaVmol)]. 11 

' ' ' 

Figure 6.5. The proposed process of inversion for the [(en)(COh WP7W(C0)3J3• ion depicting the 

double bond character of the intennediate. 

The IR data for 9 show v(CO) bands blue shifted - 35 cm·1 from the parent 

2PM indicating "effective oxidation" of [P7W(CO)3]3· upon attachment of the 

(en)(COh W fragment 1 As stated earlier, this is approximately the same shift exhibited 

by 3 and 4.2•3 Structural comparison of 9b with 3b and 4b shows the P7W(CO)3 core 

of 9b virtually identical to the P7W(CO)3 cores of 3b and 4b (see Table 6.3) giving no 

structural indication why 9 exhibits inversion and 3 and 4 do not 2•3 
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6.4 Experimental 

6.4.1 General Data 

General operating procedures used in our laboratory have been described in 

Chapter 2. 1 General data not included in Chapter 2 follow. Proton ( 1 H) NMR spectra 

were recorded at ambient temperature on a Bruker AM400 (400.136 MHz) 

spectrometer. Carbon (13C) NMR spectra were recorded at ambient temperature on 

Bruker AF200 (50.324 MHz) and Bruker AM400 (100.614 MHz) spectrometers. 

Some of the 13c NMR chemical shifts and couplings were confinned by recording the 

spectra at different magnetic field strengths. Elemental analyses were perfonned under 

inert atmospheres by Desert Analytics, Tucson, AZ. 

The IR and NMR spectral data common to all compounds containing [K(2,2,2-

crypt)]+ and/or en can be found in Chapter 2. 

6.4.2 Material 

The only material not included in Chapter 2 is trimethylphosphine that was 

purchased from Aldrich and used without further purification. 

6.4.3 Synthesis 

6.4.3.1 Preparation of [K(2,2,2-crypt)1J[(en)(C0)3WP 7Cr(C0)3J·2en 

K3P7 (29.6 mg, 0.089 mmol), 2,2,2-crypt (100.0 mg, 0.27 mmol) and 

(mesitylene)Cr(CO)3 (22.7 mg, 0.089 mmol) were combined in en (~ 3 mL) and stirred 

for 12 h producing an orange solution. (Mesitylene)W(CO)3 (34.4 mg, 0.089 mmol) 

was added as a solid and the reaction mixture was stirred for an additional 4 h yielding a 

dark red solution with a dark red powder precipitant. The solution was warmed gently 

140 



(~ 35 °C) to redissolve the precipitant, then allowed to slowly cool to ambient 

temperature. After 24 h, the reaction vessel contained a dark red microcrystalline solid. 

The solid was removed from the mother liquor, washed with toluene, and dried under 

vacuum (microcrystalline yield, 76 mg, 53 %). 1R (K.Br pellet), cm-1: 1869 (m), 1848 

(s), 1760 (sh), 1734 (s). 13C{ 1H} NMR (DMF-d7) 6(ppm): 236 [s, Cr(CO)3], 231 

[m, 1Jc-w = 171 Hz, 2Jc-P = 6 Hz, W(CO)3]. 31P{ 1H} NMR (DMF-d7) 6(ppm): 187 

[t, 1Jp_p = 364 Hz, 1 P, P(l)], -5 [m, 2 P, P(2, 3)], -157 [m, 4 P, P(4, 6) and P(5, 7)]. 

Anal. Calcd for c66H132K3N 120 24P7CrW: C, 38.71; H, 6.50 N, 8.21. Found: C, 

37.39; H, 6.46; N, 8.21. 

6.4.3.2 Preparation of [K(2,2,2-crypt)]3[(en)(CO)3 WP 7 W(CO)3]·2en 

A procedure identical to that described for (K(2,2,2-

crypt)J3((en)(CO)3 WP7Cr(CO)3J·2en was followed except (mesitylene)W(CO)3 (34.4 

mg, 0.089 mmol) was used in the reaction instead of (mesitylene)Cr(CO)3. After 24 h, 

the reaction vessel contained a dark red microcrystalline solid. The solid was removed 

from the mother liquor, washed with toluene, and dried under vacuum (microcrystalline 

yield, 116 mg, 60 %). IR (K.Br pellet), cm-1: 1869 (m), 1849 (s), 1759 (sh), 1736 (s). 

13C{ 1H} NMR (DMF-d7) 6(ppm): 230 [m, 2Jc-P = 3 Hz, W(CO)3J, 226 [m, 2Jc-P = 

3 Hz, W(en)(CO)3]. 31P{ 1H} NMR (DMF-d7) 6(ppm): 187 [tm, 1Jp_p = 353 Hz, 2Jp_ 

p = 16 Hz, 1 P, P(l)J, 2 [m, 2 P, P(2, 3)], -153 [m, 4 P, P(4, 6) and P(5, 7)]. Anal. 

Calcd for C66H132K3N12O24P7Wf C, 36.37; H, 6.10; N, 7.71. Found: C, 36.29; 

H, 5.95; N, 7.96. 
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6.4.4. E 
xchange Reaction 

[K(2,2,2-crypt)h[(en)(C0)
3 

WP7Cr(CO)3]·2en was prepared as described 

above. K3P7 (29.6 mg, 0.089 mmol) was added in situ as a solid and the reaction 
lllixtuli · 

e st1rred for an additional 12 h. An aliquot was removed and analyzed by 31P 
NA.JR spectroscopy. 

6.4.s. 
Crystallographic Experimental 

crypt)J3f(en)(C0)
3 

WP
7

W(C0)
3
]•2en 

Details for fK(2,2,2-

The single crystal X-ray diffraction study of [K(2,2,2-

crypt)]3[ (en)(C0)
3 WP

7 
W(CO)

3
]·2en was done by Dr. James C. Fettinger, University 

of Maryland. 
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Table 6.1. Crystallographic data for [K(2,2,2-crypt)]3[(en)(CO)3 WP7 W(CO)3]·2en. 

