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The 31P chemical shift tensors of the transition-metal phos- 
phane complexes M(CO)5PX3 (M = Cr, Mo, W; X = H, CH3, 
F, C1) were studied using a combination of density functional 
theory and ab initio effective-core potentials. The calculated 
isotropic shifts agree well with experimental results both for 
the free ligands and for the complexes, with the largest devi- 
ations occuring for the tungsten complexes. A breakdown of 
the computed phosphorus shielding tensors into contribu- 
tions from localized molecular orbitals (LMOs) indicates that 
the positive coordination shift of PH3 and P(CH3)3 is due to 
increased paramagnetic contributions from the phosphorus 

Not long ago, Kutzelnigg et al. stated"] that "a qualita- 
tive understanding of the rules that govern 31P shifts has so 
far appeared to be a hopeless task". While a series of ab 
initio calculations by the Bochum group[',2] and by 
 other^[^-^] on small to medium-sized phosphorus-contain- 
ing molecules have improved this situation to some extent, 
the above statement unfortunately is still valid for the theo- 
retical understanding of "P-NMR chemical shifts in tran- 
sition-metal complexes[6*7]. This is due to the importance of 
electron correlation in systems containing transition mct- 
alsl81. Thus, the distributed-gauge-origin variants of the 
coupled Hartree-Fock (CHF) method, which have been 
very successful for the calculation and interpretation of 
NMR chemical shifts in "normal" main-group  specie^['^^], 
are not generally applicable to transition-metal compounds. 
The large cost in computational resources of recently devel- 
oped post-CHF methods[l01 (which account for electron 
correlation) has so far prevented their application to tran- 
sition-metal complexes. 

Recently, it has been shown that methods based on den- 
sity functional theory (DFT) provide an attractive alterna- 
tive to standard ab inito-correlated approaches to the calcu- 
lation of NMR chemical Due to the implicit 
inclusion of electron correlation with comparatively low 
computational effort, DFT methods are particularly suit- 
able for transition-metal complexes. This also holds for the 

lone pair (P-M cr bonding) LMO to S,. A similar increase of 
this contribution is found for PF3 and PC13. However, for PC13 
complexes these terms are overcompensated by a reduction 
in the paramagnetic contributions from the P-C1 bonds and 
by shielding contributions from metal-centered orbitals. This 
results in a negative overall coordiantion shift. A partial can- 
cellation is found with P(CH& and with PF3. The changes 
in the 31P-shift tensors of the same phosphane ligands upon 
protonation are qualitatively and quantitatively very differ- 
ent from the coordination shifts and do not provide good mo- 
dels for the latter. 

computation of NMR-chemical shift tensors, as demon- 
strated by our recent applications of the sum-over-states 
density-functional perturbation theory (SOS-DFPT) ap- 
proach["], e.g. to I3C and 1 7 0  shift tensors in carbonyl com- 
p l e x e ~ [ ' ~ ~ ' ~ ]  and clusters[20], to 1 7 0  shifts in 0x0 com- 
plexes['6], and to I3C shift tensors for interstitial car- 

Scalar relativistic contributions may be in- 
c l ~ d e d [ ' ~ . ' ~ ]  in the calculations via quasirelativistic effective- 
core potentials (ECPs) for the heavy metals. 

Here we report on the first application of this combined 
ECP/SOS-DFPT method to the calculation and interpre- 
tation of the 31P-chemical shift tensors in transition-metal 
phosphane complexes. The trends of the 31P coordination 
shifts (i.e. differences in shifts between coordinated and free 
ligands) for PX3 ligands have been studied experimentally 
in great detail[6,7,221, but a conceptual understanding lags 
far behind. Thus, while e.g. the coordination shifts for or- 
ganophosphane and PH3 ligands correlate well with the 
shifts of the free ligands, this is not the case for, e.g., PC13, 
PBr3, or PI3. Moreover, some ligands exhibit positive coor- 
dination shifts, while others exhibit negative shifts. The ori- 
gin of these trends is not, as of yet, u n d e r ~ t o o d [ ~ ~ ~ J ~ ] .  Pro- 
vided here is a detailed analysis of the 31P shift tensors for 
the group-6 complexes M(CO)5L [M = Cr, Mo, W, L = 
PH3, P(CH&, PF3, PC13], the results of which are com- 
pared to shift changes upon protonation of the ligands. The 
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computed carbonyl 13C and 1 7 0  shift tensors will be dis- 
cussed elsewhere[23]. 

I. Computational Methods and Molecular Structures 
As experimental structural parameters have only been 

available for some of the complexes, we have optimized the 
structures at the gradient-corrected DFT level with a modi- 
fied version of the LCGTO-DFT program d e M ~ n [ ~ ~ ]  using 
the Becke-Perdew exchange-correlation f u n ~ t i o n a l ~ ~ ~ l .  
These computations employed quasirelativistic energy-ad- 
justed ECPs and (8~7p6d)/[6~5p3d] GTO valence basis sets 
for the as well as ECPs and (4~4pld)/[2s2pld] 
valence bases for C, 0, F, P, and Cl[28,29]. A (4s)/[2s] 
was used for hydrogen. The transferability of ab initio ECPs 
into DFT applications has been studied in detai1[31,321 and 
was found to be excellent for sufficiently small core sizes[31] 
(which holds for all of the ECPs employed here). Auxiliary 
basis sets for the fit of the exchange-correlation potential 
and of the charge density were of the size 3,3 for the metals, 
3,2 for p-block elements, and 4,O for hydrogen (n,m stands 
for n s functions and for m spd shells)[24]. A "FINE" inte- 
gration 

