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95Mo NMR Spectroscopic Evidence for the Weak x-Acceptor Ability of PC13 
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Stepwise-displaced molybdenum carbonyl complexes Mo(C0)6-,Lfl (n  = 1-3) of chlorosubstituted phosphine 
ligands PPh3-,Clm (m = 0-3) were prepared and studied by 95Mo, 3'P, and I3C NMR spectroscopies. The 
extremely deshielding influence of the PCl3 ligand (and related ligands) on the transition metal NMR chemical 
shift and the shielding trend on the 31P NMR resonance position indicate that this putatively strong n-acceptor is 
actually a weaker n-acceptor than all other phosphorus ligands employed (except for PBr3). This conclusion is 
consistent with I3C NMR and IR spectroscopic results for all the complexes and is also in agreement with the 
known very weak bond strength of M-PCl3 in Mo and Ni carbonyl complexes as well as a theoretical calculation. 
The traditionally used infrared parameters for phosphine-substituted metal carbonyls are not suitable for evaluating 
the a- and n characters of trans phosphorus ligands because both a weaker a-donor and a stronger n-acceptor 
would lead to a high carbonyl vibrational frequency. The expectation of very short Mo-PCl3 and Mo-PBr3 
bond distances (consistent with literature X-ray crystallographic results for a few related transition metal complexes), 
coupled with the evidence for the low n-acceptor ability of these phosphorus ligands, leads to an unconventional 
conclusion: a weak a-donor may form a short M-P bond with weak bond strength in the absence of a n-bonding 
contribution. It is also concluded that the 31P NMR chemical shift, or coordination chemical shift Ad(3'P), can 
reflect the electronic and steric variations in Mo-P bonding: both n- and a-bonding will increase the A c ~ ( ~ ' P )  by 
inducing a deshielding effect on the 31P nucleus, while steric effects decrease the A6(3'P) by inducing a shielding 
effect. 

Introduction 

The phosphine ligand Pc13 has been considered a good 
n-acceptor on the basis of the high trans carbonyl stretching 
force constants' and metal-phosphorus NMR coupling 
constantsla$* observed for its metal complexes. In most 
inorganic chemistry text books this ligand is still treated as a 
good n-acid like PF3 or the phosphites. Although its weak 
bonding ability was recognized via kinetic studies over 30 years 

the conclusion, derived initially from IR parameters, about 
the strong n-acceptor ability of PC13 has not been modified. 
Recently, Braga proposed, on theoretical grounds: that the Pc13 
ligand is a weak n-acceptor. The QALE method (quantitative 
analysis of ligand  effect^)^ suggests it is a pure a - d ~ n o r . ~ ~  
However, no experimental evidence has been presented. Many 
theoretical studies have been carried out to evaluate the 
electronic effects of trivalent phosphorus ligands and their metal 
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carbonyl complexes, and most researchers pay more attention 
to PF3, PH3, CO, and PMe3.6 Two other theoretical studies' of 
the PCl3 ligand did not show significant difference between Pc13 
and PF3. It appears that IR parameters and bond distances are 
the two most commonly used indicators for judging the n 
character in M-P bonding of OC-M-P complexes; Le., it is 
generally thought that the higher the VCO, the more n character 
there is in M-P bonds; or the shorter the M-P bond distance, 
the more ~t character, and the stronger the M-P bond should 
be. As pointed out in other related papers,6ss however, vco and 
bond distance may not be reliable parameters in evaluating the 
electronic nature of M-P bonding. The remarkable deshielding 
behavior of the PCl3 ligand compared with most other trivalent 
phosphorus ligands indicates that the transition metal NMR 
shielding parameter, d ~ ,  can unambiguously differentiate the 
n-acceptor abilities of  ligand^.^ To verify such an important 
observation, a series of chlorophosphine-substituted molybde- 
num carbonyl complexes, Mo(C0)6-,Lfl (n = 0-3; L = Pc13. 
mPhm, m = 0-3) were synthesized and studied by 95Mo NMR 
spectroscopy. The proposed nature of a- and n-bonding in Mo 
complexes of PCl3 and related ligands, which is further 
supported by 3'P and I3C NMR spectroscopy, is still consistent 
with the earlier misinterpreted infrared data. 
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95Mo NMR Evidence for PC13 as a Weak n-Acceptor 

Table 1. 95Mo NMR Data for Mo(C0)6-,[PC13-,Phm]. ( n  = 1-3, m = 1-3)” 
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no. compound 6 ( 9 5 ~ o )  ( P P ~ )  ’J(M0-P) (Hz) solvent ref 

I Mo( CO)5PC13 -1523 250 MeCsHi I 
I1 cis-Mo(C0)4[PC13]2 - 1206 250 MeCd-h I 
I11 fa~-Mo(C0)3[PC13]3 -9106 25 1 CH2C12 
IV Mo(C0)5PClzPh -1615 197 ClCHzCHzCl 
V c ~ s - M o ( C O ) ~ [ P C ~ ~ P ~ ] ~  -1369 194 ClCH2CHZCl 
VI f~~-Mo(C0)3[PClzPh]3 -1124 198 ClCH2CHzCl 
VI1 Mo(C0)5PClPhz - 1702 165 CDC13 11 
VI11 ci~-Mo(C0)4[PClPh2]z - 1522 166 CDCl3 11 
IX fa~-Mo(CO)3[PClPh2]3 -13206 154 CHzClz 
X Mo(C0)5PPh3 - 1743 137 CHzC12 
XI ci~-Mo(C0)4[PPh3]3 -1556 140 CH2C12 
XI1 ~ u c - M o ( C O ) ~ [ P P ~ ~ ] ~  -1265 120 CHzClz 

XI11 Mo(C0)5PBr3 -1396 242 MeC6Hi i 
XIV cis-Mo(CO)d[PBr3]2 -977 235 CHzClz 
xv fac-Mo(C0)3[PBr3]3 (-500)’ 
XVI M o ( C O ) ~ P F ~  - 186od 284 neat 12 
XVII cis-Mo(CO)dPF3 - 1 860d 28 1 neat 12 
XVIII ~ U C - M O ( C O ) ~ P F ~  -1860“ 290 neat 12 

XIX Mo(CO)5P(OMe)zPh -1816 183 CHzCl2 
xx cis-Mo(CO)d[P(OMe)2Ph]~ - 1740 184 CHzClz 
XXI fa~-Mo(CO)3[P(OMe)zPh]3 -1611 184 CH2C12 

XXII Mo(C0)5w -1398 CH2C12 8c 
XXIII C~S-MO(CO)~(PY)Z - 1053 CHzC12 8c 
XXIV fac-Mo(CO)3(Py)3 -805 PY 8c 

a The line width is a few hundred hertz for XXIII and 5-50 Hz for others. f l  ppm for two experiments. Estimated value due to failure of 
synthesis. -1860 ppm was taken from the original data, which did not differentiate between the complexes. 

