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STRUCTURES AND STRUCTURAL DISTORTIONS OF 
METALATED PHOSPHORANES 

CRAIG D. MONTGOMERY 
Department of Chemistry, Trinity Western University, 7600 Glover Road, 

Langley, B.  C. ,  V3A 6H4, Canada 

(Received July 20, 1993; in final form September 18, 1993) 

The 15 published crystal structures of metalated phosphoranes are reviewed. For 12 such structures, 
the distortion from a trigonal bipyramid towards a rectangular bipyramid and a 30" turnstile geometry 
is calculated using the method of dihedral angles. When compared to non-metalated phosphoranes, 
these metalated compounds exhibit a marked preference for the trigonal bipyramidal geometry. It is 
suggested here that this may be due to the ndonating abilities of the metal substituents. In a few cases, 
the metalated phosphorane structures also exhibit distortion along the turnstile coordinate as opposed 
to the Berry pseudorotation mechanism followed by non-metalated phosphoranes. This appears to be 
due to the considerable steric demands of the metal substituents in the equatorial plane of the phos- 
phorane in these cases. 

Key words: Metalated phosphorane; Berry pseudorotation; Turnstile mechanism; trigonal bipyramid; 
square pyramid. 

INTRODUCTION 

Compounds having a pentacoordinate phosphorus center have been much studied. 
However it has only been relatively recently that a new class of phosphorus com- 
pounds, with phosphoranide anions acting as ligands giving five-coordinate me- 
talated phosphorus, (Figure 1) has been observed. 

The first such metalated phosphorane or metal phosphoranide was prepared in 
1981 by Riess et a].* as shown in Reaction I. 

Since then, a number of other such complexes have been prepared and char- 
acterized, many by single crystal X-ray crystallography. In addition, the reactivity 
of metalated phosphoranes has begun to be 

One of the interesting features of pentacoordinate compounds is the structural 
diversity. This has been investigated thoroughly for non-metalated phosphor- 
anes.'.'"," The purpose of this paper then, is to examine the known structures of 
metalated phosphoranes, to consider the distortion of these structures from ideal- 
ized geometries and to discuss the effect of a metal substituent of the structure of 
pentacoordinate phosphorus. 

PENTACOORDINATE PHOSPHORUS 

There are two idealized structures for pentacoordinate phosphorus, trigonal bi- 
pyramidal (TBP) and square pyramidal (SP) as illustrated in Figure 2. (The rec- 
tangular pyramidal structure (RP) is similar to the square pyramid but having two 
five-membered rings, each attached to the phosphorus at the basal positions.) If 
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24 C. D.  MONTGOMERY 

R 

FIGURE 1 A metalated phosphorane 

REACTION I 

considering interactions between substituents only, one would predict the TBP 
structure to be most stable, however the introduction of ring strain results in 
phosphorane structures spanning the complete range between the two idealized 
structures. 

This has been illustrated by Holmes,'"." who measured the degree of distortion 
from an idealized TBP geometry towards an SP (or RP) geometry for a number of 
phosphoranes. The six planes of a TBP result in nine dihedral angles. Holmes' method 
of calculating the degree of distortion requires determining the absolute difference 
between each dihedral angle, 6, in the compound of interest and the corresponding 
dihedral angle in the idealized TBP and SP (or RP) structures. These differences are 
then summed giving ClG(structure X)-G(TBP)I and CIG(structure X)-G(RP)(. 

Since X,IG(RP)-G(TBP)I = 217.7", (ClG(structure X)-S(TBP)1)/217.7 X 100% gives 
the percent deviation from a TBP structure towards an RP. Furthermore, if a 
structure X does lie along the Berry coordinate between the TBP and R P  structures 
then one would expect that CIS(structure X)-G(TBP)I + CIG(structure X)-G(RP)( 
to be equal to 217.7". Similar calculations could also be done for distortion of a 
structure from a TBP towards a 30"TR, (the barrier structure along the turnstile 
mechanism), where C16(30TR)-6(TBP)I = 223.8". It was in fact found to be the 

TBP SP RP 
FIGURE 2 Idealized pentacoordinate phosphorus geometries 
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METALATED PHOSPHORANES 25 

case that for non-metalated phosphoranes any distortion from the TBP geometry 
tends to be towards the RP geometry and along the Berry coordinate (as opposed 
to the turnstile coordinate).“’ This has been used to lend support to the Berry 
pseudorotation mechanism as the means by which such phosphoranes exchange 
sites in a TBP. 

