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MNDO calculations are performed for studying correlation between the electronic and geometrical 
structures and 31P NMR chemical shifts of dicoordinated phosphenium cations. A simple relationship 
is introduced to elucidate the 31P NMR chemical shifts of the cations from the calculated net atomic 
charges of the related atoms, Wiberg bond orders between the phosphorus atom and the atoms 
attached to it, and the bond angle at the phosphorus. The agreement of the calculated numerical 
results with the experimental data shows that the relationship obtained in this paper is satisfactory for 
the prediction of the 3'P NMR chemical shifts of the dicoordinated phosphenium cations. 

Keywords: 3'P NMR chemical shift; Dicoordinated phosphenium cations; MNDO calculation; Net 
atomic charge: Wiberg bond order 

1. INTRODUCTION 

As pointed out by Parry and his co-workers[1*21, 31P NMR spectroscopy is an 
ideal tool both for the identification of the dicoordinated phosphenium cations 
and for the elucidation of subsequent reactions. As a result of the presence of a 
formal positive charge at the dicoordinated phosphorus center, the dicoordinated 
phosphenium cations have specially designated 31P NMR characteristics. Their 
31P chemical shifts are rather deshielded and fall in the range +110.0 to 
513.2ppm. Many researchers have contributed to this field.['-311 Niecke and 

* Corresponding author. 
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90 CHANG-JUN ZHANG and CHANG-GUO ZHAN 

Gudat et al. have studied the correlation between the excitation energies and the 
31P NMR chemical shifts of other low valent phosphorus corn pound^.[^^*^^^ 
However, because the structure effects of the 31P NMR chemical shifts of the 
dicoordinated phosphenium cations are very complicated, until now no one has 
presented a qualified generalized relationship between their 31P NMR chemical 
shifts and the structures. C ~ w l e y [ ~ ]  and Sanchez[@ interpreted the change of 31P 
NMR chemical shift on the basis of conjugation effect of substituents attached to 
the phosphorus center. For example, the downfield shift which is observed when 
the R2N group is replaced by a C1 atom can be explained by the inferior conju- 
gating ability of the latter. Moreover, the observation that [(Me2N) (t-Bu)P]+ 
possesses the most deshielded 'P chemical shift can be ascribed to the inability 
of the t-Bu to K-donate. However, this kind of explanation is not enough for 
understanding the 'P chemical shifts of the recently synthesized dicoordinated 
phosphenium cations featuring with a S-P-N b ~ n d . [ ~ - ~ ' ]  For example, the 
valuei7] of the 31P chemical shift of [(n-PrS) (Me2N)P]' is larger than thatL2] of 
[(Cl) (Me2N)P]', whereas the organic chemist's point of view tells us that the 
conjugating ability of an RS group should be more powerful than that of a Cl.[341 
It follows that the 31P chemical shifts of the dicoordinated phosphenium cations 
not only correlate with conjugation effect, but also with electronic effects, steric 
effect, and other possible factors. In this paper, we attempt to employ a molecular 
orbital method to study the structure effects of the 31P NMR chemical shifts of 
the dicoordinated phosphenium cations. Utilizing the calculated results for the 
geometrical and electronic structures and the 31P NMR chemical shifts published 
in the literature, we try to summarize the main factors of determining and influ- 
encing the 31P NMR chemical shifts and find a useful relationship which can be 
applied to the prediction of the 31P NMR chemical shifts of the dicoordinated 
phosphenium cations. 

