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Introducticln 

Steric effects have been reported to be important in reactions 

of tra:nsi tion metal complexes. 1 It has been suggested that the 

sizes of phosphorus ligands effect the behavior of these reactions. 

Unlike the known steric effects in organic chemistry reactions, 

the effects of ligand size involving reactions of transition metal 

complexes are not known because there have been no definitive 

studies reported. 

There are two considerations for a systematic study of the 

effects of ligand size. First, the effective sizes of phosphorus 

ligands must be determined. Secondly, a method to determine the 

steric effects of various ligands in transition metal complexes 

must b,e developed. 

Qne attempt to quantify the effective sizes of phosphorus 

ligands utilizes the concept of the cone angle. 1 When substituents 

on a coordinated phosphorus atom are the same, the cone angle,e, 

is the apex angle of a cylindrical cone formed by the center of 

the metal and the outer edges (van der Waals radii) of the 

substituents (see Figure 1). Although cone angles are not 

absolutes, they do provide an indication of the relative effective 

ligand size. Two methods have been used to determine cone angles. 

CPK space-filling molecular models have been used to determine 

the cone angles of various ligands on transition metals. 1 The 

cone ~1gles of the CPK models are based on the M--P bond being 

equal to 2.28 A and tetrehedral angles about the phosphorus atom 

used. These assumptions may not always be valid, however. 
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Furthe:nnore, with complex ligands, it may be difficult to determine 

when a minimum cone has been obtained. Values of cone angles for 

a few phosphorus ligands determined in this manner are given in 

Table T. 

Figure 1 

\ 
\ 

cone angle,e 

I 
/ 

Table I. Values of Ligand Cone Anglea 
Phosphorus Ligand Cone Angle ,9 

p(OMe)3 

POMePh2 
PMePh2 

PPh3 
PPh

2
(i-Pr) 

p(NlVIe2 )3 

P(t-Bu)3 

aValues obtained from Reference 1. 

107-

132
0 

136
0 

145 0 

150
0 

1570 

1820 

A second method has been used to obtain cone angles for a 

a limited number of ligands through the use of x-ray data. 2 

Determinations of maximum cone angles by this method involved 

the calculation of maximum semicone angles,%, for each substituent 

attache!d to the phosphorus. The quantity % is the maximum angle 



3 

between the M-P bond and the vector that contacts the van del' 

Waals radius of an atom in the phosphorus substituent (see Figure 2). 

Figure 2 (Diagram from Reference 2.) 

The hydrogen atoms were positioned from x-ray determined coordinates 

and the generally accepted C--H bond length of 1.08 K. The van 

del' Waals radius used for H was 1.2 ft.. A vector M..,.X was rotated 

about the M--P bond of a phosphine ligand and just allowed to 

touch the surface of the van del' Waals radii of the atoms of the 

ligand to obtain a "ligand profile • .,2 This ligand profile was 

constructed by plotting the maximum semicone angle,~, against the 

angle through which the M4X vector was rotated about the M-P 

bond. An average ~ was obtained which led to a maximum cone angle 

e. Values obtained in this manner agreed closely with angles 

determined through the use of space-filling models. 

In addition to the problem of determining effective sizes 

of ligrulds there is a need for developing a quick, reliable 

technique for the determination of the effects of ligand sizes. 

One potemtial system for studying steric effects is the use of 

substitution reactions of octahedral transition metal complexes. 

Octahedral complexes are expected to be more sensitive to size 

than trigonal bipyramidal or tetrahedral geometries and ligand bulk 
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may be important in sUbstitution reactions. Substitution reactions 

of an .octahedral tungsten metal complex can be carried out to 

producl9 disubsti tuted reaction products as follows: 

+ L + L' 

The reaction involves substitution of L for L' to form the 

cis and/or trans disubstituted products. For sUbstitution reactions 

of Cr. Mo. and W carbonyl compounds, small ligands (L), as 

determined by cone angles. tend to react to form cis, whereas 

large ligands tend to go trans. For example. D. J. Darensbourg 

and coworkers reported that for the reaction below with L = PPh
3 

(triphEmylphosphine), the reaction products were approximately 

in the ratio of 80% trans- and 20% CiS-W(CO)4(PPh3 )2. 3 

+ 2L + tmpa 

(The chelating diamine depicted is N,N,N',N'~tetramethyl-
1.3-dia.minopropane or tmpa) 

D. J. Darensbourg and coworkers have also reported that, 

based on observed rate data. the reactions of (tmpa)W(CO)4 with 

phosphines and phosphites proceed largely via the following mechanism" 
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From the proposed mechanism of the reaction, there is 

reason to expect some steric influence on product distribution. 