Empirical formula 

Formula weight 

Temperature, K 

Radiation 

Crystal system 

Space group 

Cell dimensions 

Volume, A3 

z 

Density (calcd), Mglm3 

Absorption coefficient, mm - l 

Crystal size, mm 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I> 2cr(I)] (7741 data] 

Largest diff. peak and hole, e• A -3 

C66H132K3N 12O24P7 W 2 

2179.63 

293(2) 

Mo Kcx (A= 0.71073 A) 

Triclinic 

PT 

a = 14.396(4) A a= 82.419(11) deg 

b = 17.543(3) A p = 76.830(14) deg 

c = 20.518(2) A r= 69.16(2) deg 

4708(2) 

2 

1.538 

0.343 

0.35 X 0.25 X 0.20 

2.01 to 22.48 deg 

05h515,-175k518,-2151 < 22 

12852 

12261 [R(int) = 0.0577] 

12261 /0/ 1017 

1.027 

R(F) = 0.0552, a 
wR(F2) = 0.1431b 

1.246 and -0.816 

a R(F) = I: I F0 - Fe I/ I: F0 • b wR(F2) = (I: w I (F0 )2 - (Fc)2 I 2 / I: wF0 2)1f2. 
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Table 6.2. Selected Distances (A) and Angles (deg) for the 

[(en)(CO)3 WP7W(CO)3J3- ion. 

Distances 

P(l)-P(2) 2.144(4) P(l)-P(3) 2.149(4) 

P(2)-P{4) 2.217(4) P(2)-P{5) 2.232(5) 

P(3)-P(6) 2.214(5) P(3)-P{7) 2.219(5) 

P(4)--P(5) 2.873(5) P(6)--P(7) 3.192(5) 

P(4)-P{6) 2.136(5) P(5)-P{7) 2.135(5) 

P(l)-W(2) 2.643(3) P(4)-W{l) 2.601(3) 

P(5)-W{l) 2.591(3) P(6)-W{l) 2.670(3) 

P(7)-W{l) 2.675(3) W(l)-C(l) 1.91(2) 

W(l)-C(2) 1.91(2) W(l)-C(3) 1.917(14) 

W(2)-C(4) 1.892(14) W(2)-C(5) 1.950(13) 

W(2)-C(6) 1.94(2) C(l)-0(1) 1.18(2) 

C(2)-0(2) 1.19(2) C(3)-O(3) 1.17(2) 

C(4)-O(4) 1.216(14) C(5)-O(5) 1.153(13) 

C(6)-O(6) 1.17(2) W(2)-N(l) 2.321(9) 

W{2)-N{2) 2.327(9) N(l)-C(7) 1.50(2) 

N(2)-C(8) 1.44(2) C(7)-C(8) 1.55(2) 

An~les 

P(l)-P(2)-P{4) 104.0(2) P(l)-P(3)-P(7) 107.3(2) 

P(2)-P{l)-P(3) 115.0(2) P(2)-P(4)-P(6) 104.3(2) 

P(3)-P(7)-P{5) 103.3(2) P(4)-P{2)-P{5) 80.5(2) 

P(6)-P(3 )-P(7) 92.2(2) P(4)-W{l)-P(5) 67.19(11) 

P(4)-W{l)-P{6) 47.79(11) P(6)-W{l)-P{7) 73.37(11) 

P(2)-P{4)-W{l) 105.0(2) P(3)-P{7)-W(l) 97.0(2) . 
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P(4)-P(6)-W(l) 64.43(12) P(7)-P(5)-W(l) 68.17(13) 

P( 4)-W(l )-C(l) 137.7(4) P(5)-W(l)-C(l) 134.2(4) 

P(6)-W(l)-C(3) 174.4(4) P(7)-W(l)-C(2) 172.7(4) 

W(l)-C(l)-O(1) 176.5(13) W(l)-C(2)-O(2) 179.5(14) 

W(l)-C(3)-O(3) 174.7(13) P(l)-W(2)-C(4) 177.1(4) 

P(l )-W(2)-N(l) 86.3(2) W(2)-C(4)-O(4) 178.6(11) 

W(2)-C(5)-O(5) 178.0(10) W(2)-C(6)-O(6) 178.3(11) 

W(2)-N(l)-C(7) 112.4(8) C( 4 )-W (2)-C( 5) 88.9(5) 

C(5)-W(2)-C(6) 83.9(5) N(l)-W(2)-C(4) 91.0(4) 

N(l)-W(2)-N(2) 74.9(4) N(l)-C(7)-C(8) 109.6(11) 
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Table 6.4. Spectroscopic data of 2PM and 9 complexes. 

Comnound IR8 NMRb 
3lp Be 

Vc-o(Cm-1) o (ppm) J (Hz) o (ppm) J(Hzf 

l JP(l)-P(l,3) 2J 1 2 
P(l)-P(4,5,6,7) 1c-W 1c-P 

----------- ----- ------ - -----~-------- ----------
2PCr 1829,1738,1716 204,-20, -139 370 11.7 246 <2 

9a 1869, 1848, 1760, 1734 185,-6,-157 369 12.4 236 
231 171 6 

2PW 1837, 1728 184,-7, -159 369 12.4 232 180 5 

9b 1869, 1849, 1759, 1736 187, 2, -153 353 15.5 230 2 
226 3 

a KBr pellets. b 31P NMR (DMF-d7), ambient temperature, 81.015 MHz; 13c NMR (DMF-d7), ambient temperature, 100.614 MHz. 

c Some coupling constants were determined with negative line broadening. 
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