2. CALCULATION METHOD 

In the present study, we have accumulated 69 dicoordinated phosphenium cati- 
ons for which the experimental 31P NMR chemical shifts have been reported in 
the literature. In these cations, the atoms attached to the dicoordinated phospho- 
rus center are N, S, C or CI. Their structures and formulae are given in Table I, 
and the observed 31P NMR chemical shifts are listed in Table 111. To our knowl- 
edge, the crystal structures have been reported for only a few dicoordinated phos- 
phenium cations. Hence, in order to carry out our theoretical study on these 
cations, as a first step, the geometries of the 69 cations must be optimized at a 
common level of reliability. Of course, ab initio calculations at a suitable level 
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PHOSPHENIUM CATIONS 91 

TABLE I The calculated net atomic charges of the dicoordinated phosphorus and the atoms attached 
to the phosphorus center, the Wiberg bond orders between the phosphorus and the substituents and 
the bond angle at the phosphorus 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

0.9569 -0.5351 -0.5351 1.2701 1.2701 117.8 

0.9302 -0.5173 4,5174 1.2697 1.2695 120.5 

0.8821 -0.4899 -0.4898 1.2787 1.2787 125.3 

0.9425 -0.5148 -0.5370 1.2881 1.2541 119.2 

0.9178 -0.9935 -0.9935 1.28BB 1.2871 120.6 

0.9166 -0.4681 -0.5352 1,3035 1.2459 121.8 

0.9343 -1.0424 -0.4990 1.2220 1.3194 115.9 

0.9300 -1.0705 -0.4785 1.1514 1.3684 116.4 

0.9820 -0.5353 -0.5354 1.2683 1 . ~ ~ 3  ii5.3 

0.9759 -0.4606 4.4610 1.2600 1.2584 115.1 

0.9544 -0.5307 -0.5289 1.2680 1.2678 107.9 

0.9104 -0.4606 -0.4594 1.2671 1.2678 120.0 

0.8285 -0.4374 -0.3237 1.2010 1.2984 112.2 

0.9725 -1.0188 -1.0178 1.2864 1.2908 89.2 

0.7466 -0.8632 -0.8631 1.3522 1.3532 94.0 

0.7574 -1.0436 -0.7302 1.0470 1.6353 118.8 

0.7687 -0.3751 -0.3748 1.2247 1.2247 98.5 

1.0120 -0.6864 -0.6873 1.2343 1.2339 98.4 

0.9304 -0.6786 -0.6796 1.2712 1.2662 98.3 

[(i-PrzN(C1)P*=N)(i-Pr,N)Pl* 1.1155 -0,4632 -0.8420 1.4327 0.9986 114.1 

[(Mc,N(Cl)P*~N)(Me,N)Pl* 1.1816 -0.5133 -0.8273 1.4060 0.9922 111.5 

I (  (~Je,N),~N)(MezN)PI* 1.0601 -0.5990 -1.0444 1.0627 1.4252 112.6 
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92 CHANG-JUN ZHANG and CHANG-GUO ZHAN 

TABLE I (continued) 

.Vet ataic charge ecld omkr BMd angle 
No. Cation. 