In this paper Holmes’ method will be applied to metalated phosphoranes in order 
to determine the extent and nature of distortion from an idealized TBP arrange- 
ment. Comparisons will be made with non-metalated phosphoranes. 

METALATED PHOSPHORANE STRUCTURES 

A complete listing of metalated phosphoranes characterized by X-ray crystallog- 
raphy is given in Table I. 

Compounds 1 and 2 were the first metalated phosphoranes to be prepared. These 
0-bound and N-bound linkage isomers were prepared in 1981 by Riess et a1.2,12 

Riess et al. 1 3 3 1 4  also prepared and structurally characterized compound 3, which 
utilizes a bidentate phosphoranide ligand. This ligand coordinates to the metal 
through both the phosphorus and a nitrogen, and is here given the abbreviation 
{cyclamPN} ~. 

The remainder of the structurally characterized transition metal phosphoranes 
have been prepared by Lattman and co-workers using two ligand systems. The 
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26 C. D. MONTGOMERY 

TABLE I 
Metalated phosphoranes characterized by X-ray crystallography 

Compound Formula P-MBond Ref. 
Dist. (A) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

2.382(4) 12 

2.375(2) 2 

2.444(2) 13,14 

2.257(4) 15 

2.350(2) 16 

2.431(2) 17 

2.271(2) 18 

2.195(2) 19 

2.223(3) 20 

2.289(12) 21 

2.236(3) 22 

2.241(3) 22 

2.230(3) 23 

2.316(4) 24 

2.227(2) 24 

a Figure 6 illustrates the (cyc1enPN)- and (cyclenPHz)+ phosphoranide ligands 

FIGURE 3 The {(C,H,O,),P}- phosphoranide ligand. 

{(C6H402)2Pl -phosphoranide ligand acts as a monodentate ligand coordinating to 
the metal through the phosphorus only (Figure 3). This ligand system is employed 
in compounds 4 and 5.15J6 

Lattman also used the method of proton abstraction with cyclenPH to prepare 
two types of metalated phosphoranes: those where the {cyclenPN}- phosphoranide 
acts as a bidentate ligand coordinating to the metal through the P and N17-20.22-24 
and those where the diprotonated {cyclenPH,}+ ligand coordinates through the P 
on1y21,24 (Figure 4). (The aforementioned abbreviations for this ligand system reflect 
the similarity, but for ring size, with the {cyclamPN}- ligand in the work of Riess.) 
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METALATED PHOSPHORANES 27 

FIGURE 4 The {cyclenPN}- and {cyclenPH,}' phosphoranide ligands. 

Examples of these two applications of this phosphoranide can be seen in compounds 
6 and 10, respectively. 

Compounds 12 and 15 are also examples of a (cyc1enPN)- phosphoranide com- 
plex, where each features a bimetallic substituent on the phosphorus. Finally, 
compound 7 has a rather unusual coordination mode at the metal center. 

There are other metalated phosphoranes that have been prepared and charac- 
terized, some of which will be referred to in this paper; Table I contains only those 
characterized by X-ray crystallography. 

DISTORTION OF STRUCTURES 

Holmes' method of determining the distortion of a pentacoordinate structure from 
a trigonal bipyramid was applied to these structurally characterized metalated phos- 
phoranes and the calculated distortions appear in Table 11. 

A number of types of distortion can be identified. First of all, deviation of bond 
distances from unit distances can be considered a form of distortion. Therefore in 
calculating the distortion, unit bond distances were used, so as to consider angular 
distortions only. These values appear in the third column of Table 11. 