The optimized bond distances are listed in Table 1 to- 
gether with available experimental data. The computed 
M-C, C-0,  M-PH3, and P-H distances agree with 
experiment to within 0.02-0.03 A (apart from a few exper- 
imental values with large standard deviations) and all bond 
angles to within 1-3 deg. However, the P-F and M-P 
distances in the PF1 complexes (and the P-F distances in 
free PF3) as well as the P-C and M-P distances in the 
P(CH3)3 complexes are ca. 0.04 A too long. Similarly, the 
P-Cl and M-PC13 distances obtained are ca. 0.08 A too 
long at this computational level. This appears to be a prob- 
lem of the gradient-corrected DFT approach rather than of 
the ECPs employed, as indicated by the data for PC13 given 
in Table 2 [similar but less dramatic differences between dif- 
ferent functionals also hold for PF3 and P(CH3),]. As the 
deviations appear to be reasonably systematic, we decided 
to adjust the computed distances by corresponding 
amounts for use in the NMR-chemical shift calculations. 
Thus, the distances to phosphorus in PF1 and P(CH7)3 
complexes and in free PF3 and P(CH3), have been reduced 
by 0.04 A, those in the PC13 complexes and in PC13 by 0.08 
A. A similar correction could not be made for the pro- 
tonated phosphanes due to the lack of experimental data. 
Thus, the structures of the PHX; cations were optimized 
at the MP2(fu11)/6-31 lG(D) with the Gaussian92/ 
DFT (see Table 3). 

All carbonyl complexes exhibit essentially octahedral 
metal coordination (with inter-ligand bond angles between 
88 and 92"). The orientation of the PX3 ligand in the opti- 
mized structures was generally such that one P-X bond 
was close to being eclipsed (with a dihedral angle of 12- 13" 
for X = H, F, Cl, ca. 7" for X = CH3) with one M-C,, 
bond. This is consistent with the available experimental evi- 
denceL3j]. 

The NMR chemical-shift calculations within the SOS- 
DFPT approach in its LOCI approximation["] used the 

was used throughout in this study. 

same metal and chlorine ECPs and valence basis sets as the 
optimizations (see above), but IGLO-I1 all-electron basis 
sets['] for H, C, 0, F, and P. Auxiliary basis sets were of the 
sizes 3,4 for the metals, 3,3 for chlorine, 5,l for hydrogen, 
5,2 for C, 0, and F, and 5,4 for P (cf. above). The exchange- 
correlation functional of Perdew and Wang ( 1991)[361 was 
employed, as in our previous ECPISOS-DFPT calcu- 
l a t ion~[ '~ - ' ' ~~"~~ ' ] .  We used individual gauges for localized 
orbitals (IGLO)[']. The FosterlBoys procedure["] localized 
the phosphorus K shell separately, the phosphorus L shell 
together with the K shells of C, 0, and F (they are in the 
same energy range), and the valence shell separately. A 
localization procedure which localized all orbitals together 
led systematically to 8-10 ppm lower absolute 31P shield- 
ings. However, the effect of the localization procedure on 
the shift differences between all of the species studied is 
generally below 2 ppm. We have preferred the separate 
localization, as the phosphorus L shell contributions to the 
shielding tensors obtained this way depend less on changes 
in the chemical environment (cf. section 1I.B.). All chemi- 
cal-shift calculations were carried out with a modified ver- 
sion of the deMon-NMR p r ~ g r a i n [ " ~ ~ ~ ] .  

The "P relative chemical shifts are referenced to 85% 
H3P0,(aq) using the absolute shielding value of 328.4 ppm 
given by Jameson et al.L3']. The LMO analyses of the shield- 
ing tensors are based on computed absolute shieldings. 

11. Results and Discussion 

A. 31P Chemical Shift Tensors 

The 31P shift tensors are summarized in Table 4 together 
with available experimental isotropic shifts [and tensor el- 
ements for PH3, P(CH3)3 and PF3, cf footnote b]. Calcu- 
lated and experimental isotropic shifts are also shown in 
Figure 1. The computed tensors for free PH3 and PF3 agree 
well with experiment["], better than found for any of the ab 
initio methods [CHF, CHF(IGLO), CHF(LORG), SOLO, 
SOPPA] compared recently by Bouman and HansenL'] (our 
results for PH3 agree well with MP2 data due to Wolinski 
et al.[4dJ). In particular, 611 for PF3, which appears to be very 
difficult to ~ o m p u t e [ ~ ~ ' ~ ] ,  is only 33 ppm too low. The 
above-mentioned methods give values between 65 and 200 
ppm too low, and electron-correlation corrections appear to 
be in the range of ca. 70 ppm[S]. 

The computed isotropic shift for P(CH3)3 agrees perfectly 
with experiment. Recent CHF(IGL0) results (with essen- 
tially the same basis sets as employed here) are ca. 40 ppm 
too low[']. Our calculations suggest that 61 for P(CH3)3 is 
somewhat more negative than 611, whereas the experimental 
data indicate the reverse[38] (cf. footnote b to Table 4). In 
view of the excellent agreement of the isotropic shift and of 
the computed tensors for PH3 and PF3 with experiment, 
it is not clear whether this is due to computational or to 
experimental errors. Possibly, the shielding anisotropy data 
(from liquid crystal solution) employed for the calculation 
of the experimental tensor[''] are not representative for the 
gas-phase species (if we use the anisotropy with opposite 
sign, we obtain reasonable agreement between computation 
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Table 1. Calculated (experimental) bond lengths [A] and bond angles [deg] 

M-P P-x M-Ct,,,,, 

Cr ( CO)5PH~ 2.369 

(2.35') 

Mo( C0)5PH3 2.533 

W( CO)5 PH3 2.546 

Cr( C0)5P(CH3)3 2.399 

(2.366d) 

Mo(CO)sP(CH3)3 2.545 

(2.50Sd) 

W(C0)5P(CH3)3 2.561 

(2.5 16d) 

PF3 

Cr (CO)5PF3 2.235 

Mo(CO)jPF3 2.407 

(2.3691) 

W(C0)5PF3 2.405 

PC13 

Cr(CO)riPCla 2.277 

( 2.245d) 