Experimental Section 

The molybdenum carbonyl complexes Mo(C0)6-,Ln (n = 
1-3) of PCl3 and related ligands were prepared according to 
published procedures.sa.10 Mo(CO)~(cycloheptatriene), MO(C0)4- 
(2,5norbomadiene), and Mo(CO)5(piperidine) were used as 
precursors to make fuc-, cis-, and mono-displaced Mo deriva- 
tives, respectively, which are listed in Table 1. Complexes 
I-III are yellowish liquids; IV-VIII are soluble yellow solids, 
and IX is a sparingly soluble bright yellow solid. The cis-Mo- 
(C0)4(PBr3)2 and Mo(C0)5PBr3 species are very air sensitive. 
f3-PBr3 could not be made at all despite several attempts. 
Physical measurements were carried out as described in detail 
in a related paper.8a Figure 1 presents the 95Mo NMR spectrum 
for a mixture offuc-Mo(CO)3(PC13)3, cis-Mo(CO)4(PCl&, and 
Mo(C0)5PC13, which was obtained by refluxing an n-octane 
solution containing 0.25 g of Mo(CO)~ and 5 ml of PCl3 
overnight. However, the ml-(mono), c2-(cis), and M-(juc)PCl3 
derivatives have all been synthesized by separate routes and 
unambiguously characterized by 95Mo, 31P, and I3C NMR and 
IR spectroscopies. 

Results and Discussion 

1. 95Mo Nuclear Magnetic Shielding and M-P Bonding. 
The spectroscopic properties of the chlorophenylphosphine 
molybdenum complexes are compiled in Tables 1-4. Literature 
data are included for comparison. The assignments for all 

(10) (a) Darensbourg, D. J.; Brown, T. L. Inorg. Chem. 1968, 7, 959. (b) 
Darensbourg, D. J.; Kump, R. L. Inorg. Chem. 1978, 17, 2680. (c) 
Abel, E. W.; Bennett, M. A.; Wilkinson, G. J. Chem. SOC. 1959,2323. 

(11) Gray, G. M. Inorg. Chim. Acra 1984, 81, 157. 
(12) Bailey, J. T.; Clark, R. J.; Levy, G. C. Inorg Chem. 1982, 21, 2085. 
(13) Mulfinuclear NMR; Mason, J., Ed.; Plenum Press: New York, 1987. 
(14) Stelzer, 0.; Schmutzler, R. J. Chem. SOC. A 1971, 2867. 
(15) Andrews, G. T.; Colquhoun, I. J.; McFarlane, W. J. Chem. SOC., Dalton 

(16) Bodner, G. M. Inorg. Chem. 1975, 14, 2694. 
(17) Poilblanc R.; Bigorgne, M. Z. Anorg. A&. Chem. 1962, 314, 1301. 
(18) Daly, J. J. J.  Chem. SOC. A 1964, 3799. 
(19) Dobson, G. R.; Stolz, I. W.; Sheline, R. K. Adv. Inorg. Chem. 

Trans. 1982, 2353. 

Radiochem. 1966, 8, 1. 

compounds except for the PBr3 derivatives are made with 
confidence by a combination of 95Mo, 31P, and I3C NMR and 
infrared spectroscopies.8a 

The precision for 95Mo chemical shifts is believed to be less 
than 3 ppm according to several repeated measurements for this 
class of complexes (see notes in Table 1 as well as other current 
related 95Mo papersS8) Figure 2 shows the 95Mo resonance trends 
as stepwise displacement of CO is effected by chlorophenyl- 
phosphines and other selected phosphorus ligands and pyridine. 
It can be readily seen that good n-acceptors such as PF3 give 
rise to 95Mo resonances at low frequency because a good 
n-acceptor affects all of the terms of the Ramsey expression 
d~ = (@-I rd-3 (0)L210)6,20 toward the shielding direction. In 
a complex containing a good n-acceptor such as CO and PF3 
(d(95M0) = - 1857 and - 1860 ppm, respectively), delocalized 
metal d, electrons would enlarge the energy gap between the 
ground state and the excited states by lowering the energy level 
of the HOMO, giving a small (hE)-’. In contrast, the “closer 
paramagnetic circulation”20b (d, electrons) in the case of a 
weaker n-acceptor ligand would lead to deshielding on the 
nucleus by affecting all the terms toward high frequency 
(decreased AE and rd and increased (OIL210) due to the larger 
angular momentum of a d electron). Therefore, n-acceptors 
weaker than CO or PF3 should bring, in principle, the metal 
resonance to high frequency. These are the major reasons for 
the observations illustrated in Figure 2. 

It should also be kept in mind that both weak a character 
and steric bulk of ligands also cause deshielding.6*8 A weaker 
a-donor narrows the energy gap by lowering the LUMO (OM* 
or nL*(in MLCT complexes)) level, decreases the overall 
electron density around the resonant nucleus, and makes the 
paramagnetic circulation closer to the metal (small id) .  So, in 
both the cases of weak a-bonding and large steric hindrance, 
all terms of the Ramsey expression are increased in their 

(20) (a) Grieves, R. A.; Mason, J. Polyhedron 1986, 5,  415. (b) Mason, J. 
Chem. Rev. 1987, 87, 1299. (c) Nakatsuji, H.; Sugimoto, M. Inorg. 
Chem. 1990, 29, 1221. (d) Kececi, A,; Rehder, D. Z. Naturforsch. 
1981,368, 20. (e) Rehder, D.; Bechthold, H. C.; Kececi. A,; Schmidt, 
H.; Siewing, M. Z. Natu~orsch.  1982, 378, 631. 
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Figure 1. 95Mo NMR spectrum for molybdenum complexes of PC13 in n-octane: (a) Mo(CO),(PC13); (b) cis-Mo(CO)a(PC13)2; (c) f ~ c - M o ( C 0 ) ~ -  
(Pc13)3. The small triplets occurring at -1160 and -1280 ppm were not identified but may be due to hydrolysis products. 