Q? qr e B,, BPY %P-* 

23 [ I  (He,Nl,P-N)(i-R,N)Pl* 

24 [ (Et2N) ( EtS JP1 

1.0360 -0.5633 -1.0487 1.0842 1.4122 115.0 

0.5974 -0.3931 0.0113 1.4659 1.2644 110.6 

25 [IEt,N) (n-PrS)Pl* 0.5964 -0.3937 0.0098 1.4636 1.2676 110.6 

26 [(Et,N) ( i -Rs)Pl*  

27 [(Et,Nl InC6H,,,S)PI* 

0.5980 -0.3981 0.0045 1.4577 1.2713 110.2 

0.5958 -0.3942 0.0099 1.4624 1.2889 110.6 

28 [ (Et2N) (n-CoH,,S)PI* 0.5956 -0.3942 0.0103 1.4621 1.2693 110.6 

29 [(Et,N) In-C,,H,,S)PI* 0.5955 -0.3941 0.0105 1.4620 1.2694 110.6 

30 [(i-R,N)(EtS)P]' 0.5700 -0.3673 0.0127 1.4850 1.2573 112.4 

31 [(i-Fr,N)(n-PrS)P]* 0.5663 -0.3678 0.0115 1.4836 1.2603 112.5 

32 [(i-RzN)(i-PrS)P1' 0.5658 -0.3704 0.0101 1.4790 1.2644 112.4 

33 [(i-Pr,NI(Sec-hS)P]* 0.5663 -0.3713 0.0033 1.4761 1.2664 112.4 

34 [ ( i-R,N) (n-C,H,,S)PJ 0.5662 -0.3687 0.0117 1.4833 1.2609 112.6 

35 [(i-Pr,Nl (n-C,p,,S)PI* 0.5658 -0.3688 0.0119 1.1892 1.2611 112.6 

36 f (i-R,N) (n-C,,H,,S)PI* 0.5654 -0.3689 0.0120 1.4834 1.2612 112.4 

37 [cHH,cH,cH,cH,cH2N)(n-PrS)P1* 0.6058 -0.3918 0.0047 1.4609 1.2605 110.3 

38 [(Mc2N)(n-PrS)PJ* 0.6119 -0.4163 0.0156 1.4428 1.2883 109.3 

39 I (n-b,N) ( ~-RS)PI 0.5943 -0.3929 0.0098 1.4681 1.2629 110.6 

40 [(i-Bu,N)(n-prS)P]* 0.5361 -0.3516 0.0134 1.5019 1.2007 118.3 

41 [ ( t-BuKIb (n-PrS )PI 0.5587 -0.5937 -0.0185 1.5287 1.2431 113.4 

- 
42 ~~(ph lN=C(Sk~)& l *  0.3951 -0.1159 0.3323 1.2942 1.2176 94.2 

43 [b=c(*Iatrl' 0.5249 -0.2281 0.3391 1.3230 1.2739 94.7 - 
44 ~N(P~)N=C(R)SPI' 0.3952 -0.1307 0.3032 1.2973 1.2244 94.5 

0.4452 -0.1666 0.2882 1.2998 1.2777 94.6 45 [N(PhlN=C(R ISPI* T 

46 [~(Fh)N=C(Et)&]' 0.4497 -0.1528 0.2908 1.2933 1.2562 94.7 
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TABLE I (continued) 

Netatcmiccbrge Bari0rd.r Bond&e 
No. I%ticm’ 

s % e BPx BPY x-py 

47 

48 

49 

50 

51 

51 

53 

54 

55 

58 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

0.4833 -0.1753 0.2813 1.3066 1.2782 96.0 

0.4338 -0.1511 0.2738 1.3008 1.2510 95.0 

0.4321 -0.1576 0.2709 1.3053 1.25lS 94.8 

0.4831 -0.1793 0.2886 1.3102 1.2869 94.6 

0.4476 -0.2376 0.2883 1.3252 1.2895 94.7 

0.5375 -0.3047 0.3334 1.2984 1.3258 98.2 

0.6866 -0.3717 0.1119 1.4108 1.2784 120.5 

0.6887 -0.3728 0.1141 1.4143 1.2780 120.6 

0,6642 -0.3510 0.1099 1.4184 1.2615 120.3 

0.6688 -0.3516 0.1073 1.4209 l.ll0 120.5 

0.6933 -0.3805 0.1215 1.1028 1.2880 120.5 

0.6933 -0.3785 0.1196 1.4040 1.2880 120.5 

0.6787 -0.4516 0.1372 1.4077 1.-2 120.0 

0.7148 4.3310 -0.3787 1.130(1 1.4411 112.3 

0.7377 -0.3515 -0.4128 1.0847 1.- 113.3 

0.7042 -0.3263 -0.3935 1.1W 1.4142 112.2 

0.7326 -0.3106 -0.3881 1.1320 1.4417 115.1 

0.7612 -0.3273 -0.4186 1.0908 1.4810 116.7 

0.6896 -0.3341 -0.3750 1.1354 1.4457 113.7 

0.7185 -0.3196 -0.4966 1.1454 1.3465 112.1 

0.7358 -0.3324 -0.5326 1.1347 1.3626 111.7 

0.9452 -0.4518 -0.1413 1.1182 1.08aO 110.7 

0.8945 -0.4044 -0.1631 1.5566 1.0623 113.9 

a R represents the -a-Furan group and R represents the -a-naphthalene group. 
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94 CHANG-JUN ZHANG and CHANG-GUO ZHAN 