A second type of distortion is also evident in a number of these structures. There 
are two types of phosphorane structures appearing in Tables I and 11, those in 
which the phosphoranide ligand acts as a monodentate ligand coordinated to the 
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28 C. D. MONTGOMERY 

TABLE I1 
Distortion of metalated phosphorane structures from TBP 

% I 5% 8 % % 
Compd. Distortion Towards TowardsRP Tow+RP Towards Towards 

towards RP(unit (idealized (idealued 30TRa 30TR 
m pa bond metal metalposition (unit bond 

lengths)a position)a and unit bond 1engths)a 
length@ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

20.0 
(102.2)b 

27.9 
(72.4) 

21.5 
(114.3) 

26.4 
(92.0) 

33.0 
(88.6) 

40.0 
(78.3) 

17.2 
(106.7) 

41.9 
(76.4) 

35.7 
(87.7) 

40.3 
(77.7) 

26.1 
(108.8) 

32.0 
(87.1) 

23.1 
(1042)b 

35.2 
(64.8) 

11.0 
(101.3) 

24.9 
(92.7) 

29.3 
(84.9) 

37.4 
(76.3) 

5.1 
(99.8) 

38.0 
(76.0) 

32.3 
(81.7) 

38.1 
(76.2) 

21 9 
(102.3) 

32.9 
(79.9) 

Insufficient data to calculate 

Insufficient data to calculate 

20.5 5.4 
(1 07.2)b (1 OO.O)b 

18.7 3.2 
(104.4) (97.0) 

Insufficient data to calculate 

12.6 14.0 
(92.4) (86.0) 

16.2 20.6 
(86.3) (79.4) 

17.2 22.1 
(84.6) (77.9) 

13.7 14.9 
(91.7) (85.1) 

16.6 21.4 
(85.9) (78.6) 

12.7 15.3 
(91.4) (84.7) 

19.5 
(95.5)b 

27.2 
(113.2) 

20.9 
(87.0) 

25.8 
(101.8) 

31.9 
(108.0) 

38.8 
(117.2) 

17.6 
(97.2) 

40.8 
(117.3) 

35.1 
(109.5) 

39.3 
(117.9) 

17.0 
(108.8) 

36.4 
(110.2) 

22.5 
(102.2)b 

34.3 
(116.3) 

10.7 
(89.7) 

24.3 
(1 05.9) 

28.4 
(114.4) 

36.4 
(122.8) 

7.9 
(101 .O) 

36.9 
(121.6) 

31.5 
(115.5) 

37.0 
(123.6) 

13.8 
(105.7) 

32.4 
(115.5) 

a See text for explanation of calculation. 
b Bracketed values represent percent distortions from RP or 30OTR back towards TBP. 

metal center through the phosphorus only (such as compounds 4 and S), and those 
in which the phosphoranide ligand acts as a bidentate ligand coordinated through 
both the phosphorus and an oxygen or nitrogen atom (such as compounds 1, 2, 
and 3). In the latter case, there is distortion resulting from the highly strained 
three-membered (P-N-metal or P-0-metal) ring. For such compounds the percent 
distortion was also calculated assuming the metal to be in an idealized location. 
This idealized position is one where both metal-P-axial substituent angles are equal, 
as are both metal-P-equatorial substituent angles. By so doing it is possible to 
consider the distortion of the remaining PRi, phosphoranide ligand about this 
idealized position. The results of these calculations appear in the fourth and fifth 
columns of Table I1 (without and with unit bond lengths respectively). However, 
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METALATED PHOSPHORANES 29 

it should be noted that because the influence of the three-membered ring is not 
well understood, the interpretation of the data from the bidentate phosphoranide 
structures is less reliable. 

As mentioned previously, it is also possible to calculate the degree of distortion 
from a TBP along the turnstile coordinate towards a 30"TR, (Figure 5 )  the transition 
state configuration along the turnstile mechanism. These percentages appear in the 
final two columns of Table 11, again without and with unit bond lengths. 