Table 2. 31P NMR Data for Mo(CO)6-,IPCl3-,Phml, (n = 1-3, m = 1-3)" 
~~ 

no. compound fi(31p)b PPm) A6(3'P)' ppm) solvent ref 

I 
I1 
I11 
IIIm 

IV 
V 
VI 
VIm 

VI1 
VI11 
IX 
X 
XI 
XIt 
XI1 
XI11 
XIV 
XVI 
XVII 
XVIII 
XIX 
xx 
XXI 

152.4 
154.3 
159.9 
164.2 (2) 
160.5 (1) 
167.6 
168.9 
169.3 
175.8 (2) 
170.5 (1) 
123.01 
124.77 
121.2 

38.0 
38.3 
51.8 
35.0 

64.3 
80.4 

147.0 
148.5 
150.6 

176.4 
179.6 
181.0 

-64.1 
-62.2 
-56.4 
-52.2 (38) 
-55.9 (38) 

9.2 
10.4 
10.8 
17.3 (34) 
12.0 (34) 
39.7 1 
41.47 
42.0 

42.9 
43.3 
56.1 
40.0 

- 159.7 
- 148.3 

50 
51.5 
53.5 

17.0 
19.8 
21.6 

11 
11 

13 
14 
14 

15 

a The data for IIIm and VIm were obtained from the side product observation in the I11 and VI substitution reaction. The numbers in parentheses 
are relative intensities. Numbers in parentheses are 2J(P-M-P) coupling constants. 

magnitude.8b The bulkiness of a ligand may decrease the 
average energy gap by splitting the degeneracies of d orbitals 
under geometric distortion or make the a-bond weaker due to 
an extended M-P bond.8a The high-frequency shift, therefore, 
would result from any one or a combination of the above three 
ligand effects, weaker o, weaker n, and larger steric bulk. 
Figure 2 shows exactly such a pattern of shielding. The 
molybdenum resonances for Pc13 derivatives occur at high 
frequency far from the positions for phosphites and PF3 (right 
side) but close to those for the o-donor pyridine8b,21 (left side). 

Similar experimental data, not included in this paper, for two 
other series of Mo-N complexes (N = amines and nitriles) are 
consistent with a dominant a-ability for nitrogen ligands.22 The 
occurrence of the 95Mo resonance for f3-P(OMe)2Ph at 138 ppm 
to higher frequency relative to that of f3-P(OMe)3 can be 

(21) (a) Cotton, F. A.; Darensbourg, D. J.; Fang, A,;  Kolthammer, B. W. 
S.; Reed, D.; Thompson, J. L. Znorg. Chem. 1981, 20, 4090. (b) 
Reedijk, J. In ref IC, Chapter 13.2, p 73. 

(22) (a) Song, S.-Q.; Alyea, E. C. Unpublished results. (b) Merlic, C. A.; 
Adams, B. J.  Organomet. Chem. 1992, 431, 313. 
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Table 3. I3C NMR Data for Mo(C0)6-,[PC13-,Ph,],, (n = 1-3, m = 1-3) 
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no. compound W3C)  (ppm) W 3 C )  (PPm) 2J(C-P) (Hz) solvent ref 

I 

I1 

I11 
IV 

V 

VI 
VIm 

VI1 

VI11 

IX 
X 

XI 

XI1 

201.1 

206.0( 1) 
200.7(4) 
207.8 
202.7 
208.6 

208.3( 1) 
203.0(4) 
210.2(2) 
204.9(2) 
211.6 
209.1( 1) 
203.7(2) 

209.4( 1) 
202.3(4) 
212.3 
207.7 
215.8 

210.2(1) 
205.6(4) 
214.7 
209.6 
219.1 

5.5 
0.7 
6.6 
1.5 
7.2 

7.2 
2.0 
9.1 
3.8 

10.5 
11.1 
5.7 

8.3 
3.4 

11.4 
6.5 

14.7 

9.4 
4.9 

14.3 
9.3 

18.0 

66 
11 
56 
12 

50 
10 
16 
11 

10(¶Y 
11(¶) 
31.5 
10 

23 
9 

CH& 

CHzC12 
CHzC12 

CH2C12 

CDC13 

CDCl3 

CHzClz 

CHC13 

CHiClz 

CHzClz 

11 

11 

16 

a "q" in the parentheses represents quartets observed. 

Table 4. uco (cm-I) Data for Mo(C0)6-,[PCl3-,Ph,ln (n = 1-3, m = 1-3) 

no. compound AI"' BI B2 E refc 

MO(CO)~ 21 18* 17 
I Mo(C0)5PC13 2095 200 1 2013 1988 1 Oa 
I1 c ~ s - M o ( C O ) ~ [ P C ~ ~ ] ~  2072 2004 1994 1986 18 
I11 ~ u c - M o ( C O ) ~ [ P C ~ ~ ] ~  2040 1983 CHzClz 

IV Mo(C0)5PClzPh 2086 1 969b 201 1 1 969b CH2C12 
V ci~-Mo(C0)4[PCl~Ph]2 2052 1980 1960 1942 CHzClZ 
VI fac-M0(C0)3[PClzPh]3 2016 1943 19 
VI1 Mo(C0)5PClPh2 208 1 1969 2020 1962 11 
VI11 cis-Mo(C0)4[PClPh2]2 2035 1950 1925 1907 CH2Cl2 
IX fa~-Mo(CO)3[PClPh2]3 1977d 1885d 19 

X Mo(C0)5PPh3 2073 1952 1984 1952 17 
XI ci~-Mo(C0)4[PPh3]2 2022 1929 191 1 1899 18 
XI1 fa~-Mo(C0)3[PPh3]3 1948 1848 Nujol 

a AI, mode. The AI( 1) mode should be greater than 1969 cm-I (estimated 1984 cm-I) and the E mode smaller than 1969 cm-l despite the 
unresolved bands. The uco data for most compounds in this table have been reported except those for IV, V, and VIII, and the values for I11 and 
XI1 were remeasured in this work. dThe  values recorded in this work, in Nujol, were 1971 and 1883 cm-I. 

attributed to the weaker n character and/or larger cone angle 
for the former ligand. The generally increasing size of ligands, 
as indicated by cone angle values, from right to left at the top 
of Figure 2, demonstrates that the deshielding trend is at least 
partially due to steric Evidently, the more deshielded 
resonance for f3-PPh3 (ligand cone angle 145" 2 3 )  as compared 
to f3-PClPh2 (smaller ligand cone angle, 138", 23 and weaker 
a-donor than PPh3) indicates the extra steric effect of a phenyl 
group relative to a C1 atom in this crowded complex. Therefore, 
the surprisingly high frequency position of 6(95Mo) for the Pc13 
(cone angle 124" vs 145" for PPh3) and PBr3 (cone angle 131") 
derivatives can only be explained by the combination of 
immeasurably low basicity (weaker a character) and very low 
n-acceptor ability. As a matter of fact, the dramatic deshielding 
effect of chlorophosphines has been observed previously in 
several other transition metal complexes,24 some of which clearly 
show no significant steric effects.24d The reported 6(95Mo) = 
-1885 ppm for f3-PC1325 was most likely due to spectral 
foldover due to insufficient spectral width. The observation, 

(23) Tolman, C. A. Chem. Rev. 1977, 77, 313. 

here, of 95Mo chemical shift values for the four complete 
displacement series for PPh3-,Clm (m = 0-3) and the two PBr3 
derivatives, as well as the corresponding 31P, I3C, and vco 
parameters (vide inffa), verify the authenticity of the extreme 
high-frequency position of the resonances for the PCl3 com- 
plexes. Therefore, we have confirmed that chlorophosphines 
have very weak n-acceptor ability as well as weak a-donor 
ability. This is in agreement with earlier reports of the low 
~ t r e n g t h ~ ~ , ~ ~  of the Mo-PCl3 bond and the facile exchange3" of 
the PCl3 ligand. 