The following proposed mechanism uses steric effects, or the bulk 

of the substituting ligand, to explain the product distribution 

of the cis and trans isomers. 

co 
OC........ I ..... CO 

.... " W 

OC." I'L 
L' 

co 
OC.... I ,CO .... ... 

-L' .... W ... 
--~~ oc/ 't 

L 
OC.... I ,CO ........ 4 ...... 
OC", 'co 

+L 

L 
oc.... I .... CO 

" ... 
+L 'w'" 

-------.;)~ o~l"co 
L 
trans 

The octahedral complex loses L' to form a 5-coordinate inter

mediate. There is evidence to indicate that the intermediate is 

square 'Pyramidal rather than trigonal bipyramidal. 4 ,5,6 It has 

been proposed that the square pyramidal intermediate which' contains 

L in the equatorial position is thermodynamically more stable than 

when L :is in the axial position. An additional proposal is that 

an equilibrium exists between the intermediate with L in the 

equitorial position of the square pyramid and the intermediate 

in which L is in the axial position. The former intermediate reacts 

with a second L to give cis and the latter reacts to form trans 

product. It has been further proposed that the equilibrium lies 

in favor of the intermediate where L is in the equatorial position 
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which lwould yield cis complex. The second ligand can attack at 

the va4~ant (cis to L) position to form the cis disubsti tuted 

product. 

M1en a reacting ligand is bulky, however, attack at the 

vacant (trans to L) position of the intermediate occurs to give 

trans disubstituted product. For large ligands it is believed that 

attack at the vacant (cis to L) position of the more predominate 

intermE~diate cannot be effective due to the steric bulk of the 

first ligand 
o 

90 away. In such an event the bulky ligand will 

effectively attack the vacant (trans to L) position of the less 

predomi.nate intermediate to form the trans disubstituted product. 

Ci.s-trans product distributions of substitution reactions, 

therefore, may be indicative of the sizes of ligands, and a method 

for the~ determination of product distributions is necessary. 

Describing the reaction of W(CO)4tmpa and PPh3, Darensbourg and 

coworkers reported the use of visible u.v. spectroscopy in deter

mining an 80% trans and 20% cis distribution of W(CO)4(PPh
3

)2. 3 

Although it was reported that the trans isomer absorbed 

significantly at 425nm, it is unclear as to how the concentrations 

of the .trans and cis products were determined. One manner in 

which this could be done is by knowing the initial concentration 

of the :starting material and the concentration of one isomer, 

namely the trans, the remaining percentage could be assumed to be 

cis product. There is a difficulty with this technique because 

little .)1' the necessary data is available for assigning absorption 

bands to complexes. 

Inj~rared spectroscopy as a method for determining ~-trans 

distributions is another possibility. From group theory the 
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number and intensity of infrared active CO stretching frequencies 

can be predicted. 7,8 Four bands are expected for cis complexes 

and onte band is predicted for the trans complex. 

The cis-M(CO)4L2 complex is of C2v symmetry, neglecting the 

symmetry of L. All four modes of 'irreducible (2A1 'S, B1 , and B2) 

are in:frared active, but may be of low intensity or degenerate 

with other allowed modes which would reduce the number of observed 

bands. 

r. d' bl -= 2A1 T B1 ... B2 1rre UC1 e 

A 

:symmetry coordinates for the CO modes in the cis-M(CO)4L2 
complex ~ (stretch) ~ +- (contraction) 

The trans-M(CO)4L2 complex has D4h symmetry, neglecting L, 

and 'irreducible-=: A1g + B1g .... Eu' The Eu mode is the only i.r. 

active mode. It is possible that perturbation by the ligand would 

remove D4h symmetry and that the A1g and B1g would be observed 

as weak bands. 

