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Summary 

The “C “0 3 7 29Si and “P NMR spectral properties of cis-Mo(CO),(PPh,X),. 
where X is Cl, OMe, 4-MeC,H,O, NH,, NHMe, NHCH,CH,NH,, 
NHCH2CH,NMe,, 4-MeC,H,NH, SEt. OSiMe, or NHSiMe, and of cis- 
Mo(CO),(PPh,YPPh,). where Y is NMeCH,CH,NMc. NHSiMe,NH. NHSi- 
MePhNH, OSiMe,O, or OSiMePhO and of cis-[Mo(CO),(PPh,O),],Si have been 
determined. Good to excellent correlations between the “C and “0 chemical shifts 
of carbonyl ligands truns to the phosphorus donor ligands are found. Only poor 
correlations are seen between “C and “0 chemical shifts for carbonyl ligands cis to 
the two phosphine substituted carbonyl groups. Based on only seven samples. 19Si 
and “C of tram carbonyl ligands also correlate well. Correlations of chemical shift 
data with approximate CO stretching force constants are fair to good depending 
upon the selection of data. In particular, much better correlations are noted in 
almost all instances when complexes with monodentate ligands and bidentate 
ligands are examined separately. 

Introduction 

Multinuclear magnetic resonance studies of metal carbonyl complexes of P-donor 
ligands have demonstrated that good correlations exist between chemical shifts of 
different nuclei. Chemical shifts are also known to correlate with mctallocarbonyl 
stretching force constants. In particular. Bodner and coworkers have reported good 
correlations between carbonyl ‘“C chemical shifts and Cotton- Kraihanzel stretching 
force constants for a wide variety of metal carbonyl complexes of P-donor ligands. 
and between the carbonyl “C chemical shifts for different metal carbonyl complexes 
of the same P-donor ligands [l-3]. Both Kowada [4] and Todd [5.6] and their 
respective coworkers have studied the correlation between the carbonyl “C and “0 
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The infrared absorptions observed in the 2000 cm ’ region and the calculated CO 

stretching force constants are summarixed in Table 2. The “c‘ NhlR data for the 

non-carbonyl carbons are summarized in Table 3 and the “C’ and “0 NMK data 

for the carbonyl ligands as Lvell as the ?3i and “P NMR data arc given in ‘l‘ahlc 4. 

phosphorus nuclei. For the complexes cY.v-Mo(C‘O),( t’t’h, ESihlct’h F.l’I’h, ) (F. = 0. 
NH). the two cis carhonyls art’ chemical shift intqui\~aknt hccauw of 111~‘ un.\mmct- 

rical substitution at silicon and two ncwmal triplets arc c)hwrwcl. 

“C‘ SMR DATA I-OR NON-C‘/\RBOSVYl. <‘hRBOS NI.c.I.~-I IS IIll: ~‘ohIl’1 t.XI:S ,I\- 

hl~,((‘O),(l’l’h,X), AND ~,\-M~~(‘O),(PI’h~YI’Ph,) ( ?I 111 ppm. .I an Ii/) ,’ 

Ph(C‘( I )) !’ 

.._ 
(‘I\ ~‘ompIe\~~ 

x = (‘1 I 139.36 

OMe II 179.07 

OC‘,Il,Mc-4 I\ 140.43 

NIlz \ 141.57 

NIlMe \‘I 136.96 

NH<‘H,(‘l12NH, VII 137.74 

NHCIlzCHLNMe~ VIII 137.X6 

NHC‘,H,&k-4 X 136.30 

Sill XI 134.9 I 

OSAk, XII 142.45 

NHStMc, XVII I3Y.8 

y -- NlclcCIlzC‘H,NMe IX 137.28 

OSiMezO XI\ 

OSllkPhOh XL 

KHSiMezSH XVIII 

NHSikPhNH ‘XIX 

0,Si $ XVI 

rrtrw (‘omplcxe\ 

x = OMe III 

OSIMC, XIII 

142.45 

143.5s 

142.16 

141.04 

143.x 

l-21.25 

141.X8 36 130.74 

144.211 3s 130.42 

I’J(C’P) f il(C‘P’)I 

25 

32 

33 

37 

37 

3x 

36 

3X 

2s 

37 

36 

34 

?7 

40 

?7 

39 

3Y 

39 

Ph((‘(2.6))’ 

13 I .OJ 

i?l.lO 

130.6 I 
130.16 

t 3 I .4? 