(a) Kidd, R. G.; Goodfellow, R. J. In NMR and Periodic Table: Harris, 
R. K., Mann, B. E., Eds.; Academic Press: London, 1978; Chapter 8 
and references therein. (b) McFarlane, H. C. E.; McFarlane, W.; 
Rycroft, D. S .  J. Chem. Soc., Dalton Trans. 1976, 1616. (c) McFarlane, 
W. J.  Chem. SOC., Dalfon Trans. 1974,324. (d) Hao, N.; McGlinchey, 
M. J.; Sayer, B. G.; Schrobilgen, G. J. J.  Magn. Reson. 1982, 46, 
158. 
Dysart, S . ;  Georgii, I.; Mann, B. E. J.  Organomet. Chem. 1981, 213, 
c10. 
(a) Mukerjee, S .  L.; Lang, R. F.; Ju, T.; Kiss, G.; Hoff, C. D. Inorg. 
Chem. 1992, 31, 4885. (b) Nolan, S. P.; Vega, R. L.; Hoff, C. D. 
Organometallics 1986, 5, 2529. (c) Daamen, H.; Van Der Poel 
Stufkens, D. J.; Oskama, A. Thermochim. Acta 1979, 34, 69. 



3868 Inorganic Chemistry, Vol. 34, No. 15, 1995 

Mo(CO),(PY,),, n=1, 2(cis) and 3(fac) 

Alyea and Song 

Repeated attempts to grow a single crystal for any of the 
chlorophosphine-molybdenum derivatives in Table 1 have been 
unsuccessful. Relevant structural data reported in the literature 
have nevertheless confirmed the above prediction. The M-P 
bond distances in the [(v5-C5H5)( 1,2-C6H4(PMePh)2)Fe(PC13)]- 
ClZ8 complex are 2.06(1) and 2.205( 8) 8, for Fe-P(C1) and 
Fe-P(aryl), respectively. The value of 2.06 8, is the shortest 
known M-P bond distance thus far reported. The Cl-P-C1 
angle is 98.2(5)", which is 2" smaller than 100.3" for free 
PC13.7c.23329 This compressed C1-P-C1 angle is most likely 
related to the electronic nature of a-bonding. An "effective cone 
angle" for the PCl3 ligand in the above Fe complex can be 
estimated to be 129" if the M-P bond distance of 2.06 A, 
instead of 2.28 A (adopted by Tolman for Ni complexesz3), is 
used in Tolman's calculation. The Mo-PC13 bond length is 
probably about 2.3-2.4 8, (22.28 A) by comparison to the bond 
distance of Mo-PF3 (2.369 8,) in M o ( C O ) ~ P F ~ . ~ ~  Therefore, 
the original cone angle value of 124" for PC13 is still applicable; 
and the remarkable high-frequency resonances for Mo-PC13 
complexes are primarily caused by electronic, not steric, effects. 
In another complex, (v4-C5H5-5-CC13)Re(NO)(PPh3)(PC12Ph), 
the Re-PC12Ph bond distance of 2.311(3) 8, is much shorter 
than the Re-PPh3 bond distance of 2.414(2) 8, in the same 

The only known crystal structure of a group VI 
metal carbonyl complex of a phosphorus trihalide other than 
Mo(C0)5PF3 is Cr(CO)sPBr3.31b The Cr-P bond length of 
2.263(3) 8, was observed to be the shortest one of all known 
complexes with the (OC)5Cr-P fragment. It is even much 
shorter than the Cr-P distance of 2.309(1) 8, for Cr(C0)S- 
(P(OPh)3), in which the phosphite ligand is a strong n-acceptor. 
Moreover, the P-Br bond length of 2.208(3) 8, in the Cr 
complex is slightly shorter than that in the free ligand (2.220(3) 
A3lc). This cannot be explained by Orpen and Connelly's 
work32 in which M-P n-bonding would lengthen the P-X bond 
due to the population of a* orbitals. If the Cr-PBr3 bond 
strength is as weak as that of the analogous bonds in the Mo- 
PC13 and Ni-PCl3 complexes, the shorter Cr-PBr3 bond will 
originate from the ligand weak a-ability, not strong n-inter- 
action. It is, therefore, suggested that weak a-bonding by itself 
can also lead to a short M-P bond distance without the 
supplementary assistance of n-bonding.6 This would appear 
to be the case in the only other known structure of a metal- 
PC13 compound, C13PAuC1, for which no x-bonding is 
expected. 

2. 31P NMR Shielding and M-P Bonding. Like other 
heavy atom chemical shifts, according to theoretical treatments 
of free phosphorus ligands,33 31P NMR chemical shifts are 
thought to arise primarily from variations in the paramagnetic 
contribution from electrons in valence orbitals. In the para- 
magnetic shielding expression for ap, the asymmetry term, 
(OIL210), is divided into two parts as P and D for p orbital (a- 
bonding) and d orbital (n-bonding), respectively: 

Figure 2. Deshielding trends for the 95Mo nucleus with increasing 
degree of displacement (n) in Mo(C0)6-,Ln for various P(II1) ligands 
and pyridine (Py). The values at the top of the figure refer to the Tolman 
cone angles, and those in parentheses are calculated from 162", 
estimated in ref 3c, for PC13. 