MO(CO)~PC13 2.457 

W(CO)5PCI3 2.468 

(2.378*) 

1.443 

(1.420") 

1.430 

1.429 

1.429 

1.878 

(1.846') 

1.857 

(1.814d) 

1.857 

( 1.81 I d )  

1.855 

(1.85d) 

1.610 

(1.56ge) 

1.601 

1.600 

(1.557j) 

1.598 

2.119 

(2 .04y) 

2.103 

(2.02Fid) 

2.106 

2.104 

(2.028d) 

1.862 

(1 .86L) 

2.006 

2.026 

1.863 

(1.850d) 

2.010 

( 1.984*) 

2.030 

(2.009 

1.883 

2.030 

2.048 

1.877 

(1 .good) 

2.021 

2.040 

(2.02d) 

M-C,i, C-Otrans c-OC,, 

1.895 1.160 1.158 

(1.9lb) 

2.050 1.158 1.156 

2.063 1.160 1.158 

1.885 1.161 1.160 

(1.893") ( 1.153d) (1 .134d) 

2.045 1.159 1.158 

( 2.036d) ( 1.152d) (1 .134d) 

2.062 1.161 1.160 

(2.01d) (1.15d) (1.15d) 

1.895 1.154 1.154 

2.058 1.153 1.152 

(av. 1.154f) 

2.070 1.155 1.154 

1.896 1.156 1.154 

( 1.905d) (1.141d) (1 .130d) 

2.059 1.155 1.152 

2.070 1.157 1.154 

(2.03d) (1.17d) (1.1Sd) 

x-P-x 

92.4 

(93.3") 

97.0 

97.0 

97.3 

98.9 

(98.7") 

101.7 

(102.4d) 

102.1 

(102.7d) 

102.0 

(1 02. 7 d )  

97.0 

(97.7') 

97.2 

97.4 

(99.55) 

97.5 

101.0 

( 100.49) 

99.9 

(99.6d) 

99.5 

99.6 

(100.0d) 

a Landolt-Bornstein, Zahlenwerte und Funktionen aus NaturM,issenschaften und Teclznik (Ed.: K. H. Hellwege), Springer, Berlin, 1976. - 
Estimated from data for Cr(CO),-,(PH,), (n = 2, 3), see L. J. Guggenberger, U. Klabunde, R. A. Schunn, Znorg Clzem. 1973, 12. 1143. 

- ti l? S. Bryan, R. L. Kuczkowski, J Chem. Pliys. 1971, 55, 3049. - Y. Morino, K. Kuchitsu, T. Moritani, Inorg Chem. 
1969, 8, 867. - D. M. Bridges, G. C .  Holywell, D. W. 11. Rankin, J. M. Freeman, 1 Orgunornet. Chern. 1971,32, 87. - g P. Kisliuk, C. 
H. Townes, J Chem. Plzys. 1950, 18, 1109. 

- 

and theoryl3'I). Our isotropic shift for PCI? is too large by 
ca. 10 ppm, whereas CHF(IGL0) results are too low by ca. 
30 ppml']. Apparently, electron correlation is moderate but 
far from negligible for these systems. We also estimate from 
preliminary calculations that spin-orbit coupling (which is 
neglected in the present work) may give shielding contri- 

Chem. Ber. 1996, 129, 535-544 

butions of ca. 10-20 ppm for PC17 due to the presence of 
three chlorine sub~tituents[~~].  

The computed isotropic shifts for Cr(CO)=J'H3 and Mo- 
(CO)5PH3 agree excellently with experiment, whereas the 
shift for W(CO)5PH3 is ca. 27 ppm too large. Thus, the 
positive coordination shift of PH3 and the moderate de- 

531 



FULL PAPER M. Kaupp 

Table 2. P-CI Distances [A] in PCl, at various computational levcls Table 4. 31P Shift tensors (ppm)" 

functional basis: ECP" AEb 

Hartree-Fock 2.063 2.052 

MP2 2.080 2.057 

BHandHLY Pc 2.075 2.063 

B3LYPd 2.104 2.093 

BP86" 2.117 2.105 

ECPs and 2s2pld valence - All-electron 6-31 1(D) 
basis[33b]. - Hybrid HFlDFT functional with 50% H F  exchange, 
as proposed by Becke (A. D. Becke, .I Phys. Chem. 1993, 98, 1372) 
but as implemented in the G92/DFT program (ref.[3z]) together 
with the LYP correlation functional (C. Lee, W. Yang, R. G. Parr, 
Phys. Rev. B 1988, 37, 785; B. Miehlich, A. Savin, H. Stoll, H. 
Preuss, Chem. Phys Lett. 1989,157,200). - Becke's three-param- 
eter HF/DFT hybrid functional (A. D. Becke, J Chem. Phys. 1993, 
98, 5648), but in the G92/DFT implementation (cf. footnote c). - 

Becke-Perdew functional 

Table 3. MP2/6-311G*-Optimized structqres of HPXf . Optimized 
in C3, symmetry. Distances in A, angles in deg 

X P-H P-X H-P-X 

H 1.393 1.393 109.5 

CH3 1.400 1.795 107.8 

F 1.382 1.507 110.6 

CI 1.392 1.949 108.0 

crease from M = Cr to M = Mo are given correctly, but 
the trend from M = Mo to M = W is wrong (Figure I).  
We cannot say at present whether this is due to larger errors 
in the structure employed for the tungsten complex, to the 
neglect of spin-orbit ~ o u p l i n g [ ~ ~ ~ ~ ~ 1 ,  or possibly to solvent 
effects. The coordination shift and the differences between 
different metals are due to changes in 6,, whereas 611 re- 
mains almost constant (Table 4). This is similar to the situ- 
ation for the "C shifts in M(C0)6 and is due to similar 
reasons['7] (see below)[*]. As a result, the shift anisotropy 
6, - 811 changes sign from free to metal-bound PH3 and 
decreases slightly down the metal triad [errors for 
W(C0)5PH3 have to be kept in mind]. In contrast to PF3 
and PClq, PH3 exhibits a considerable increase in X-P-X 
bond angle (from ca. 92 to ca. 97") upon coordination 
(Table 1). We have estimated the effect of this structural 
change on the shift tensor by performing a calculation on 
PH3 with a P-H distance of 1.430 A and an H-P-H angle 