There are two noteworthy features present in the results appearing in Table 11: 
the preferred structure of the metallophosphoranes and the preferred form of 
distortion (Berry versus turnstile). Firstly, all the structures appear as TBPs or 
slightly distorted TBPs (with the metal occupying an equatorial position on the 
phosphorus). The highest distortion among the monodentate phosphoranide struc- 
tures is 35.2% in the case of compound 4. Among the bidentate phosphoranides 
the highest distortion towards an RP structure is 41.9%, in the case of compound 
11. However this is lowered to 38.0% when unit bond lengths are used, and further 
lowered to 22.1% if the idealized metal position is also used. 

(It should be noted that there were three metal phosphoranes which were char- 
acterized by X-ray crystallography but the number of bond angles about the phos- 
phorus recorded was not sufficient to allow the calculation of percent distortions. 
These were compounds 1, 2, and 7. However in each case the authors described 
the structure as trigonal bipyramidal.) 

That the TBP structure should be so favoured is a surprising result in light of 
the sorts of factors which tend to favour an RP structure. Holmes lists five factors'' 
which favour the formation of an RP over a TBP geometry: 1) increasing unsat- 
uration in five-membered rings; 2) the presence of two such rings as opposed to 
one; 3) the two atoms bonded to the phosphorus in a ring being the same; 4) the 
presence of a four-membered ring; and 5 )  the fifth substituent in a spirobicyclic 
phosphorane being electropositive and sterically demanding. 

Compound 4 exhibits factors 1, 2, 3 and 5 and yet is distorted a mere 35.2% 
along the Berry coordinate from a TBP towards an RP. This is all the more 
noteworthy when compared to some other (C6H40&PR phosphoranes. lo When 
R = CH,, the percent distortion is 82.4%; when R = OPh, the percentage increases 
further to 87.7%. Clearly there is yet another factor operative in the case of 
metallophosphoranes, which is responsible for the close adherence of these struc- 
tures to a TBP geometry. 

It is suggested here that this factor may be related to the wbonding abilities of 
the fifth substituent in a spirobicyclic phosphorane. Hoffmann, Howell and 
Muetter t ie~~~ performed extended Hiickel calculations on PH, allowing for sub- 

A 
/\ 

84.1 

(APC, <DPE = 155.3" 
I 

&PE; <CPE= 90" 

FIGURE 5 The 30TR geometry. 
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30 C .  D. MONTGOMERY 

stitution of n-donors in both the axial and equatorial positions of a TBP. The 
results indicated a preference for the equatorial sites by n-donors. This preference 
may represent a sixth factor to be considered when predicting the preferred ge- 
ometry of a phosphorane; a n--donor as the fifth substituent in a spirobicyclic 
phosphorane will result in the favouring of the TBP geometry. 

Consistent with this proposal are the nature of the metal substituents in the 
metallophosphoranes considered here and the position assumed by these metal 
substituents. Each metal substituent in these structures is a potential n-donor. Most 
significantly the metal in compound 4 (whose TBP geometry is most surprising) is 
Co(I), a potential n--donor. Also the position of the metal in each case is indeed 
the equatorial position. 

The second noteworthy feature of Table 11 involves the type of distortion; it is 
possible to discern between distortion via the Berry pseudorotation mechanism 
and that via the turnstile mechanism. These two mechanisms are reviewed in Figures 
6 and 7. The Berry pseudorotation mechanism requires an in-plane opening of an 
equatorial angle (B-P-C here) while the axial angle (D-P-E here) simultaneously 
closes down opposite to and in the plane of the remaining equatorial substituent 
(A here). Conversely the turnstile mechanism begins with the in-plane closing of 
the equatorial angle (B-P-C) to 90". An axial substituent and the remaining equa- 
torial substituent (A and D here) rotate relative to the other three substituents. 
One important difference then, between the two mechanisms involves angle B-P- 

.? 

ZE 
TBP SP TBP 

FIGURE 6 The Berry pseudorotation mechanism. 