Nolan and Hoff attributed the low strength of the Mo-PC13 
bond to a possible effective cone angle of 162" for Pc13 by 
taking into account the intrinsic repulsion between adjacent lone 
pairs on chlorine.3c This explanation would seem to be consistent 
with the 95Mo NMR observations in terms of a steric effect, 
whether along an individual displacement line for a specific 
ligand or in terms of the increased cone angles from right to 
left at top of Figure 2. In particular, the values in parentheses 
(calculated from 162" for PCl3) just make the trend smooth and 
extendable in accordance with the deshielding effect of steric 
crowding as interpreted above. However, the crossover between 
the resonances for f3-PClPhZ and f3-PPh3 complexes firmly 
suggests that the C1 group is less sterically demanding than the 
phenyl group. At the same time, the deshielding effect of small 
nitrogen ligands such as pyridine,8b compared with phosphorus 
ligands, mainly results from an electronic effect, Le., a-bonding, 
not steric bulkiness. The reasons for the low M-P bond 
strengths in chlorophosphine complexes should be attributed 
to both the weak u- and the weak n characters of these ligands. 
It is expected that the Mo-PCl3 bond length should be short 
because of the low electron density on the phosphorus atom 
and low p-character in the lone pair. Therefore the ligand has 
to approach closely to the metal to bond, as observed for the 
shorter M-P bond of cis-Mo(C0)4[P(p-F-Ph)3]2 relative to that 
of the PPh3 a n a l o g ~ e . ~ ~ . ~ ~  If this is true, a more opened P-M-P 
angle and/or depressed Y-P-Y angles (Y represents a general 
substituent on P) might result directly from a shorter M-P bond 
distance for a complex of a weak a-  and weak n-ligand. For a 
weak but bulky a-donor, it has not yet been clarified which 
effect, shorter a-bonding or opened P-M-P angle, contributes 
more to the metal deshielding because these two effects are 
usually coexistent. We attempted to test this hypothesis with 
bulky amine ligands. Triphenylamine is just such a ligand with 
weak a-ability (pKa = 4.2) and bulky size. Attempted syntheses 
of ml-, c2-, and f3-NPh3 molybdenum carbonyl complexes (and 
also of ml-, c2-, and f3-derivatives of N,N-dimethylaniline) were 
unfortunately unsuccessful. 
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In eq 1, the energy term ((AE-') and radial term (F3)  are usually 
considered to be constant or to exhibit minor change.33 Most 
of the previous work has focused on the asymmetry terms, P 
and D.34 Thus, substituent electronegativity (related to a-bond- 
ing), bond angle Y-P-Y (related to a-bonding and steric 
bulkiness), and extent of n-bonding are used to account for the 
shifts of free phosphine ligands. In phosphine-displaced transi- 
tion metal carbonyl complexes, it has been generally observed 
that the 31P chemical shift for a strong a-donor such as P(alky1)~ 
moves by a larger amount toward high frequency upon 
coordination, while 6(31P)c for a weak a-donor such as P(OR)3 
(also a strong n-acceptor) moves by a small shift also toward 
high frequency upon c o ~ r d i n a t i o n . ~ ~ - ~ ~ . ~ ~  This high-frequency 
coordination chemical shift, designated as A I ~ ( ~ ' P )  and equal 
to the difference between the chemical shift upon coordination 
(6(31P)c) and the chemical shift of the free phosphorus ligand 
(~3(~'P)f), has been attributed, with little argument, to the 
o(P+M) charge transfer and the opened Y-P-Y angle of PY3, 
which approaches Td from C3" geometry on c o ~ r d i n a t i o n . ~ ~ ~ ~ ~  
There are many other interpretations in the literature. Some 
include n-b~nding, '~  and some even suggest that A6(3'P) reflects 
only the nature of the central transition metal.15 The n-bonding 
contribution (whether the effectiveness or its operating direction) 
toward the 31P shift is still controversial even in the free-ligand 
cases.37 However, the 31P spectral results for chlorophosphine 
complexes, in this work, corroborate the above interpretation 
of 95Mo NMR data and support the importance of both a- and 
n-contributions to the 31P NMR shift (see below). 

Table 2 and Figure 3 present the data and the trends for 31P 
NMR spectral parameters for the chlorophenylphosphine com- 
plexes according to their degree of displacement (DD). A 
relatively good a-donor, such as PPh3, gives rise to a larger 
positive Ac~(~IP), and a poor a-donor, such as P(OMehPh, a 
small positive Ac~(~ 'P) .  (Other alkylphosphines having strong 
a-donor ability lead to even larger positive A6(31P).38 ) This 
variation in the magnitude of A6(31P) was previously explained 
in such a way that in a phosphite complex the Y-P-Y angle 
may not quite reach 109.5" (Td) unlike the case for an 
alkylphosphine complex.33b In other words, the A6(31P) would 
be, to a certain extent, a reflection of AA (defined in this work 
as a change of the Y-P-Y angle upon coordination; the sign 
is consistent with that of A6(31P)). A preliminary survey of 
Y-P-Y angle values for some common free and coordinated 
phosphorus compounds studied by X-ray crystallography indi- 
cates that the above correlation is true in many phosphorus 
compounds; Le., the large A C ~ ( ~ ' P )  correlates with the opened 
Y-P-Y angles.39 However, there are also some reversed cases 
in which the values of A6(31P) are positive but the Y-P-Y 
angles are invariant or compressed upon c o ~ r d i n a t i o n . ~ ~  For 
example, the C-P-C angle of PPh3 changes to lOlS(4)O 41 in 
the cis-Mo(C0)4L2 complex from 102.9' 42e for the free ligand; 
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Figure 3. Variation in A I ~ ( ~ ' P )  for metal complexes of chlorophenyl- 
phosphines with degree of displacement (the plot for the Pc13 labeled 
by an asterisk refers to the Ni(C0)4-,(PC13), series taken from ref 33b). 

103.0" 29 in free PEt3 becomes 102.0(3)" 43 in its cis-Mo(CO)& 
complex; and the F-P-F angle of 97.8(6)"29342a becomes 
95.3(9)' 44 when the HRh(PF3)(PPh3)3 complex is formed. In 
all these cases the Ac~(~ 'P)  values are large and positive. Some 
authors have attributed the small positive A6(31P) for phosphite 
complexes to a compensation by n-bonding for the high- 
frequency shift by a-donation,29~33b~34.37~45 which means that the 
n(M-P or P-Y) bonding component should bring the 'P 
resonance to lowfrequency. In contrast with this point of view, 
the greater positive Ac~(~IP)  observed in trans isomers of 
pseudooctahedral geometry has been attributed to good n(M+P) 
back-bonding.33ay34a,37c,38b Considering the fact that most 
phosphorus ligands of good n-acceptor ability are also weak 
a-donors, the small positive Ac~(~IP)  is actually also explicable 
in terms of only a-bonding. According to the magnetic 
shielding theory and the results here, it can be concluded that 
both a(M+P) and n(M+P) components should bring the 31P 
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(decreased). 
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chemical shift to high frequency, and the A c ~ ( ~ I P )  may have 
comparable sensitivity to a- and n-bonding. 