[*I Note added in proof (March 13, 1996): A recent solid-state 
NMR study of some phospholes and their metal complexes (K. 
Eichele, R. E. Wasylishen, J. M. Kessler, L. Solujib, J. H. Nel- 
son, submitted to h r g .  Chem.; R. E. Wasylishen, personal 
communication) comes to the conclusion that the coordination 
shifts are dominated by 6, whereas 611 changes little. This agrees 
with our results for PH3 and P(CH3)) complexes whereas the 
situation is more complicated for PF3 and PC13 (Table 4). 

PH3 Cr(CO)sPH3 Mo(C0)sPHs W(C0)5PIb 

6 1  -265. -93. -134. -129. 

-218. -221. -225. -226. 

a,, calctd. -250. -135. -164. -161. 

6"" exptLb -266. -130. -165. -188. 

611 

61-611 -47. 128. 91. 97. 

P(CH3)3 Cr(CO),P(CH3)3 Mo(CO)sP(CH3)3 W(C0)5P(CH3)3 

SL -72. 32. 1. 0. 

611 
6." calctd. -61. 2. -22. -22. 

-41. -63. -68. -67. 

b,, exptl.' -63. 7. -17. -36. 

61-611 -31. 95. 69. 67. 

PFz Cr(C0)sPFs Mo(CO);PF3 W(C0)5PF3 

61 171. 314. 285. 272. 

611 -48. -108. -113. -121. 

6,- calctd. 98. 173. 153. 141. 

6," exptLb 106. 174.' 147. 

61-611 219. 422. 399. 384. 

PCls Cr(C0)5PCl3 Mo(C0) jPC13 W(CO)sPC13 

61 271. 319. 287. 265. 

138. -17. -28. -19. 

6,, calctd. 227. 207. 182. 160. 

6," exptl. 217. 187. 98. 

61-sli 133. 336. 313. 314. 

611 

a Referenced to 80% H3P04 via its absolute shielding of 328.4 ppm 
given in ref.[38]. - Experimental values are as phase data for the 

otherwise) solution data for the complexes as summarized in ref.L6I. 
Ref.["] gives the following shift tensor components for free ligands 
(in ppm): 6 ,  = -285, 611 = -229 (PH3); 6, = -61, 611 = -68 
(P(CH,),); 61 = 166, 6 - M. F. A. Dove, E. M. 
L. Jones, R. J. Clark, dc&k~~$Ji~. 1989,27, 973. 

free ligands (in the zero-pressure limit, cf. ref. B -  'I), and (unless noted 

Figure 1. Comparison of calculated and experimental isotropic 31P 
shifts [in ppm vs. 80% H3P04(aq)]. Dashed lines and open symbols 
correspond to calculated, solid or dotted lines and filled symbols 

refer to experimental data (cf. Table 4) 
250 i , PCI,calc. 

PH, calc. 
0 _ _ _ _ _ - - - - - - -  

-200 PH, exp. 
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of 97". The results are: 61 = -243 ppm, 611 = -201 ppm, 
and a,,, = -229 ppm. Thus, the structural contributions to 
the positive coordination shift are ca. 20 ppm. 

The calculated isotropic shifts of the P(CH3)3 complexes 
are also in good agreement with experiment (Table 4, Fig- 
ure 1). Again, the coordination shift, which is considerably 
smaller than with PH3, is reproduced well. The same holds 
for the decrease from Cr to Mo. The computed shift for the 
tungsten complex is again somewhat too large (by ca. 14 
ppm). As for PH3, the positive coordination shift is due to 
increased However, 611 decreases by ca. 20-30 ppm 
and thus reduces the change in 6,. The same change in 
sign of the shift anisotropy is found upon coordination as 
for PH3. 

Excellent agreement with the experimental isotropic 
shifts is also found for Cr(C0)5PF3 and Mo(CO)~PF~,  and 
thus the positive coordination shift of PF1 is also repro- 
duced correctly. Judging from the experimentally observed 
trends for the other ligands, the shift decrease from Mo(C- 
0)5PF3 to W(CO)5PF3 is again underestimated (Figure l), 
but the direction should be correct. The coordination shift 
is again due to an increase in 6,, partially compensated by 
reduced 611. This reduction of 611 (ca. 60-70 ppm) is con- 
siderably more pronounced than for the trimethylphos- 
phane ligand (see above). Both 6, and 611 decrease some- 
what from Cr to W The increase in shift anisotropy upon 
complex formation is even larger than with PH3 [but in con- 
trast to PH3 and P(CH3)3, the sign of the anisotropy is al- 
ready positive for free PF3 and PC13]. 

The computed shift for Cr(CO)5PC13 also agrees reason- 
ably well with experiment (20 ppm too large), and thus the 
negative coordination shift of PC13 is also reproduced cor- 
rectly. The decrease from Cr to W appears to be too small, 
and thus the error is signficant (Sf,.,'. is 60 ppm too large) 
for W(CO)5PC13 (Figure 1, Table 4). In contrast to PH3, 
P(CH3)3 or PF3, 6, either increases much less or increases 
slightly upon complex formation, and there is a strikingly 
large decrease of 611 (by ca. 150-190 ppm). Thus, obviously 
the various contributions to the tensor elements must be- 
have quite differently for PC13 than for the three other phos- 
phane ligands (cf. below). The decrease of both 6, and 611 
from Cr to W is similar as for the PH3, P(CH3)3, and PF3 
complexes. The increase in the shift anisotropy upon com- 
plex formation is very similar for PF3 and PCI3. 