At Bl 
B~etry coordina.fes for the 
modes for the trans-M(CO)4L2 

r4 
E(a) E{b) 

CO ~tretching vibrat¥onal 
~ (stretch) -it ~ (contractiol1 
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III addition to infrared spectroscopy, phosphorus-31 nuclear 

magnet:~c resonance spectroscopy is an alternate means of identifying 

cis-tr~~ product distributions. Values of J pp for cis- and 

trans-Mo(CO)4L2 complexes have been reported to differ for the 

two is()mers. 9 It is expected that the chemical shifts of W(CO)4L2 

would l)e different for the cis and trans complexes. 

This paper describes SUbstitution reactions involving 

W(CO)4tmpa with phosphorus ligands of various cone angles. 

Substitution occurred to yield cis- and/or trans-W(CO)4L2' 

InfrarE!d spectroscopy and phosphorus- 31 nuclear magnetic resonance 

were the means utilized to detennine the results of the reactions. 



Experimental 

Preparati()n and Reactions 

1. PrBparation of W(CO)4tmpa (tmpa=N,N,N',N'-tetramethyl
l,3-diaminopropane) 

nle procedure was similar to one reported previously.10 

9 

A mixture of 4.0 g of W(CO)6 and approximately 40 ml of tmpa was 

refluxE~d for 7.5 hr under nitrogen. The reaction solution was 

allowed to cool and the crude product was then collected by 

filtration. A recrystallization of the crude product from 50-50 

toluenB-hexane gave bright yellow crystals (carbonyl stretching 

frequencies in chloroform solvent: 2011 (w), 1883 (vs), 1864 (s), 

and l82l6 (s) cm- 1 ). This recrystallization procedure, however, 

producE~d poor yields. Therefore, the crude product was dissolved 

in ben:~ene and filtered through celi te and a coarse cintered 

glass filter. The benzene was then removed to give a yellow 

solid product. The infrared spectrum of the product was obtained 

and fOlUld to be identical to the spectrum of the yellow crystals 

in ben:~ ene . 

2. Reaction of W(CO)4tmpa with p(CMe)3 

T() 0.1517 g (0,356 mmol) of W(CO)4tmpa contained in a 10 ml 

flask under N2 , was added 5 ml of P(OMe)3' The reaction flask 

was heated under N2 at a temperature of 40°C overnight, at which 

time all the yellow starting material complex had dissolved and 

a notieeably lighter yellow color was present. The excess ligand 

was thEm removed under vacuum and an infrared spectrum of the 

reacti()n product in benzene was obtained. 



3. PPh
3 

reaction with W(CO)4tmpa 

a. C(mcentrated conditions 

10 

0.1813 g (0.426 mmol) of W(CO)4tmpa was added to 1.0 g of 

PPh
3 

dissolved in deoxygenated benzene (~. 1.8 ml) under N2. 

The reaction flask was heated at a temperature of 40·C under N2 · 

for three days. A yellow solid remained when the reaction was 

stopped. The benzene was removed under vacuum. The infrared 

and phc)sphorus- 31 nmr spectra of the reaction product in benzene 

were obtained. A sample of the product was added to benzene but 

becausE~ not all of it dissolved the sample was filtered and the 

31p nmr spectrum of the filtrate was obtained. 

b. Dilute conditions 

The reaction conditions were similar to those reported by 

Darensl)ourg and coworkers. 3 0.0454 g (0.1 mmol) of W(CO)4tmpa 

was dissolved in 20 ml of xylene along with 1.05 g (4.0 mmol) of 

PPh
3 

IDlder N2 . The reaction flask was heated at a temperature of 

430 C o",rernight. The xylene was then removed under vacuum. For 

the 311' nmr sample. benzene was added to a sample and the solution 

was placed into the nmr sample tube. Solid began to precipitate 

in the nmr sample tube and the phosphorus-31 nmr spectrum was 

obtainE!d. The infrared spectrum was also obtained. 

4. RecLction of W( CO) 4 tmpa with PPh2 (i-Pr) 

The reaction was carried out in the same manner as in Reaction 

2 except that 0.1463 g (0.343 mmol) of W(CO)4tmpa was reacted 

with 1.1834 g PPh2(i-Pr) overnight and the excess ligand was 

not removed. The infrared spectrum of the reaction product in 

benzene was obtained. 