As seen from Table 2 and Figure 3, all PCl3 and PBr3 
complexes have large negative A6(31P) values. These unusual 
shifts have been observed before and explained in the different 
ways mentioned above, Le., P-X n-b~nding,*~ weaker a(M-P) 
or n(M-P) bonding, a strong P-X electron density drift, or 
changed X-P-X angle.33b For example, the highly negative 
value of A6(31P) for C13P-BCl3 was attributed to the higher 
electronegativity of BC13.34c These negative A6(31P) values are 
just consistent with the 9sMo NMR results in terms of weaker 
a- and weaker n-ability of PC13 and PBr3 ligands and are best 
explained if the a -  and n-components are considered equally 
important factors in 31P screening. Owing to the small p 
character, and the greatly contracted lone pair of PCl3, the metal 
carbonyl moiety has to interact with an ineffective donor pair 
on the phosphorus atom to form a strained (unstable) bond with 
little n-compensation. This kind of special bond situation may 
decrease remarkably the dipole moment of both the P-X bonds 
and the PX3 molecule and perhaps induces a drift of a electrons 
from X groups to phosphorus. Consequently, there is a decrease 
in the paramagnetic screening term on the phosphorus  enter.^^^,^ 
So there seems to be a balance between the requirement for a 
electrons on the metal moiety side and the availability of a 
electrons on the phosphorus donor side in the formation of M-P 
a-bond. The change in sign of A6(31P) from plus to minus 
may imply that the “availability” could not just match the 
“requirement”, and the M-P bond would be weak (see also 
Table 6 of Chapter 13 in ref 13). As to the influence of a 
n-bonding component on shielding, it seems that the d electrons 
which are brought from the metal to another heavy nucleus via 
a n orbital should cause a deshielding on that nucleus. This 
does happen in transition metal NMR46 and I3C NMR,47 and 
so it should in 31P NMR due to the similar expression of the 
paramagnetic screening term, ap. In other words, the M-P 
n-bonding, if any, should deshield the phosphorus nucleus, not 
shield it. The quite positive A6(3’P) values for PF3 derivatives 
strongly support this explanation (see Figure 3). It might be 
expected that Ac?(~IP) for PF3 derivatives would have become 
negative as for other PX3 analogues without the compensation 
from the strong n-bonding. 

If the M-PCl3 bond is weaker and primarily a in character, 
there should be some structural features of PC13 reflecting such 
a a-bonding. First, UV-photoelectron studies have shown that 
the lone pair stabilization energies of 0.54 and 0.52 eV for PCl3 
and PBr3 in Cr(C0)5PCl3 and Cr(C0)5PBr3 complexes, respec- 
tively, are much greater than that of 0.2 eV in the PF3 
analogue.48 Second, the C1-P-C1 bond angle is most likely 
to be compressed in group 6 metal complexes of pseudoocta- 
hedral geometry, as observed in other transition metal complexes 
(see previous section). Both features would lower the HOMO 
(al) orbital of the Pc13 ligand and hence increase AE, and r (a 
 electron^)^*^^^^ for the phosphorus atom, and bring the 31P 
chemical shift toward the shielding side according to the 3’P 
shielding expression (eq 1). 

Alyea and Song 

Although the steric effects seemingly cause the 31P chemical 
shifts to move to low f r e q ~ e n c y , ~ ~ , ~ ~ ~ . ~ ~ ~ ~ ~  the negative A6(3iP) 
values for PCl3 derivatives should not arise from the compres- 
sion of the C1-P-Cl angles nor from the “effective bulkiness” 
of PCl3, as already pointed out above, because of the following 
additional observations from 31P NMR spectroscopy. (i) The 
negative coordination shift occurs also in the mono-displaced 
derivative, Mo(CO)sPC13 (even larger in magnitude than for c2 
and f3 geometries), as shown in Figure 3. In this geometry, 
steric crowding is normally not considered important except for 
an extreme case, such as for the P(t-Bu)3 complexS’ (there is a 
significant steric effect in Mo(CO)5L derivatives but it is much 
less than those in c2’s and f3’~~~). (ii) The A6(3iP) values for 
the PClPh2 and PPh3 analogues in m l  and c2 geometries are 
similar and switched-over between their f3 derivatives due to 
the more congested structure of the f3-PPh3 species (see Figure 
3). (iii) The Ac~(~IP)  values for nickel carbonyl complexes38b 
are all large and negative, also. It is usually accepted that there 
is no serious steric effect in Ni(C0)3L (C3,) complexes, even 
when L = P(t-Bu)3 ligands1 (the steric situation in Ni(C0)3L 
derivatives is still being questioned). This firmly indicates that 
predominantly electronic, rather than steric, factors are active 
in determining 6(31P) and both the magnitude and the sign of 
A6(31P) reflect the nature of the M-P bond in terms of a- and 
n electronic effects. It does not make sense to state that the 
parameter, A I ~ ( ~ ’ P ) ,  is primarily a measure of free ligand and 
“cannot be used to discuss any properties of the metal- 
phosphorus bond”.34c Further discussion of this controversy will 
be published in the near future. 

3. The Coupling Constant, ‘J(Mo-P). The large ’J(Mo- 
P) values for PC13 compounds can be attributed to mainly s 
character in the Mo-PC13 bond. Although the magnitude for 
‘J(M-P) is widely employed to estimate the a h  synergic effect 
and n-bonding, the current study agrees with the significance 
of s c h a r a ~ t e r , ~ ~ ~ ~ ~  rather than a-bonding (strong a-donation is 
usually associated with high ratio of p/s character in the lone 
pair) and n - b ~ n d i n g $ ~ ~ ~ ~  in determining the magnitude of ‘J(M- 
P). The values of ‘J(Mo-P) for Pc13 complexes are greater 
than those for all phosphite (good n-acceptor) ligands and much 
greater than those for alkylphosphine (good a-donor) ana- 
l o g u e ~ . ~ ~  It should be noted that both the a- and the n-abilities 
of P(OPh)3 are greater than those for PC13, but the ‘J(Mo-P)’s 
for PCl3 complexes are on average greater than those for 
P(OPh)3 analogues by 6%. (IJ(Mo-P) of c2-P(OPh)3 has been 
remeasured to be 229 Hz, not 250 Hz.3s,s4) In the reviews by 
T ~ l m a n ~ ~  and P i d ~ o c k , ~ ~  a rough correlation of IJ(Pt-P) with 
Pt-P bond length was reported. Therefore, the shorter M-PC13 
bonds (vide supra) should be taken into account, in addition to 
the well-known electronegativity factor, rather than a “good” 
x-ability of PC13,’ to explain the large ‘J(Mo-P) values for 
PCl3 complexes. Such a weak n-accepting ability of PC13 
suggests that the ligand n character may not considerably 
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influence the magnitude of ‘J(Mo-P) for Mo(0) phosphorus 
complexes. On the other hand, most P(alkyl)3 ligands are strong 
a-donors and form strong Mo-P bonds,3b,23,26,55 but the ‘J(Mo- 
P) values for these strong a-donor complexes are almost the 
s m a l l e ~ t . ~ ~ . ~ ~  It should be also kept in mind that the M-PC13 
(M = Mo or Ni) bond strengths are very weak3,26,55 despite the 
much higher ‘J(Mo-P) values for M-PCl3 c o m p l e x e ~ . ~ ~ , ~ ~ ~ , ~  
Thus, an important conclusion may come from these observa- 
tions: when a-bonding is dominant in a series of similar Mo-L 
complexes, the larger ‘J(Mo-P) values parallel weak, rather 
than strong, a-donation because a highly electronegative sub- 
stituent increases the s character in the lone pair of the donor 
ligand (Bent’s rule). However, for a given P(II1) ligand in 
different complex geometries or metal residues, ‘J(M-P) may 
be also related to n-bonding. In these cases, it is extremely 
difficult to interpret the magnitude of ‘J(M-P) in terms of a- 
or n-bonding, as often argued for the trans effect.56 