B. LMO Analysis of the 31P Shielding Tensors 

To obtain more insight into the reasons for the above 
trends, we have broken-down the absolute shielding tensors 
of the free ligands and of the complexes into contributions 
from the individual localized orbitals (LMOs) employed in 
the IGLO procedure"]. Results for each ligand and its chro- 
mium complex are given in Tables 5-8. The results of the 
breakdown for free PH3 and PF3 are qualitatively similar 
to but quantitatively different from those obtained at the 
CHF(IGL0) level by Kutzelnigg et al.[']. In particular, our 
phosphorus L shell contributions are considerably more 

[*I See footnote on p. 538. 

positive and more invariant to changes in the chemical en- 
vironment, whereas the P-X bond contributions (and the 
phosphorus lone-pair contribution for PH3) are more nega- 
tive and more variable. This is mainly due to our slightly 
different localization scheme (cf. computational details sec- 
tion). However, neither the overall chemical shifts nor the 
results of the qualitative interpretation are affected much by 
the localization procedure. One should keep these inherent 
ambiguities of an LMO separation in mind and refrain 
from overinterpretation of the results. While the phos- 
phorus K shell contribution is constant at 516.3 ppm for all 
species considered, the L shell contributions vary over a 
range of ca. 40 ppm and are not completely isotropic. How- 
ever, compared to changes in other contributions, these 
variations are minor, and we will not consider them in the 
following. 

Table 5. LMO Analysis of phosphorus shielding tensors (pprn) for 
free and metal-bound PH3a 

LMO PH3 Cr(CO)bPH3 

U l  011 0,. UI 011 

K shell{P) 516.3 516.3 516.3 516.3 516.3 

L shell(P) 332.9 359.2 341.6 327.5 349.7 

JxBd(P-H) -120.5 -347.1 -196.1 -110.1 -361.7 

LP(P)/Bd(P-M) -135.6 19.0 -83.9 -271.4 15.3 

CAO(M) -37.9 26.2 

Cb 593.2 547.4 577.9 425.0 545.8 

Total:' 593.2 547.3 577.9 421.5 549.6 

516.3 

335.2 

-194.0 

-175.8 

-16.6 

465.1 

464.2 

a Our notation is: Bd = bonding LMO, LP = lone-pair LMO, 
ZAO(M) = sum of metal-centered LMO contributions. - Sum 
of listed contributions. - Sum of all contributions. 

For free PH3, the P-H bond contributions are deshield- 
ing, particularly for oil (Table 5). The phosphorus lone-pair 
contribution is deshielding for cs, but slightly shielding for 
011 (this is similar to the carbon or oxygen lone-pair contri- 
butions in free CO[i317]). Upon coordination, the P-H 
bond contribution remains almost constant, but the contri- 
bution from the phosphorus lone-pair LMO (now being a 
P-M bonding orbital in the complex) to oL becomes con- 
siderably more deshielding. A small additional deshielding 
contribution to o, comes from metal-centered d and (n-l)p 
orbitals, similar to what is found for the I3C shielding ten- 
sors in the hexacarbonyl complexes[17]. Neverthelcss, the 
bulk of the positive coordination shift for PH3 is due to 
changes in only one LMO, the phosphorus lone-pair, which 
is transformed to a P-M bond upon coordination. This 
situation differs somewhat from the 13C coordination shifts 
of carbonyl l igand~"~]  or of the other phosphane ligands 
discussed below, where several LMO contributions change. 
The coordination shifts of PH3 may thus be rationalized 
somewhat easier than those of the other ligands. 

The deshielding contributions from P-C bonds (to csI 
and 011) and phosphorus lone-pair (to csl) for free P(CH3)3 
(Table 6) are larger than the corresponding P-H bond and 

Chem. Ber. 1996,129, 535-544 539 



M. Kaupp FULL PAPER 
lone-pair contributions for PH3 (Table 5), and they are aug- 
mented slightly by deshielding C-H bond contributions. 
As for PH,, the coordination shift is dominated by the more 
deshielded crI contribution from the phosphorus lone-pair 
(P-M bond) LMO. However, the change is only ca. 60 ppm 
for (T,,,, compared to ca. 90 ppm with PH3, and the P-C 
bond and C-H bond contributions become slightly more 
shielding. Therefore, the overall deshielding coordination 
shift is smaller than for PH3. 

The deshielding contributions to (s(”P) in free PF3 are 
also due to the P-X bonds and to the phosphorus lone- 
pair (Table 7). Both sets of LMOs are much more deshield- 
ing than for PH3 and also more than for P(CH3)3 (cf. Tables 
5, 6). Complex formation increases the deshielding contri- 
butions from the phosphorus lone-pair (now P-M bond- 
ing) LMO by almost the same amount as for PH?, and the 
moderate additional deshielding due to metal-centered or- 
bitals is very slightly larger than for PH3 or P(CH3)3. How- 
ever, the contributions from the P-F bonds decrease by ca. 
30 ppm, and the fluorine lone-pair contributions become 
somewhat more shielding. As a result of this partial com- 
pensation, the overall positive coordination shift for PF3 is 
ca. 40 ppm smaller than for PH,, but still somewhat larger 
than for P(CH3),. 

The P-C1 bonding LMOs in PC13 are even more de- 
shielding than the P-F bonds in PF3, whereas the phos- 
phorus lone-pair IS slightly less deshielding (Table 8). The 
chlorine lone-pairs make a significantly deshielding contri- 
bution in contrast to the fluorine lone-pairs in PF3. Upon 
coordination, the deshielding phosphorus lone-pair (P-M 
bonding) contribution to oI increases even more than for 
PH3 and PF3. However, the P-Cl bonds become much less 
deshielding (this holds for both o1 and oil), the metal-cen- 
tered LMOs are distinctly shielding, and the chlorine lone- 
pairs become slightly less deshielding. These contributions 
overcompensate the change in the phosphorus lone-pair 
contribution and result in an overall negative coordination 
shift for PC13. The large shielding contributions (mainly to 
011) from the “metal-centered’’ orbitals in the PC13 com- 
plexes (Table 8) contrast to corresponding deshielding ef- 
fects found for the other three ligands (cf. Tables 5-7). The 
very large contributions from metal-centered LMOs may 
also partly account for the relatively large errors in our cal- 
culated shift for W(CO)5PC13, as spin-orbit splitting of the 
5d and 5p orbitals should appreciably modify these interac- 
t i o n ~ “ ~ ] .  