11 

5. Reaction of PMePh2 with W(CO)4tmpa 

The reaction was carried out as in Reaction 2 with 0.1530 g 

(0.359 mmol) of W(CO)4tmpa and 1 m1 of PMePh2• The reaction flask 

was heated for two days. The infrared spectrum of the reaction 

product was obtained. 

6. Reaction of P(OMe)Ph2 with W(CO)4tmpa 

The reaction was carried out as in Reaction 2 with 0.1680 g 

(0.394 mmo1) of W(CO)4tmpa and 0.65 m1 of P(OMe)Ph2 for two days. 

At that time the reaction mixture appeared to be mostly solid and 

a little unreacted material was present near the bottom. The 

infrarE~d spectrum of the reaction product in benzene was obtained. 

7. Re~lction of P(NMe2)3 with W(CO)4tmpa 

a. Ne!at Reaction 

The reaction was carried out as in Reaction 2 with 0.1657 g 

(0.389 mmol) of W(CO)4tmpa and 2 ml of P{NMe2)3' It appeared that 

unreac1;ed starting material was present. The excess ligand was 

removed under vacuum. The infrared and phosphorus-31 nmr spectra 

of the reaction product were obtained. 

b. Dilute conditions 

The reaction was carried out as in Reaction 3b, except the 

solvent was benzene. 0.0640 g (0.150 mmol) of W(CO)4tmpa and 1 m1 

of P(Mre2 )3 were reacted in deoxygenated benzene. After the 

reaction was complete the benzene and excess ligand were removed 

under v-acuum. The infrared and phosphorus-31 nmr spectra of the 

reaction product were obtained. 
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8. Reaction of P(t-Bu)3 with W(CO)4tmpa 

~le reaction products for the reactions under dilute and 

neat conditions were the generous gifts of Dr. Bruce N. Storhoff. 

a. Neat reaction 

0,.1678 g (0.394 nunol) of W(CO)4tmpa and 1.5 ml of P(t-Bu)3 

were rE~acted as in Reaction 2. About 50% of the starting complex 

dissolved. The mixture became dark brown during the reaction 

period (~.2 days). After the reaction period, the mixture was 

placed under high vacuum for 4 hr. The 31p nmr spectrum was 

obtainE~d. 

b. Dilute conditions 

0.0768 g (0.18 mmol) and 0.90 ml of P(t-Bu)3 were reacted 

in 20 ml of deoxygenated benzene as in Reaction 3b at 40°C. A 

brown solid precipitated during the reaction period (~ 1.5 days). 

The infrared spectrum was obtained. 

Instrumental Measurements 

The infrared spectra of the samples in benzene were obtained 

using a. Beckman 4250 t nfrared s:pectrophotometer using sample 

cells of 0.2 mm pathlength with benzene in the reference cell. 

The phosphorus-31 nmr spectra were obtained using a Nicolet 150 

Nuclear Magnetic Resonance Spectrometer operating at 60.7 megahertz. 

The author thanks John Risley who obtained the 31p nmr spectra. 
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Results and Discussion 

Substitution reactions of W(CO)4tmpa (tmpa=N,N,N',N'-tetra

methyl·-1, J-diaminopropane) with phosphorus ligands (L) having 

various cone angles were carried out (L=P(OMe)J' POMePh2 , PMePh 2 , 

PPh
J

, PPh2(i-Pr), P(NMe2)J' and P(t-Bu)J)' The cis-trans 

distrilmtions for these reactions were determined from analyses 

of infrared and phosphorus-J1 nmr spectra of the reaction products, 

W(CO)4IJ2- Conclusions regarding ligand bulk were sought . 