4. vco and d(13CO) as Indicators of Electronic and Steric 
Effects. The IR parameters ( k  or vco) for CO’s have been used 
to discuss the a- and n- bonding abilities of phosphorus and 
other ligands in transition metal carbonyls for the last 30 
years.1b*10a,42a,48b.57 The second spectroscopic technique used 
to systematically examine M-P bonding was I3C NMR 
spectroscopy in the 1970’s and early 1980’s.47b,58 The proposed 
strong n-ability, or low a h  ratio, of PCl3, like PF3, was derived 
from these two methods.6 The above two traditional techniques, 
however, cannot readily distinguish the “stronger n” and 
“weaker u” properties of phosphorus ligands due to the fact 
that strong n-bonding parallels with weak a-bonding and a good 
n-acceptor is also usually a weaker a-donor for most trivalent 
phosphorus ligands.6 

Relevant I3C NMR and IR data are collected in Tables 3 and 
4. Triphenylphosphine, compared to PCl3, leads to a higher 
frequency I3C carbonyl resonance as any other better a-donor 
should do. This general observation has been attributed either 
to increased M-C bond order (dominant valence orbital 
imbalance term AQ,A.~(B = A)47) or decreased AEco (dominant 
A(m-l term in a:8bxC). The stretching frequency, YCO, for a 
better a-donor goes to lower frequency for just the same reason 
of increased population (from the metal d electrons) in the n* 
orbitals of CO’s. On the other hand, trends for these two 
parameters would move in the other direction for either a weaker 
a-donor or a good n-acceptor. It is this similar response of 
6(I3CO) and uc0 to both the weak a and strong n character of 
a ligand that makes it difficult to separate these two important 
electronic contributions in M-P bonding by IR and I3C NMR 
s p e c t r o ~ c o p y . ~ ~ ~ ~  

The linear correlations of 6(13C)c,s with degree of displace- 
ment (the dashed lines shown in Figure 4) are analogous to 
quite a few correlations reported in the literature (&’3CO)c,s vs 
v,, or kcls16,47b3c,58.59 for pseudo-ird or -Oh complexes; d(’3CO),,s 

(55) Mukeqee, S.  L.; Nolan, S. P.; Hoff, C. D.; Vega, R. L. Inorg. Chem. 
1988, 27, 81. 

(56) Emsley, J.; Hall, D. In The Chemistry of Phosphorus; Harper & 
Row: London, 1976; Chapter 5. 

(57) (a) Cotton, F. A. Inorg. Chem. 1964,3,702. (b) Daamen, H.; Oskam, 
A,, Stufkens, D. J. Inorg. Chim. Acra 1980, 38, 71. (c) Bursten, B. 
E.: Darensbourg. D. J.: Kelloge. G. E.: Lichtenbereer, D. L. Inora. 
Chem. 1984, 2 j ,  4361. (d) Cogon, F. A.; Kraihanzel, C. S.  J. Am. 
Chem. Soc. 1962, 84, 4432. 

( 5 8 )  (a) Bodner, G. M.; May, M. P.; McKinney. L. E. Inora. Chem. 1980, 
19, 1951. (b) Brown, D. A.; Chester, J. P.; FitzpatrickYN. J.; King, I. 
J. Inorg. Chem. 1977, 16, 2497. (c) Braterman, P. S.; Milne, D. W.; 
Randall, E. W.; Rosenberg, E. J.  Chem. Soc., Dalton Trans. 1973, 
1027. 

(59) Chisholm, M. H.; Godleski, S. In Progress rn Inorganic Chemrsrry; 
Lippard, S. J., Ed.; John Wiley & Sons: New York, 1976; Vol. 20, p 
299. 

Inorganic Chemistry, Vol. 34, No. 15, 1995 3871 

(DD) 

2 

1 -  

0 
20 15 10 5 0 

A ~ ( ’ ~ c O )  (ppm) 
Figure 4. Magnetic.shielding trends for trans and cis carbonyls in 
Mo(C0)6-,(PC13-,Phm) (n, m = is 0-3) with changing degree of 
displacement. Dashed lines represent the CO’s trans to a CO; solid 
lines represent the CO’s trans to a phosphorus. The values for Ad(13CO) 
are relative to that for Mo(C0)6. 

vs d(’3CO)ci, for complexes of the same or different 
g e ~ m e t r i e s ’ ~ , ~ ~ ~ ) .  Added together, these correlations suggest a 
direct or “net” dependence of d(’3CO),is or kcis on the 
a-component‘bs16 in an M-L bond, with a possible n-influence 
(Akcis 0~ AU + The nonlinearity for 6(I3CO)trans versus 
n(DD) in Figure 4 (just as the previously observed irregular 
correlations of d(I3CO)trans for M(C0)5L with vc0 or ktransr47b or 
versus d(I3CO) for Ni(C0)3L58a) reflects a complicated com- 
bination of a- and n-effects on the spectroscopic properties of 
trans CO’s. The invariable difference, Ad(t-c) (trans-cis) of 
5.0 ppm, between d(I3CO)trans and d(’3CO)cis, however, may 
originate from this nonlinearity of 6(I3CO)trans vs n(DD). What 
is the essential reason chemically for this nonlinearity or 
irregularity occumng wherever a trans parameter of pseudo- 
octahedral complexes is involved? The answer is surely n 
character, but how? It is easy and also sounds reasonable to 
attribute the tendency of the solid 6(13CO)trans line for Pc13 (m 
= 0) with increased DD to move toward high field to a “strong 
n-ability” of this ligand. However, on the basis of the 95Mo 
and 31P interpretations made previously, this tendency may be 
better ascribed to the weak u- and n character of PCl3. The 
subsequent replacement of more CO’s by much weaker n-ligands 
increases the d electron density around the metal, and perhaps 
the intrinsic n-accepting orbitals of PCl3 begin to act at a certain 
stage such as a saturation point when n(DD) is high enough.8b 
In comparison, this parallel tendency between the displacement 
correlations of 6(13CO)trans and 6(13CO)cis with DD no longer 
exists for pure u-donors such as amines.60 Furthermore, if PC13 
were a very strong n-ligand, it would be expected that its 
Ad(t-c) should be smaller than that for a ligand with weaker 
n character such as PPh3,35 simply because the trans CO is more 
sensitive t o  n-ability of a ligand (Ak,,,,, = Aa + 2An, Akci, = 
Aa + An;Ib the An term is actually also affected by Aa because 
there is no dn orbital directly bridging the cis CO’s and L in 
M(C0)sL complexes, and thus the coefficient of An in Akcis = 
Aa + An may be much smaller than 1; that is, the ratio of 
AntranslAncis would be greater than 26). Therefore, a strong 