Table 8. LMO Analysis of phosphorus shielding tensors (pprn) for 
free and metal-bound Pel3. Cf. footnotes to Table 5 

Table 6. LMO Analysis of phosphorus shielding tensors (ppm) for 
free and metal-bound P(CH3)3. Cf. footnotes to Table 5.  LMO PCln Cr(C0)SPCln 

m l  011 gat, VI q oat> 

K shell(P) 516.3 516.3 516.3 516.3 516.3 516.3 

516.3 516.3 351.9 380.3 361.3 343.4 370.5 352.6 I{ shell(P) 516.3 516.3 516.3 516.3 

L-shell(P) 332.2 356.7 340.0 329.4 346.0 334.8 3xBd(P-C1) -459.4 -634.8 -518.0 -358.3 -559.5 -425.4 

3xBd(P-C) -216.6 -488.8 -307.4 -204.8 -484.4 -298.0 LP(P)/Bd(P-M) -304.1 20.7 -195.9 -468.5 17.0 -306.7 

LP(P)/Bd(P-M) -217.6 18.2 -139.0 -303.7 14.0 -197.8 CLpjcl) -46.0 -91.6 -61.5 -32.2 -102.4 -50.2 

2.3 1U6.S 37.2 

LMO P(CH3)3 Cr(C0)5P(CH.i)3 

ai 011 oan Oi 01, R.. 

CBd(C-H) -13.0 -32.2 -19.8 1.1 -25.7 -8.2 -~-Ao(M) 

c 58.6 190.9 102.2 4.7 348.7 123.8 
CAO (M) -38.6 23.9 -17.7 

C b  401.3 369.2 390.1 299.6 390.1 329.4 
Total: 58.2 190.7 102.3 6.1 345.7 121.6 

Total:‘ 400.7 369.4 390.2 297.3 392.0 328.9 ~ 

Table 7. LMO Analysis of phosphorus shielding tensors (pprn) for 
free and metal-bound PF3. Cf. footnotes to Table 5 

K shell(P) 516.3 516.3 516.3 516.3 516.3 216.3 

L shell(I‘) 362.3 397.2 374.0 361.3 393.2 371.9 

3xBd(P-F) -390.5 -520.0 -433.7 -355.0 -493.7 -400.5 

LP(P)/Bd(P-M) -352.9 20.1 -228.6 -506.0 16.7 -331.8 

CLP(F)  23.0 -37.1 1.9 45.8 -24.3 22.5 

CAO(M) -48.0 28.2 -23.5 

c 158.2 376.5 230.9 14.4 436.4 154.9 

Total: 158.0 376.6 231.0 15.1 436.6 155.6 

The considerably increased shift anisotropy values upon 
coordination are due to more deshielded o1 for PH1, due 
to both more deshielded oI and more shielded 011 for PF3 
and P(CH&, and largely due to more shielded 0 1 1  for PCI3. 
These differences reflect mainly the relative importance of 
P-X bonding and phosphorus lone-pair LMO contri- 
butions (and of metal-centered LMO contributions as well) 
for these systems. The observed increase in shielding when 
going from Cr to Mo to W is dominated by reduced de- 
shielding contributions form the P-M bonding LMO for 
the PH7, P(CH3),, and PF3 complexes. This parallels our 
results for the I3C shielding in the hexacarbonyl complexes, 
where the C-M bonding LIMO is responsible for the same 
“triad effect”[17]. Matters are more complicated for the PCl? 
complexes, where P-Cl bonding LMOs become more de- 
shielding from Cr to Mo whereas the metal-centered LMOs 
(and the P-M bond) become more shielding. 
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C. Analysis of 31P Shielding Tensors in Terms of Canonical 
MOs 

As calculations at the same basis-set level, but with a 
common gauge origin at the phosphorus nucleus, give re- 
sults in reasonable agreement with the IGLO-based ones 
(deviations are typically in the 20-ppm range) and repro- 
duce the important trends as well, it is also possible to carry 
out an analysis in terms of canonical orbitals. This allows 
the connection to the known MO diagrams of the ligands 
to be made (a similar analysis for free PF3 has previously 
been given at the CHF 

Valence MO schemes for the ligandsL4l1 are shown in Fig- 
ure 2. The HOMO has in all four cases mainly phosphorus 
nonbonding character and is related to the lone-pair LMO 
discussed above. For PH3 (Figure 2a), the next lower MOs 
(2e, 4al) have P-H bonding character, whereas halogen- 
centered nonbonding MOs (la2, 6e, 5e) are inserted above 
the P-X bonding levels (7al, 4e) for PF3 and PC13 (Figure 
2b, c). Indeed, as shown in Table 9, the P-X bonding MOs 
(2e for PH,, 7al, 4e for the other ligands) and the P non- 
bonding MOs (5al or 8a1, respectively) account for the 
major deshielding contributions to the 31P shielding tensors 
in the free ligands (the phosphorus K shell contributions 
are 516.3 ppm, identical to the LMO analysis, the L shell 

- 
5% 

- 
. 2e 
- 

- 
4% - 

Figure 

a) 

2. Frontier MO diagrams based on the KS 
4 

MOs used for 
PH3. b) PFj. C) 

-"., 

t 6a. 

contributions are ca. 388 ppm). Their relative importance 
does of course not exactly reflect the LMO results, as each 
canonical MO is related to several LMOs and vice versa. 