I3 1.4’) 

131.52 

130.X I 

132.11 

1241.2x 

171.40 

131.52 

12Y.ZX 

170, I Y 

130.35 

l2Y.44 

I’ 

14 

14 

I4 

13 

17 

I.7 

I.7 

I2 

I5 

I3 

I? 

I5 

I4 

I.1 

I5 

I4 

IS 
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The “C {‘H} resonance signals of carbonyl ligands IWJS to the phosphorus donor 
ligands (herein called rrans carbonyls) in cis-Mo(fG)),( PPh, X), complexes are 

apparent triplets (due to coupling to magnetically inequivalent phosphorous nuclei) 
which are found 5 to 8 ppm downfield of the corresponding cis carbonyl signals. The 
AXX’ spin system giving rise to the apparent triplets is a special case of the well 
known X,,AA’X:, spin system first described by Harris [ 101 and has been applied to 
Wphosphine) transition metal complexes by other investigators [ 1 I- 131. Mathe- 
matical analysis of the truns carbonyl resonance of tis-Mo(CO),( PPh*~)C~~~~~~-4~~, 
shown in Fig. I. yields values of 29 Hz for I*J( PP’)] and of 30 Hz and IO Hz for 
]*J(CP)] and ]“J(CP’)/, respectively. The actual signs of i’J(PC)] and I”.&P’C)] are 
opposite but undetermined by the calculation. These calculated values are in good 
agreement with the coupling constants of a series of Group VI metal carbonyl 

Ph(C(3.5))’ Ph((‘(4)) Other ‘I 

6 IzJ(CP)+ ~J(CP+,l 6 6 J 

128.24 

128.01 

t 28.0 1 

128.17 

127.98 

128.05 

130.71 

129.96 

3 

129.4 I 

129.35 

129.41 

53.39(CH,) 

20.58 (C-H,) 

127.92 9 129.21 

128.47 9 -2 

128.18 IO 129.6 I 

128.18 9 129.74 

128.01 10 129.54 

127.92 4 129.31 

128.i8 
e 

Y 129.93 
e 

29.85(CH,) 

4&46(NHCH,) 

42.79(N H 2CH 2 ) 

40.97(KHCH,) 

45.13(NCH,) 

59.57(NCHz) 

20.32(CH,f 

27.0X(CHz) 

14.53(C’H,) 

tSO(CH,) 

1.72(CH,) 

53.36(NCH,) 

39.2l(NCH,) 

I .24(CH 1) 

O.O3(CH %) 

12X. I I 8 129.35 

128.18 10 129.44 

128.31 IO 130.32 

3.12(CH,) 5(1\I(CP)+ S.J(Cp’)() 
1.95(CH,) S(/11(CP)-r $.J(CP’)I) 

128.08 9 129.80 52.94(CH ,)’ 

127.85 Y 129.48 1.43(CH ,) 

4(1*J(cP, + 4J(cP’jj) 

nonequivalent P-phcnyl rings. The other rcscmnncr signals 3re experiment,tli~ comcidrnt. Signals for 

Si-phenyl rings are obsrrvable but assignments are difficult. ,X This complex 1s [M,~C‘O),(I’Ph,i)),~i. 
Ir Phosphorus carbon coupling not observed. 
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not be observed using normal ’ t1 decoupling. Although the chemical shifts of “Si 
nuclei are affected primarily by the elrctronegativities of substituents attached to 
silicon, this dependence on substituent electr(~negativit~ has been shown to bc 
nonlinear [ 181. Nonlinearity is noted in this work as well. For cxamplc, whereas the 
%i chemical shift for c,is-Mo(CO),(PPh~OSiMe,), is 9.44 ppm upficld of the flue 
of the analogous NH complex, the “Si shifts for ris-Mo(CO)J PPh ,OSi( h4c),OPPh 2 ) 
and cis-Mo(CO),(PPhzOSi(Me)(Ph)OPPh,) are 0.47 upfield and 5.1 I ppm down- 
field of their respective NH analogs. 

The phosphorus-silicon coupling observed in these silicon containing complexes 
is also unusual. No coupling is observable for the complexes cis-Mo(CO),- 
(PPh,OSi(Me)(R)OPPh,) (R = Me or Ph) but is seen for all other silicon containing 
complexes. In all cases the coupling constants in the complexes containing a P-0-Si 
linkage (‘J(PSi) 5-7 Hz) are smaller than in those containing a P N-Si linkage 
(‘&Psi) 7 10 Hz). 