with an extended basis set could give most reliable theoretical results. However, 
the CPU time would be very expensive if all of the geometries of the 69 cations 
listed in Table I would be optimized by use of the ab initio calculations. A practi- 
cal choice for studying this problem is the use of a reliable semiempirical molec- 
ular orbital method. As we know, the MNDO method[351 was employed to 
optimize the geometries of several kinds of dicoordinated phosphenium cations 
listed in Table I. The geometries optimized by using the MNDO method are in 
good agreement with the experimental  result^.[^'^^] The only problem is that no 
crystal structure data are available for the dicoordinated phosphenium cations 
containing an S-P-N bond. For this special kind of cation, we can not compare 
the optimized geometry with the crystal structure; we can only compare the 
geometry optimized by using the MNDO method with that obtained by using ab 
initio calculations at a suitable level. For this purpose, we have applied both the 
MNDO method and the ab initio molecular orbital method at RHF/6-31G** level 
to the geometry optimization of cation 43 listed in Table I. This cation is the 
smallest one of the systems featuring an S-P-N bond. The P-N and P-S bond 
lengths optimized by the MNDO are 1.596A and 1.948& respectively. The P-N 
and P-S bond lengths optimized at the ab initio RHF/6-31G** level are 1.622A 
and 2.025A, respectively. The differences between the two kinds of calculated 
results for other geometrical parameters are all smaller than those for P-S and for 
P-N bond lengths. The two kinds of calculations have also been carried out for 
the optimization of the geometry of the three-coordinated phosphorus compound 
formed from the cation 43 plus a CI- anion. After the cation 43 forms a bond with 
a Cl- anion, the P-N and P-S bond lengths become 1.655A and 1.993A, respec- 
tively (the MNDO results), and 1.686A and 2.099A, respectively (ab initio 
RHF/6-31G** results). Hence, after the cation 43 forms a bond with a C1- anion, 
the MNDO calculation results indicate that the P-N and P-S bond lengths 
increase 0.059A and 0.045& respectively, and the ab initio calculation results 
reveal that the P-N and P-S bond lengths increase 0.064A and 0.074& respec- 
tively. The detailed optimized results will be published elsewhere.[361 All the 
optimized results show that the geometries optimized by the MNDO calculations 
are in good agreement with those optimized at the ab initio RHF/6-31G** level, 
especially for the relative lengths of each kind of bonds. It follows that the 
MNDO method is feasible for studying all kinds of the cations listed in Table I. 
Therefore, in this paper, we employ the MNDO method to study the 69 dicoordi- 
nated phosphenium cations. 

The equilibrium geometries of the 69 dicoordinated phosphenium cations are 
fully optimized by use of the MNDO calculation with the analytical energy gra- 
dient technique and the parameters presented in 1i terat~re . l~~ '  Considering that 
the electron density of the phosphorus center is undoubtedly the most direct fac- 
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PHOSPHENIUM CATIONS 95 

tor in determining the 31P chemical shift and that the substituent effects can also 
influence the 31P chemical shift to a great extent, the electronic structure calcula- 
tions are carried out using the optimized equilibrium geometries. 