TBP 

TBP 30'TR 

FIGURE 7 The turnstile mechanism 
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METALATED PHOSPHORANES 31 

C which initially decreases the turnstile mechanism but increases in the Berry 
mechanism. 

Since the distortion of non-metalated phosphoranes in the solid-state consistently 
lies along the Berry coordinate,I0 it would appear likely that this mechanism has 
a lower energy profile as compared to the turnstile mechanism and is therefore the 
mechanism by which exchange of equatorial and axial sites takes place in solution. 

Furthermore, there is some evidence for metalated phosphoranes also exhibiting 
fluxionality in solution. In the I3C NMR spectrum of compound 5, there appears 
only three signals. l6 This is consistent with either a rectangular pyramidal geometry 
in solution, or an exchange process. Since the solid-state structure is distorted TBP, 
Lattman concludes the latter is the case and suggests the Berry pseudorotation 
mechanism is implied. 

Another metalated phosphorane, [IrCl,(PEt3)2CO(PF4)] 16 also appears to be 
fluxional about the phosphorus nucleus. No solid-state structure was obtained for 
this compound but the 31P{19F} NMR spectrum becomes broad on cooling to 190 
K which Ebsworth attributes to fluxionality.26 

Finally, while not a phosphorane, [FeCpCO(PMe,)(SbC1,Me2)] 17 contains a 
metalated pentacoordinate group 15 element. Only one methyl signal is observed 
in the ‘H NMR spectrum and Malisch cites rapid pseudorotation about the antimony 
as the likely explanation.” 

Therefore, since there is possible evidence for site exchange at the phosphorus 
of metalated phosphoranes, it would be of interest to consider the mechanism by 
which this exchange occurs. While the distortion of non-metalated phosphoranes 
is consistently observed to be along the Berry coordinate, this study indicates that 
is not necessarily the case for metalated phosphoranes. This is evidenced in part 
by the bracketed values in Table I1 which represent percent distortions from an 
RP or 30TR back towards a TBP via the Berry mechanism or turnstile mechanism 
respectively. Ideally the sum of the bracketed and unbracketed numbers should 
be loo%, indicating the deviation follows closely along the Berry coordinate (or 
turnstile coordinate, as the case may be). If however, the bracketed value in the 
third column of Table I1 is greater than 100% for a particular compound, then the 
data does not suggest “Berry-like’’ distortion but rather “turnstile-like.” 

Among the bidentate phosphoranide structures, the distortion seems to be con- 
sistently towards an RP structure and following closely the Berry coordinate. The 
third column of Table I1 has bracketed values less than 100% for each bidentate 
case, with the exception of compound 3. Furthermore, if the metal is placed in an 
idealized position as in the fifth column, the sum of bracketed and unbracketed 
percentages is equal to or extremely close to 100% in each case. This suggests that 
the distortion in these bidentate structures very closely follows the Berry mechanism 
(particularly when the additional distortion of the strained three-membered ring 
is eliminated). However, again the presence of the three-membered rings means 
that caution must be taken in interpreting these structures. 

However, this is not necessarily the case for the monodentate phosphoranide 
structures. In the case of compound 5, the distortion from a RP towards a TBP is 
greater than 100%. Consistent with this is the observation that the 0 - P - 0  angle 
made with the equatorial oxygens has decreased to 110.1” rather than increased. 
These results suggest that compound 5 is exhibiting distortion not along the Berry 
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32 C. D. MONTGOMERY 

coordinate but rather along the turnstile mechanism. Indeed in the final column 
of Table 11, when unit bond distances are used to calculate the percent distortion 
from TBP towards the 30"TR geometry and from the 30"TR back towards the TBP, 
the sum of the two values (10.7% and 89.7% respectively) comes very close to 
100%. This again suggests very close adherence to the turnstile coordinate in the 
distortion of compound 5 .  

NMR spectrum 
for this compound, which is consistent with an exchange process in solution. How- 
ever, the aforementioned calculations on the solid-state structure suggests that this 
exchange may indeed take place via the turnstile rather than the Berry pseudo- 
rotation mechanism. 