The infrared spectra of cis disubstituted products were 

dominated by two bands. A weak band in the area of 2000-2050 cm- 1 

was observed, and a strong band appeared in the vicinity of 1900 cm- 1 

The tra~ disubstituted products were characterized by one strong 

band ir.l the region of 1900 cm- i _ Unfortunately, as corraborated 

by J1p nmr spectra (vide infra), for a given ligand, the strong 

band of the cis complex and the single band of the trans isomer 

were found to overlap_ Consequently, quantitative determinations 

of cis-trans isomer distributions were not possible. The presence 

of cis product could be determined qualitatively by looking for 

the weak band arounj' 2000-2050 cm- 1 . If this absorption band 

were absent and a strong band around 1900 cm-1 were present, it 

would be reasonable to assume that the product is almost entirely 

trans complex. If this weak peak around 2000-2050 were present 

it would be reasonable to assume the presence of cis complex,but, 

the presence of trans product could not be ruled out. The 

following are infrared spectra in the CO stretching region of the 

W(CO)4L2 product from the reactions carried out (see Experimental 

section) _ The infrared spectrum of tJ(CO)4tmpa also contains a 

weak cis band around 2000 cm- i . 
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INFRARED SPECTRA OF W(CO)4L2 CARBONYL REGION 
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(Reaction 2) 
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INFRARED SPECTRA OF W(CO)4L2 CARBONYL REGION 
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W(CO)4(PPh3 )2 
(Rea.ction 3a)-

W(CO)4(P~h3)2 
(Reaction 3a 

nujol mull) 
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INFRARED SPECTRA OF W(CO)4L2 CARBONYL REGION 
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W(CO)4(PPh2(i-Pr))2 
(Reaction 4) 
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WAVENUMBER 

W(CO)4(P(NMe2)3)2 
(Reaction 7b) 

CARBONYL REGION 

2200 2000 1800 

WAVENUMBER 

W(CO)4(P(t-B~)3)2 

(Reaction 8b) 
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~1e infrared spectra of the carbonyl regions for the 

disubstituted products W(CO)4L2 were indicative of cis complexes 

for tht~ ligands, p(OMe)3'Reaction 2), POMePh2 (Reaction 6), 

PMePh2 (Reaction 5), and PPh 2(i-Pr) (Reaction 4). It is not 

possible to determine if these contain only cis products, however. 

Phosph()rus-31 nmr spectra were not obtained for these reaction 

products. 

The infrared spectrum indicated that only trans disubstituted 

product was formed in the reaction of PPh
3 

with W(CO)4tmpa under 

concentrated conditions (see Reaction 3a). Since the complex 

did not completely dissolve in benzene, an infrared spectrum was 

also o'btained from a nujol mull. No cis isomer was observed from 

that spectrum either. In contrast to the results of the reaction 

under concentrated conditions, the reaction of PPh3 with W(CO)4tmpa 

using the dilute conditions (Reaction 3b) resulted in an infrared 

spectrum which indicated that cis product had been formed. 

The infrared spectrum of the reaction product using P(NMe2)3 

indicated that only the trans isomer, W(CO)4(p(NMe2)3)2 was formed 

under dilute conditions (Reaction ?b). The infrared spectrum for 

the neat reaction (Reaction ?a) product revealed the presence of 

starting material, which included the low intensity cis band, and 

the spe'~trum was disregarded. 

The infrared spectrum for the reaction product using P(t-Bu)3 

for the dilute reaction conditions (Reaction 8b) indicated that 

cis complex was formed. This result was evidenced by the weak band 

6 -1 at 20 0 cm • 

In order to quantify the cis-trans isomer distributions,31p 

nmr spec:tra were obtained. These spectra, in conjunction with 
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the i.;~. data, allow unambiguous assignments in some cases. 

Table II. Chemical Shift of Free Ligand and Ligand oxide 
L1g~la Chem1cal Sh1ft ppm from H

3
P04 

P(OMe)3 140a 

OP(OMe)3 0.4a 

POMePh2 l15.6b 

PMePh2 -28.0 b 

PPh2(i-Pr) 0.2c 

OPPh2(i-Pr) 37
b 

PPh 3 
_6.5a 

OPPh
3 

25.2a 

P(NMe2 )3 122.4a 

OP(NMe2)3 23.4a 

P(t-Bu)3 63.3d 

aAverage of values reported in Reference 11., bYalue from Reference 1: 

cYalue from Reference 12, dYalue from Reference 1. 

It appeared on the basis of 31p nmr and i.r. data for the 

substitution reactions with P(NMe2)3' both neat (Reaction 7a) and 

dilu1aconditions (Reaction 7bh that at least 95% of the yield 

was tr~~s complex. The infrared spectrum showed no cis band and 

the pho:sphorus-31 nmr spectrum of the product from the dilute 

reactio11 (Reaction7b) is given on the next page. The tungsten 

satellites, due to 31p_183w coupling, are pointed out with arrows. 
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The phosphorus-31 spectrum of the neat reaction product 

(Reaction Ba) when L was P(t-Bu)3 indicated that two products 

were formed which were assumed to be the cis and trans isomers. 