3. RELATIONSHIP AND CALCULATED RESULTS 

In Table I we present calculated results for: (1) the net atomic charges at the 
phosphorus center [denoted by Qp]; (2) the net charge [Qx and Qy] on each of 
the substituents [X and Y] bonded directly to phosphorus; (3) the Wiberg bond 
order [Bpx and Bpy] between the phosphorus and each of the substituents 
bonded directly to phosphorus; and (4) the bond angle [0xPy] at the central phos- 
phorus atom. Values for each of these parameters change as the substituents on 
phosphorus are changed [see Table I]. In this study it was difiicult to get a satis- 
factory generalized correlation of the 31P chemical shift using only the net 
atomic charges, bond order values, and bond angle values as variables. There- 
fore, some tentative treatments to the calculated results must be done in order to 
get the suitable parameters for our theoretical analysis. The four quantities Qx, 
Qy, Bpx and Bpy can merge into two parameters, one is Qx+Qy denoted by 
QxY and another is (Z~+MX-ZN)B~X+(Z~+MY-Z,)BP~ denoted by BXY. The 
parameter BXY is adopted in order to eliminate the effects brought by the differ- 
ences of the different kinds of substituents. In expression of parameter Bxy, M, 
and My are the numbers of atoms attached to X and Y atoms, respectively, and 
Zx, Zy and ZN are the atomic numbers of X, Y and N atoms, respectively. In 
addition, for the 18-23th dicoordinated phosphenium cations which have a 
non-dicoordinated phosphorus atom besides the phosphorus center, it is found 
from the calculated results that the non-dicoordinated phosphorus atoms in the 
molecular systems all have also very high positive net atomic charges, and the 
change of the net charge of the non-dicoordinated phosphorus atom is sensitive 
to its chemical enviroment (from +0.9192 to +1.4257). When the distances 
between two phosphorus atoms in these systems are in the range 2.5-3.0A, there 
probably exists strong interaction between the two phosphorus atoms. So the 
effect of the non-dicoordinated phosphorus should also be considered, and a new 
parameter representing the change of the net charge of non-dicoordinated phos- 
phorus atom, denoted by Qpp, is introduced. Qpp is defined as the net atomic 
charge of the non-dicoordinated phosphorus atom minus 1.30 which is a value 
between the maximum and the minimum net charges of the six non-dicoordi- 
nated phosphorus atoms listed in Table 11. For the other dicoordinated phosphe- 
nium cations which has a four-membered ring involving the dicoordinated 
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phosphorus atom, the net charge of the atom at the opposite site of the phospho- 
rus are much smaller, and therefore the interaction between this atom and. the 
phosphorus atom is not important, although the distance between them is not 
very long, too. 

TABLE I1 The net atomic charges for the non-dicoodinated phosphorus atom in the 18-23th 
dicoordinated phosphenium cations 

NO. 18 19 20 21 22 23 

Q 0.9 192 0.9569 1.0107 1.0258 1.4380 1.4257 

In this way, we may propose the following relationship: 

631P = C i Q p  + C 2 Q x y  + C 3 B x y  + C 4  e x p y  + C5Qpp + Co (1) 
It should be noted that for the dicoordinated phosphenium cations not contain- 

ing the non-dicoordinated phosphenium atom, the value of parameter Q p p  in Eq. 
(1) is zero. For all of the dicoordinated phosphenium cations listed in Table 1, by 
use of Eq. (1) and the least square process we get the following explicit form: 
S3'p = -235.86 Q p  - 173.46 Qxy + 19.59 B, + 2.97 0xpy - 240.8 Q p p  - 190.65 (2) 
with a correlation coefficient of 0.984 and a standard deviation of 14.75ppm. 

The 631P values predicted by Eq. (2) for all of the cations studied in this paper 
are listed in Table 111, together with the experimental data. 

4. DISCUSSION AND CONCLUSION 

It can be concluded from the relationship, Eiq. (2). that the magnitude of the 31P 
NMR chemical shift of the dicoordinated phosphenium cation is not only deter- 
mined by the net atomic charge at the dicoordinated phophoms center, but also 
influenced by the net charges of the atoms bonding with the phosphorus center, 
the bond orders between the phosphorus and the substituents and the bond angle 
at the phosphorus. All these calculated quantities determine the environment of 
the phosphorus nucleus, and, therefore, determine its magnetic shielding. As one 
can see from Table 111, on the whole, the calculated 31P NMR chemical shifts 
reflect general trends in experimental values, However, for some cations the dif- 
ference between the calculated and experimental chemical shifts is significantly 
larger than the difference for others. This may be due to the limitation of the 
MNDO approximation. Nevertheless, the calculated results adequately reflect 
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PHOSPHENIUM CATIONS 97 