On the other hand, compound 4, also a monodentate phosphoranide does appear 
to distort along the Berry coordinate. When unit bond distances are used the percent 
distortion from TBP to 30"TR is 35.2% and from 30"TR back to TBP is 64.8%. 

For the remaining two structurally characterized monodentate metal phosphor- 
anides, compounds 10 and 14, it is difficult to discern based on the percent dis- 
tortions of Table 11, which mechanism is the preferred one. 

The increased viability of the turnstile mechanism as the means of site exchange 
in the case of metalated phosphoranes may be explained in part by the significant 
steric requirements of some metal substituents bonded to the phosphorus. The 
importance of this factor may be seen by again considering the four monodentate 
phosphoranide structures. 

Compound 5,  which displays distortion along the turnstile coordinate, has a very 
sterically demanding metal substituent bonded to the phosphorus. It is significant 
that the bulky phosphite ligand on the octahedral Mn is located in a cis position 
with respect to the phosphoranide ligand. Lattman notes that the phosphoranide 
and Mn(CO),P(OPh), groups are "staggered" with respect to each other (the 
equatorial plane of the phosphorane bisects a phosphite-Mn-C angle and a C-Mn- 
C angle) in order to lessen the steric interactions between the Mn ligands and the 
phosphoranide substituents.16 Nevertheless the phosphite group appears bulky enough 
to disallow the opening of the B-P-C equatorial angle in the phosphorane as re- 
quired by the Berry mechanism. Instead the angle closes down and the structure 
follows the turnstile mechanism. 

This may be contrasted with compound 4, which shares the same phosphoranide 

As mentioned, Lattman reports only three resonances in the 
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METALATED PHOSPHORANES 33 

v r / / ,  co - PPh3 
0 4 -  I 

4 

group as compound 5 and yet distorts instead along the Berry coordinate. Again 
this may be explained by the significantly reduced steric demands of the metal 
substituent in compound 4 as compared with 5. Here, the metal stereochemistry 
is TBP with the phosphoranide and bulky triphenyl phosphine groups occupying 
the axial positions. This allows the phosphorane B-P-C equatorial angle to open 
up and the structure to follow the Berry coordinate as it distorts. 

The remaining two monodentate phosphoranide structures contain metal sub- 
stituents on the phosphorus which would appear to be intermediate between those 
of compounds 4 and 5 in terms of steric bulk. This is in keeping with the distortion 
in these compounds not clearly following either the Berry or the turnstile mech- 
anism. It should be noted however that in both cases the B-P-C equatorial angle 
does decrease (as with compound 5) consistent with the turnstile mechanism. In 
the case of compound 10, Lattman notes that this angular contraction is due to the 
steric bulk of the triphenyl phosphine ligand on the platinum.21 The significance 
of the steric demands of this ligand is enhanced when one notes that the coordination 
plane of the platinum lies very close to the equatorial plane of the phosphorane, 
causing this phosphine to eclipse the two equatorial substituents. The stereochem- 
istry of compound 14 is very similar, with an T~-P~,PCH,PP~,  replacing the PPh, 
and a chloride on the platinum. Again this results in the closing of the B-P-C angle. 

CONCLUSIONS 

Those metalated phosphoranes which have been characterized by X-ray crystal- 
lography thus far, exhibit a marked preference for the trigonal bipyramidal ge- 
ometry over the square pyramidal. This preference is even more notable when 
compared to non-metalated phosphoranes. It may be that this is due to r-donor 
abilities of the metallic substituents which causes them to prefer the equatorial site 
of a TBP. 

Furthermore, while like non-metalated phosphoranes, the metalated examples 
generally tend to distort along the Berry pseudorotation coordinate, there are 
examples of metalated phosphoranes which exhibit distortion along the turnstile 
coordinate. This may suggest that due to the steric demands of the metallic sub- 
stituent, the turnstile mechanism is the means by which some metalated phos- 
phoranes undergo pseudorotation in solution. 
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