The pe~~s were in a relative ratio of 60:40 or 40:60. There 

was no basis to assign a particular isomer to a peak. The 

infrarE~d spectrum indicated that cis product was formed. This 

reacti()n was accompanied by some decomposition (see Experimental 

sectiorl) and monosubstituted product may be a source of the 

low intensity band. 

Ttle infrared spectrum of the product from the reaction of 

PPh3 'with W(CO)4tmpa under concentrated conditions (Reaction 3a) 

revealed that only trans product had been formed. Tne phosphorus-31 

nmr spectrum indicated that perhaps 5-10% cis complex had been 

produced, which was apparently not enough to show up in the i.r. 

spectrum. The major peak in the phosphorus-31 nmr spectrum was 

therefore assigned to the trans isomer. Under dilute conditions 

(Reaction 3b), however, cis product was produced as evidenced 

by the infrared spectrum. The phosphorus-31 peak assignments 

were based on the results from the concentrated reaction (3a). 

This resulted in an assignment of only 15-20% trans product for 

the reaction carried out under dilute conditions (Reaction 3b). 

In contrast, the trans complex was 90-95% of the yield for the 

reaction under concentrated conditions (Reaction 3a). The cis-trans 

distribution of 80-B5% cis and 15-20% trans is in disagreement 

wi th th4~ distribution reported by Darensbourg and coworkers. 3 

They reported a distribution of 80% trans and 20% cis under 

similar reaction conditions. 
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A closer examination of the infrared spectra of the products 

from the two reactions may be in order, however. The infrared 

spectrum of the product from the reaction under concentrated 

conditions (Reaction Ja) sho~o cis peak; one strong band 

occurred at 1892 cm-1 . The infrared spectrum of the product of 

the reaction under dilute conditions (Reaction Jb) indicated the 
-1 presence of cis isomer as evidenced by the weak bank at 2017 cm 

8 -1 but the intense band of the spectrum was also at 1 92 cm . 

, 

The lit,erature value for V(C;.O) from trans-W(CO)4(PPh
3

)2 is 1892 cm- 1 , 

identical to that observed for the strong bands of the two infrared 

spectra. 12 Because the infrared spectra are nearly identical, 

except :for the cis band, it would seem questionable that the 

cis-trmls distribution would be so different for the two reactions. 

There w~l.s a problem of solubility in benzene for the samples(see 

Experimemtal section). The possibility exists that one of the 

isomers was selectively separated when the samples were dissolved, 

conseque~ntly, the cis-trans product ratio obtained from the 31p 

nmr spectra might not be representative of the reaction product 

distribution. 

Table III. Conclusions from i.r. and J1p nmr data 
Ligand Cone Angle Reaction # conclusion conc~¥sion 

from i.r. from P nmr 

PPh
3 145 3a trans 5-10% cis & 

90-9.5%trans 

PPhJ 145 Jb cis & trans 80-85% cis & 
15-20~rans 

P{NMe2 )J 157 7 trans trans 

P{t-Bu)J 182 8 cis & trans 60:40 o~ iO:6O £..- rans 



24 

Perhaps the first and foremost conclusion which can be 

reached as a result Df this research is that more work needs to 

be donE~. These are limited amoun~of data and the results are 

not definitive. From the reaction using PPh) it appears that the 

concentrations of the reactants involved are important and 

influence the outcome of the substitution reactions. Since the 

reacti()n with P(NMe2)) produced trans complex and the larger 

P(t-Bu)) resulted in both cis and trans isomers, we can 

tentatively conclude that ligand size, as detennined by cone angle, 

is not the only factor affecting isomer distributions. Electronic 

effects of the ligand also need to be considered. Continued 

research to detennine the extent of concentration dependence might 

involve carrying out several reactions with different concentrations 

of PPh) and studying the results. Reactions using various sized 

ligands which are electronically similar may be informative. 

For example, ligands which contain only alkyl R groups could be 

used. A method to separate the cis and trans disubstituted 

products, such as column chromatography, might also be helpful. 
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