some important trends, e.g., the 'P chemical shifts in [i-Pr2N-P-Y]+ increase 
with the substituent Y in the series: NMe2 (6), N(i-Prh (3), C1 (69) and S(i-Pr) 
(32). The 31P chemical shifts in [Me2N-P-Y]+ increase with Y in the series: 
NMe2 (1), NEt2 (4), N(i-Pr);! (6),  C1 (68), N(Me3Si)2 (7), S(n-Pr) (38). The 31P 
chemical shift in [i-Pr2N-P-Y]+ are always larger than that in [Me2N-P-Y]+, 

when the substituent Y in them is fixed, such as NMq, N(i-Pr)2 or C1. It follows 
that the relationship Eiq. (2) obtained in this paper is satisfatory for calculating 
the 31P NMR chemical shifts of the dicoordinated phosphenium cations from the 
MNDO calculation results. 

TABLE I11 The experimental and calculated 31P NMR chemical shifts(ppm) for the dicoordinated 
phosphenium cationsa 

No. Calc. Expt. Retb No. Calc. Expt. Retb 

1 268.3 

2 276.4 

3 293.6 

4 272.7 

5 470.6 

6 282.1 

7 349.8 

8 349.4 

9 254.6 

10 228.8 

11 237.4 

12 277.3 

13 226.0 

14 349.5 

15 448.8 

16 370.8 

17 188.6 

18 337.8 

19 349.1 

20 324.0 

264.0 

263.0 

313.0 

266.0 

450.3 

290.0 

354.3 

370.1 

264.0 

254.0 

222.0 

302.0 

228.0 

343.0 

450.0 

379.0 

212.0 

365.7 

334.5 

311.3 

2.11 36 

13.14 37 

15 38 

16 39 

17 40 

15 41 

17 42 

17 43 

18 44 

19 45 

20 46 

21 47 

21 48 

22 49 

22 50 

22 51 

23 52 

17 53 

24 54 

19.25 55 

430.6 

418.6 

421.5 

422.4 

448.4 

478.2 

296.7 

299.7 

307.0 

315.8 

307.2 

311.3 

313.8 

315.6 

311.6 

327.6 

331.2 

408.6 

408.4 

406.9 

437.2 

418.7 

430.6 

428.1 

431.5 

443.1 

261.9 

269.7 

312.1 

318.0 

321.0 

322.7 

318.9 

320.1 

33 1.9 

328.6 

306.0 

406.4 

402.6 

411.8 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

26 

10 

10 

10 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
4
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



98 CHANG-JUN ZHANG and CHANG-GUO ZHAN 

No. Calc. Expt. Rejb No. Calc. Expt. Rejb 

21 301.2 293.5 19.25 56 407.0 406.2 10 

22 291.7 289.0 16 57 408.5 411.2 10 

23 302.5 304.0 16 58 408.1 402.6 10 

24 421.7 427.9 10 59 421.9 443.2 10 

25 422.8 426.6 10 60 220.2 230.7 27 

26 423.0 426.6 10 61 225.4 209.3 27 

27 423.2 427.5 10 62 223.6 237.7 28 

28 423.3 427.6 10 63 222.5 211.0 29 

29 423.3 427.4 10 64 226.5 195.2 29 

30 428.3 437.9 10 65 230.7 230.3 30 

31 430.4 437.8 10 66 234.2 220.0 31 

32 431.5 435.0 10 67 238.3 231.1 31 

33 433.0 435.2 10 68 340.3 325.0 2 

34 430.9 438.0 10 69 353.6 334.0 12 

35 431.0 437.4 10 

a The 31P chemical shift referenced to 85% H3P04(external). 
References from which the experimental values come. 
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