“P KMH specrm. The “P NMR chemical shift data for the complexes examined 
here have been summarized in Table 4. As expected. only a single sharp signal is 
seen for each complex and this fact provides an excellent test of sample purity. An 
examination of the “P chemical shift data shows that the complexes of 
aminophosphines have chemical shifts in the range of 6 66-91 ppm. For the 
complexes of the phosphinite esters the chemical shifts are significantly downfield in 
the 6 130- 156 range as a result of the greater electroncgativity of oxygen relative to 
nitrogen. 

Discussion 

Alth~~ugh there is not complete uniformity of thought regarding the nature of 
bonding in metal carbonyl complexes, the fact that changing a Lewis base sub- 
stituent changes the infrared frequency of the carbonyl group frcnr.s to the Ii&and to 
a greater extent than a cis carbonyl group seems indisputable. It seems only natural 
then to determine if aubstituent changes are reflected in NMR properties as well. 
and if the effects on cis and frun.s carbonyl groups arc different. As will now be 
shown. such correlations do exist, but the level of correlation is not always very high. 
One very important fact which will become apparent as the results of this work are 
discussed is the improved correlations noted when cis-disubstituted complexes and 
complexes with chelating Iigands are treated separately. 

Correlations het~~~een chemical shifts and stretching force constunt.s for carhot~rl lipmds 

Plots of the ‘“C chemical shifts versus C-K infrared stretching force constants for 
the trans and cis carbonyl ligands of cis-Mo(CO),( PPh, X)? and MOM- 
(PPh,YPPh2) are shown in Fig. 2. For the trans carbonyl ligands the correlation of 
the ‘“C chemical shifts with k,. the approximate force constant for CO truns to :s 
phosphorus donor ligand. is poor ( r = linear correlation coefficient = - 0.77 1) if one 
includes data for all of the cis complexes. The correlation in which data for only the 
complexes of monodentate ligands is used is very good (r = -0.954) whereas the 
data for the complexes of bidcntate ligands forming six-membered rings give a fair 
correlation (r = - 0.843). In contrast, only fair correlations arc observed bctwccn the 
13C chemical shifts and the stretching force constants (k,) for the c-i.s carbonyl 
ligand of all L.;S complexes (r = -0.862). for cis complexes of monodentate ligands 
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s 6 6 i2J( I’S)/ 8 

366.9 

362.1 

362.9 

359.3 

359.3 
359.3 

35X.4 

360.5 

361.3 

360.9 

359.3 

359.3 
366.9 

367.3 

360.5 I2471 
359.3 145.97 

359.7 156.X I 

360.9 sh 145.84 

358.5 sh 67.17 

356.0 sh 7X.67 
35X.9 sh ._ 77.39 

358.0 16.32 

35X.5 69.72 

356.4 sh 60.24 

357.6 17.50t 5 131.44 

357.2 16.601 7 139.7X 

356.0 X.061 7 73.49 

354.4 91.12 

356.X 1.18s I2X.00 

359.2 - 14.37s 129.96 

360.9 356.0 0.71st 10 65.H2 

361.2 356.4 --9.161 10 66.43 

34x.9 357.7 - 99.24~ 6 145.29 

0.00 ppm. All resonances are triplets. ” Relative to “0 resonance of internal H,O at 0.00 ppm. ’ Relative 

to “Si resonance of internal TMS at 0.00 ppm. y Rrlativt: tO ” p resonaxx of extcrnsl 85% phosphoric 

acid at 0.00 ppm. ‘This complex is [M~~C‘O),(PPh,O),],Si. 

behaviour can be compared to that reported by Bodner (21 for the correlation 
between the “C NMR carbonyl resonances and stretching force constants for a 
series of LM(CO), complexes (M = Cr, No, W) in which superior correlations were 
reported for the cis carbonyls. However recalculation of these correlations using only 
Bodner’s data for complexes of phosphorus donor ligands yields equally good 
correlations (r 2 - 0.95) for both the cjs and DRUMS carbonyls. Thus, it would appear 
that the correlation between the chemical shifts and stretching force constants is 
affected by a complex mixture of stcric and electronic factors. 