Compared to PH3, the gap between the most important 
occupied and empty levels in PF3 is larger (cf orbital ener- 
gies in Figure 2b, a). Therefore, an explanation for the 
larger 31P shift in PF, via the (AIR?-' factor of the Ramsey 

[or of individual (AQ- '  factors in the present 
sum-over-states ansatz] is unlikely. As the angular-momen- 
tum factors should also be smaller for PF3[431, the larger 
paramagnetic contributions are probably best described as 
due to larger r - 3  factors with the more electronegative flu- 
orine substituents. PC13 exhibits still larger paramagnetic 
contributions than PF3, in spite of presumably smaller r P 3  
factors. The much smaller gap between occupied and vir- 
tual levels [and thus larger (BE)-' factors] is the most prob- 
able cause (cf. Figures lc, b). With X = CH3, the gap be- 
tween occupied and virtual MOs is smaller than with X = 
H (Figure 2d), and in particular there is a large set of low- 
lying virtual MOs. This is probably the reason for the larger 
31P shift of P(CH& compared to PH3. The number of oc- 
cupied MOs contributing to the shielding tensor for free 
P(CH& is also larger (besides large contributions from the 
8al and 6e MOs, the 7al, 4e, and 5e MOs are also signifi- 

the chemical shift 
PC13. d) P(CH,), 

calculations (cf. computational details section). 
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cantly involved) than for PF3 and PC13. In the complex too 
many orbitals contribute, and the MO breakdown ceases to 
be useful. We have thus omitted the canonical MO analysis 
for P(CH3)3. 

Comparison between the free ligands and their chro- 
mium complexes (Table 9, symmetry labels refer to the free- 
ligand origin of a given MO) indicates that for PH3 all 
major valence MOs become more deshielding upon coor- 
dination. For PF3, the “8al” MO becomes slightly more 
shielding and the others considerably more deshielding. Fi- 
nally, for PC1, the “4e” and ‘%al” MOs become more 
shielding (this indicates, e.g., that the ‘%al” MO shares con- 
tributions from both the P-X bonding and the P lone-pair 
type LMOs discussed in the preceding section), and only 
the “7al” MO is somewhat more deshielding in the com- 
plex. 

Table 9. Major deshielding canonical MO contributions to 31P 
shielding tensors 

”2e” -38.9 -403.1 -160.3 -193.2 -247.0 -211.3 

”5al” -284.6 13.7 -185.1 -334.2 10.1 -219.4 

Total: 590.5 536.1 572.4 440.0 552.1 477.4 

MO PF3 Cr(C0)SPFs 

01 011 car; UI UII 0av 

”4e” -148.3 -273.8 -140.7 -185.0 -440.7 -268.9 

”7al” -63.6 8.5 -39.5 -144.3 7.4 -93.7 

”8al” -503.4 10.7 -332.0 -440.8 7.3 -291.4 

Total: 181.6 385.0 249.4 41.1 468.8 183.7 

MO PC13 Cr(CO)sPC13 

01 011 VTa” 01 011 

”4e” -770.2 -225.0 -406.7 -545.8 -167.7 -193.7 

”7al” -175.9 8.3 -114.5 -202.7 3.5 -134.0 

”8al” -464.7 5.9 -307.8 -360.1 3.7 -238.8 

Total: 56.5 186.9 100.0 362.5 23.4 136.4 

a Obtained from calculations with common gauge origin at the 
phosphorus nucleus. MO symmctry labels are those appropriate 
for the free ligands (cf. Figure I). The phosphorus K and L shell 
contributions are +516.3 and ca. +388 ppm, respectively. Only MO 
contributions to uav more deshielding than -30 ppm have been 
considered. 

It is notable that essentially all of the major contributing 
occupied MOs are stabilized upon coordination (on the av- 
erage by ca. 0.05 a.u.). Thus, the positive coordination shifts 
for PH,, PF;, or P(CH& may not be attributed to reduced 
(AE- I )  factors in the sum-over-states expression for para- 
magnetic shielding via destabilization of occupied levels. 
More likely, the larger number of low-lying virtual levels 
and increased rP3 factors (population analyses clearly sup- 

port net charge donation from the ligands to the metal frag- 
ments) account for the deshielding upon coordination. 
Further breakdown of the sum-over-states expression into 
contributions from individual electronic excitations shows 
that for the free ligands only the lowest-lying virtual or- 
bitals are important for the shielding tensors. This changes 
dramatically upon complex fctrmation. While the contri- 
butions from the most important occupied “ligand” MOs 
are still recognizable (Table 9) and augmented by metal- 
dominated MO contributions, the number of contributing 
low-lying virtual orbitals increases sharply (also cf. 
This prohibits a detailed analysis of the computed trends in 
terms of just a few individual electronic excitations. 

D. Comparison to 31P Protonation Shifts 
Several authors have drawn parallels between the 31P 

shifts of phosphane ligands and the shift changes upon pro- 
tonation of these p h o s p h a n e ~ l ~ ~ ~ ~ l .  Thus, it is of interest to 
examine to what extent protonation shifts may serve as mo- 
dels for coordination shifts. Table 10 shows the computed 
shielding tensors for the protonated ligands and results of 
the corresponding LMO analyses. Compared to the exper- 
imental values of - 16 and -87 p ~ m [ ~ ~ I ,  the computed pro- 
tonation shifts for PF, and PC13 of -78 and -140 ppm, 
respectively, are too negative. The protonation shift for PH3 
is calculated to be +98 ppm [in good agreement with 
CHF(IGL0) results[’]] compared to an experimental value 
of + 139 ~ p m [ ~ ~ ] .  The best agreement between calculation 
and experiment (+38 vs. +59 p ~ m [ ~ ~ ] )  is found for the pro- 
tonation shift of P(CH3I3. Thus, the computed shifts for 
the protonated species are generally lower than experiment. 
However, the experimental values have been obtained in 
solution, and for these ionic species the gas-liquid shift may 
be large. 