(60) For example, Ad(13CO)(trans-cis) = 9.3 and 14.1 ppm for Mo(C0)j- 
(Pip) and cis-Mo(CO)a(Pip)2 complexes and Ad(13CO)(trans-cis) = 
8.2 and 12.2 ppm for Mo(C0)5(NCPh) and cis-Mo(CO)a(NCPh)2 
complexes were observed by these authors. 
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Figure 5. . Correlation between two CO trans parameters (6(13CO) 
and vco(A(" I) for molybdenum chlorophenylphosphine complexes. 
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Figure 6. Correlation between two CO cis parameters (6(13CO) and 
vco(A'*),) for molybdenum chlorophenylphosphine complexes. 

n-component would shift 6(13CO)1,,, considerably backward 
to lower frequency,6I decreasing the difference between 
6( 13CO)t,ans and 6('3CO),i, more significantly than a weak 
n-component could. This has been observed in Mo(C0)sP- 
(OR)3 derivatives for which the average A6(I3CO)(t-c) is only 
3.9 ppm.'b.61 

Correlations for 6(I3CO) with the CO stretching frequencies 
are shown in Figures 5-7. Although a trans CO spectroscopic 
property could be an approximate indication of the x-ability of 
the trans ligand, the poor correlation plots for two trans 
parameters, as shown in Figure 5, are believed to originate from 
two factors: (i) the assignments for the AI( 1) mode are uncertain 
(not the well-resolved Al(2)); (ii) the chlorophosphines are weak 
n-acceptors. In Figure 6, the correlations between cis param- 
eters appear to be better along either stepwise displacements 
for a given ligand or the geometry lines (ml or c2). Therefore, 
the cis spectroscopic properties may be usable measures of some 

(61) Shen, J. K.: Gao, Y. C.; Shi, Q. Z.; Basolo, F. Coord. Chem. Rev. 
1993. 128, 68. 
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Figure 7. Correlation between cS('3CO),,,,, and vco(A~),,, (Table 4) 
for molybdenum chlorophenylphosphine complexes. 

bonding property of a given ligand. It is also noted from Figure 
7 that there are even some excellent correlations, along three 
geometry lines (ml, c2, f3), for A6('3CO),,,,, with the highest 
stretching frequencies which are supposed to be cis parameters. 
Therefore, both trans (6 and w) and cis (6 and v) CO's 
parameters contain a combined u/n contribution from the trans 
ligands in pseudooctahedral complexes. The trans variables are 
better indicators of ;z character for n/u (n-dominant) ligands, 
and the cis variables for u character for a h  (a-dominant) 
ligands. Tolman's electronic substituent contribution, xi,23 or 
Bodner's electronic substituent parameter, ai,58a are commonly 
thought of as measures of combined u- and x-electronic effects 
of L; however, they may reflect more the u-ability of  ligand^,^^.^^ 
especially since there is no real trans ligand in the T d  Ni(C0)jL 
geometry. 

It is worth mentioning that the steric effect in f3-PPh3 is not 
reflected in Figure 7 because the deviation of uco to high 
frequency, caused by weakened a-donation (decreased M-CO 
bond order) due to the steric effect, must correspond to a 
deviation of 6(13CO) to low frequency for the same reason (low 
M-C bond order leading to shielding). As a net result, the 
f3-PPh3 point has moved up along the f3 line, yielding reduced 
increments in AYCO and A6(I3CO) in going from f3-PClPh2 to 
f3-PPh3. If x-bonding were dominant in determining 6(I3C) 
and VC-, the point for f3-PPh3 should have moved far down 
along the@ line in Figure 7 due to the weakened n(M-P) and 
enhanced n(M-C) bonding (Further discussion of this point 
will be published in the near future.) 

Conclusions 

(1) The 95Mo and 31P NMR shielding behaviors for the 
phosphine ligand PC13 consistently indicate that this putatively 
strong n-acceptor is actually a weaker n-acceptor than all other 
phosphorus ligands employed (except for PBr3). This conclu- 
sion is consistent with I3C NMR and IR spectroscopic results. 
The weak n-ability of PCl3 is also in agreement with the known 
very weak bond strength of M-PCl3 in Mo and Ni carbonyl 
complexes as well as a theoretical calculation. 

(62 )  (a) Ziegler, T.; Rauk, A. Inorg. Chem. 1979, 18, 1755. (b) Blomberg, 
M. R. A,; Brandemark, U. B.; Siegbahn, P. E. M. .I. Phys. Chem. 
1985, 89, 2171. 



95Mo NMR Evidence for Pc13 as a Weak n-Acceptor 

(2) The 95Mo NMR shielding parameter is a good indicator 
of ligand n character. The carbonyl infrared parameters for 
phosphine-substituted metal carbonyls are not suitable for 
evaluating the a and n characters of trans phosphorus ligands 
because both a weaker a-donor and a stronger n-acceptor would 
lead to a high carbonyl vibrational frequency. 

(3) The expectation of very short Mo-PCl3 and Mo-PBr3 
bond distances (consistent with literature X-ray crystallographic 
results for a few related transition metal complexes), coupled 
with the evidence for the low n-acceptor ability of these 
phosphorus ligands, leads to an unconventional conclusion: a 
weak a-donor may form a short M-P bond with weak bond 
strength in the absence of a significant n-acceptor contribution. 
This potentially controversial deduction is explicable in terms 
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of increased s (decreased p) character of the PCl3 and PBr3 a 
orbital. 

(4) The 31P NMR chemical shift, or coordination chemical 
shift Ac~(~ 'P) ,  can reflect the electronic and steric variations in 
Mo-P bonding. Both n- and a-bonding will increase Ac~(~ 'P )  
by inducing a deshielding effect on the 31P nucleus, while steric 
effects decrease A6(31P) by inducing a shielding effect. 

(5) The higher 'J(Mo-P) values for PC13 complexes than 
those for Mo phosphite and phosphine analogues agree with 
the s character being the primary factor in determining the one- 
bond metal-phosphorus coupling constant, and the magnitude 
of 'J(M-P) thus may not be an appropriate measure of n 
character in an Mo-P bond. 
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