Correlutions between the ’ "C and i TO chemicui shijts 

Graphs showing relationships between the 13C and “0 chemical shifts for <is and 

~rurts carbonyl ligands are shown in Fig. 4. For the trurzs carbonyl groups a good 
correlation (r = -0.915) is obtained when data for complexes of monodentate 
ligands are used. An even better correlation is found using only the data for 
m~~nodentate phosphinamide ligands. Excellent correlations are obtained using the 
data for complexes of ligands containing P-N-Si bonds (r = -0.980) and for 
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k, (mdyn A-‘) 

12 izj 
0 

356 

t 

6 15 
0 

‘0 0’0 

j4 
19 0 
Cl 

b 

16 
0 

11 

0 

A9 
I I I I 

15.4 15 5 156 157 158 

k, (mdyn A“) 

Fig. 3. Plots of “0 NMR chemical shifts (ppm) vs. Cotton-Kraihanzel stretching force conslants (mdyn 

A-‘) for frcms (A) and CIS (B) carbonyls of crs-Mo(CO),L*. L = PPh2X(0); L, = Ph~PESiR,EPPh, 

(0): L, = Ph,PNMeCH2CH,NMePPh, (A). A least squares line is drawn for complexes with non-chclal- 

ing ligands (IIWW only). 

carbonyl 13C or “0 chemical shifts. Tolman has used similar arguments to explain 

the lack of correlation between the “P chemical shifts and carbonyl stretching force 
constants for a series of Ni(CO),(phosphine) complexes [ 191. 

Furthermore, we note no correlation between the chemical shifts for the aromatic 
carbons of the phosphorus donor ligands and other chemical shifts or carbonyl 
stretching force constants. The chemical shifts of the phenyl carbons. expecially 

those of the carbon bonded to phosphorus. change drastically as the substituents on 
the phosphorus are changed but in a manner different from the changes observed for 
any of the other chemical shifts or for the carbonyl stretching force constants. 
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(A) 

214 G- 
I I I I I I, I 

16 a 0 -8 -16’L99 

6(‘gSi)(ppm) 

4 
‘L 364- 

: 

2 
;; 362- 

1? 
0 

360 - 

I 
16 8 0 

6tzgSl)(ppm) 

I ,I I 
-8 -16”99 

Fig. 5. Plots of “C NMR chemical shifts (ppm) (A) and “0 NMR chemical shifts (ppm) (B) for ,~n.s 

carbonyl hpands vs. “Si chemical shifts for phosphorus donor hgandr of us-Mo(CO),(Ph: PESiMe,), , 
Mo(CO),(Ph,PESIMeREPPhz) and [M~~CO),(Ph2P0)2j,Si. t = 0 (0); E = NH (Cl). Leasl squares 

lines are drawn for complexes containing P-C-Si bond5 and complexes containing P N-Si bonds. 

and 29Si chemical shifts (r = - 0.721) unless the data for complex XII are dropped 
at which point the correlation becomes excellent (r = -0.999). There is some 
justification in dropping the data for complex XII as it is the only one of the 
complexes in this study which was observed to undergo a cis to fruns rearrangement 
in solution at ambient temperature implying significant steric interaction between 
the trimethylsilyl groups and other portions of the complex. The reason for the good 
correlations observed between the 29Si chemical shifts and 13C and “0 carbonyl 
chemical shifts is not readily apparent. Additional complexes containing P-0-Si 
and P-N-Si linkages should be synthesized to test the extent of these correlations. 



Conclusion 

‘I‘hc trends of the “C and I70 chemical shifts for the rrms carhon~l ligands fit the 

model proposed b\ Todd and cwvorkers [6]. In their model. hack-donation hv the 

metal into the orbitals of the carhonvl ligmds \vill disrupt one of lhc 77 boncl5 

concurrently lcwcring the electron density on the carbon and raising the clcctrcm 

densit! on the oxygen. The cffcct of the X-group of the phoaphoru~ doncw ligancl\ on 

this hack-donation i> as follwvs: NHSiMLle, ‘;5 OSiXJc, - Ni lulkyl 3, TK ti: . OMc :’ 
SEt > NHC~~H,Mc-4 > OC‘,,H,Me-4 3~ (‘I which is Gmilar to th;it rcportcd h! 

Bodner for the PX3 ligand$ in (PX I)Ni(C‘O); cornpl~xca 131. 

Of special importance is the ohscrvation that a poor correlation ilr found uhcnc\u 

complexes with unidentate and chelating ligands arc‘ included in the UIIIC JAI~I WI. 

Further studies with ligands of less stcric hulk and less problematical dianqawtic 

anisotropic factors. for example MC, PX and MC, I’YPhlc,. arc mgseatcd to dc- 

terminc if better correlations will hc stxn in the ;~hscncc of that complicating 

factcm. 
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