It is immediately obvious from a comparison of the data 
in Table 10 to those of Tables 5-8, that the changes upon 
protonation and upon coordination to a M(C0)5 fragment 
are very different. While the protonation shifts of PH3 and 
P(CH3)3 are positive, those of PF, and PC13 are both nega- 
tive (for PF3, the coordination shift is positive). More im- 
portantly, compared to the changes upon coordination 
(Tables 5 -8), the tensor elements are affected differently. 
Thus, for PF3 and PC13 protonation leads to more shielded 
oI but less shielded 011 (Table 10). For PH3 and P(CH3),, 
all components become more deshielded. 

The LMO analysis (Table 10) indicates that protonation 
of the phosphorus “lone-pair’’ reduces the deshielding con- 
tributions from this LMO to oL, except for PHZ [coordi- 
nation to M(C0)5 generally increases this contribution, cf. 
Tables 5-81. The contributions from the P-X bonds be- 
have very irregularly. They become more deshielding to o1 
and more shielding to for PH3, vice versa for PF, and 
PC13, and generally more deshielding for P(CH3),. The hal- 
ogen lone-pair LMOs also become more shielding. Thus, 
most LMO contributions change in the opposite direction 
upon protonation compared with binding to a transition- 
metal fragment. The structural changes (of both angles and 
bond lengths) upon protonation are more dramatic than 
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Table 10. LMO Analysis of 31P shielding tensors (ppm) for proto- 
nated phosphanes. Cf. data for unprotonated ligands in Tables 5-8 

LMO PH4+ 

6," 

K shell(P) 516.3 

L shell(P) 329.6 

3xBd(P-X) -280.6 

Bd(P-H) -93.6 

CBd(C-H) 

PH(CH3)3+ 

UL U ( (  'Tau 

516.3 516.3 516.3 

338.5 331.4 336.2 

-339.4 -526.3 -401.8 

-143.3 9.8 -92.3 

2.8 -25.3 -5.6 

Total: 471.6 374.8 305.7 351.8 

K shell(P) 516.3 516.3 516.3 516.3 516.3 516.3 

L shell(P) 368.2 385.9 374.1 343.6 360.2 349.0 

3xBd(P-X) -371.7 -602.9 -449.3 -399.4 -705.3 -501.1 

Bd(P-H) -262.0 11.2 -170.9 -233.1 10.9 -151.9 

CLP(X) 77.0 -10.9 47.7 66.7 -45.3 29.4 

Total: 328.1 299.5 318.6 294.5 136.3 241.8 

for the coordination to an M(CO)5 fragment. This holds 
particularly for PH3, where the H-P-H angle of 92" con- 
trasts to 109.5" in tetrahedral PHZ, and also for P(CH& 
(cf. Tables 1, 3). Therefore, the structural effects on the pro- 
tonation shifts are also more pronounced. A calculation on 
PHB with the optimized P-H distance of 1.393 A but with 
a C3, arrangement (the smallest H-P-H angles being 92") 
gives D~ = 511 ppm, (311 = 555 ppm, and ow0 = 526 ppm. 
Hence, the bond-angle changes contribute ca. +50 ppm to 
the protonation shift of +lo0 ppm. Somewhat less pro- 
nounced structural effects pertain to PF3 and PC13. 

111. Conclusions 

The results of the present study confirm that 31P coordi- 
nation shifts of substituted phosphdne ligands in transition- 
metal complexes are not easily interpretable. The detailed 
electronic structure of the ligand has to be taken into ac- 
count, and a considerable number of orbitals may be in- 
volved in changes of the shift tensors. Nevertheless, some 
useful generalizations have been obtained: When, within the 
framework of an LMO analysis, the coordination shift is 
dominated by the contributions from the phosphorus lone- 
pair/P-M bonding orbital, as for PH3 and P(CH3)3 (and 
probably for trialkyl- or triarylphosphanes in general), the 
coordination shift is positive- due to increased deshielding 
of this LMO (via oJ. Contributions from the P-X bonds 
become increasingly more shielding upon coordination 
along the series PH3 < P(CH,), < PF1 < PC13. For trichlo- 
rophosphane these changes, augmented by metal-centered 
LMO contributions, finally overcompensate the changes in 
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the phosphorus lone-pair contributions, and the coordi- 
nation shift is negative. Metal-centered LMO contributions 
are shielding for PC13 complexes but predominantly de- 
shielding for the other ligands. This observation will require 
further investigation. The shift anisotropy generally in- 
creases considerably upon coordination, and it decreases 
slightly from Cr to Mo to W. The decrease of the isotropic 
shift along the same series is due to a corresponding de- 
crease in the deshielding contributions from the P-M 
bonding LMO for the PH3, P(CH&, and PF3 complexes 
(in analogy to results for the 13C shifts for CO ligands"']). 
A larger number of LMO contributions change for the 
PC13 complexes. 

Protonation shifts are poor analogues to the coordi- 
nation shifts. The parallel and perpendicular shift tensor 
elements are affected in an almost consistently opposite way 
by protonation compared with the coordination to a tran- 
sition-metal fragment. The structural changes induced by 
protonation are also much larger than those due to the 
complex formation. I t  is thus gratifying that the combined 
ECPISOS-DFPT approach allows the direct and accurate 
calculation of the 31P ligand chemical shifts in transition- 
metal complexes. The somewhat larger deviations from 
experiment for the tungsten complexes will have to be 
examined to improve the calculations. Possibly, spin-orbit 
coupling has to be included for the 5d metal, and work 
along these lines is in progres~~~*].  In view of the consider- 
able importance of "P-NMR spectroscopy in transition- 
metal the availability of a reliable tool for the 
calculation of phosphorus chemical shifts is encouraging. 
Apart from providing a better understanding of the rules 
that determine the chemical shifts, these new methods are 
also expected to be helpful in solving structural or mechan- 
istic problems. 
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