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The equilibrium geometric parameters and structures of transition states of internal 
rotation for the molecules of methyldicyanophospine MeP(CN)2 and its isocyano analog 
MeP(NC)2 were calculated by the RHF and MP2 methods with the 6-31G* and 6-31G *~ 
basis sets. At the MP2 level, the total energy of cyanide is -35 kcal tool -I lower than that of 
isocyanide and the barriers to internal rotation of methyl group for MeP(CN)2 and 
MeP(NC) 2 are 2.2 and 2.7 kcal tool -1, respectively For both molecules, the one-dimen- 
sional ab initio potential functions of internal rotation approximated by a truncated Fourier 
series were used to determine the frequencies of torsional transitions by solving direct 
vibrational problems for a non-rigid model. The Raman spectrum of crystalline /VleP(CN)2 
was recorded in the range 3500--50 cm -I.  The vibrational spectra of this compound were 
interpreted by scaling ab initio force fields calculated by the RHF and MP2 methods. The 
vibrational spectrum of methyldiisocyanophosphine was predicted with the use of the 
obtained scale factors. 
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This  work is a c o n t i n u a t i o n  of  our  previous studies 1.2 
of  the  s t ruc ture  and  t au tomer i c  stability of  cyano  deriva-  
tives of  phospho rus .  Almos t  no exper imenta l  and  theo-  
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retical data o f  such kind for m e t h y l d i c y a n o p h o s p h i n c  
have been repor ted in the  l i terature.  The  X-ray diffrac- 
t ion study 3 was most ly  ded ica ted  to invest igat ing the 
crystal l ine s t ruc ture  o f  m e t h y l d i c y a n o p h o s p h i n e .  Later,  
the i n t e rmolecu ta r  P.. .N d is tance  (3.05 A) was ca lcu-  
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lated 4 o n  the basis o f  these data and appeared to be 
somewha t  shor te r  than the sum of  the van der Waals 
radii o f  the P a n d  N atoms (3.4 A). 

The I R and R a m a n  spectra  of  m e t h y l d i c y a u o -  
phosph ine  in the crystall ine phase and its Raman spec-  
tra in melt ,  in acetoni t r i le  solution,  and in the gas phase 
were obta ined in the most  detailed spectral study. 5 
However,  problems arose when interpreting these data, 5.6 
especially with the ass ignment  of  several weak bands in 
the low-f requency  region of  Raman spectra,  for which 
a t tempts  to measure  depolarizat ion ratios with adequate  
accuracy Palled. 

Using quan tum-chemica l  calculations, we studied the 
t he rmodynamic  stability and geometry of  structural iso- 
mers in the C3H3N2P system and intenml rotation of  
methyl  group in these molecules.  The Raman spectrum 
of  methy ld icyanophosph ine  in the crystalline phase was 
recorded again and the whole totality of experimental  
vibrational spectra  was reinterpreted using quan tum-  
chemical  force fields, calculated intensities o f  the IR and 
Raman bands, and depolarization ratios. The vibrational 
spect rum of  methyld i i socyanophosphine  was predicted. 

Procedure for Calculations and Experimental 

The geometry of MeP(CN) 2 and MeP(NC) 2 molecnles was 
optimized by the restricted Hartree--Fock (RHF) method and 
at the second-order Moller-Plesset (MP2) level of perturbation 
theory with inclusion of electron correlation using the 6-31G" 
and 6-31G** basis sets. To characterize stationary points, the 
results of calculations of the frequencies of normal vibrations 
were also used. 

In the studies of  the internal rotation of methyl group the 
potential energy values, in addition to stationary points, were 
calculated in each case at three fixed intermediate points along 
the coordinate of the corresponding motion with optimization 
of other geometric parameters. Such an approach makes it 
possible to take into account structural relaxation in the course 
of one-dimensional motion considered and, hence, to a cer- 
tain extent, interaction of the motion in question with other 
internal vibrations. 7-9 AS has been shown previously, s the 
consideration of geometry relaxation (the so-called non-rigid 
model) is often necessary for a correct determination of the 
shape of the potential function and the height of the barrier. 

In order to predict the energy spectra and to estimate the 
frequencies of torsional transitions using theoretical potential 
fnnctions, we solved the direct one-dimensional problems 9 in 
the framework of a non-rigid model_ The dependence of 
calculated values of thc potential energy on the angle of 
rotation (qO was approximated by a truncated Fourier series 

N 
i , ' (~ )  = 0.5 ~ v~. ( l  - cos k<o), 

k=l  

where 1"~ is the maximttm amplitude of tile k'th term of the 
expansion. 

The fimetions F(tn) characterizing the kinetic energy and 
required for solving the direct problems were calculated fol- 
lowing the known procedure 1~ using data of quantum-chemi- 
cal calculations of geometric parameters for different points of 
the potential curves. These functions were also approximated 
by a mmcated Fourier series. 

The vibrational spectra were analyzed by scaling the ab initio 
force fields and refining a small set of scale factors by fitting 
theoretical vibrational frequencies to the experimental ones. 

To meet the criteria for comparability of the force con- 
stants obtained in a series of related molecules, the harmonic 
force constants of the MeP(CN)2 and MeP(NC) 2 molecules in 
the Cartesian system calculated for the equilibrium geometric 
parameters in the RHF/6-31G* and MP2/6-31G ~ approxi- 
mations from analytical expressions for the second derivatives 
of the energy were transformed to  a complete and non- 
redundant system of the internal coordinates of local symme- 
try. The corresponding sets of internal coordinates have been 
discussed previously, n Individual scale factors C i were intro- 
duced for the groups of equivalent or  similar (in the case of 
local symmetry) internal coordinates; the modification of 
quantum-chemical force constants F0Shr176 was defined as F/j = 
(CiCj)l/2Fo-th~~ (see Ref. 12). 

All quantum-chemical calctdations were carried out on an 
HP735 Work Station computer at the Littoral University 
(Dunkirk, France) using the GAUSSIAN-92 program pack- 
age. 13 One-dimensional torsional problems were solved using 
the TORSIO program, 9 and the direct  and inverse spectral 
problems were spired by a scaling procedure using the ANCO 
and SCALE programs. 14,ts 

The Raman spectrum of MeP(CN)2 in the crystalline 
phase in the frequency region 3500--50 cm -I was recorded on 
a Bruker IFS-66 spectrometer equipped with a FRA 106 
Raman accessory, a solid-state Nd/'YAG IR laser (I00 W, the 
exciting line at k = 1.064 lain), and a D418-S detector cooled 
with liquid nitrogen. The resolution of the spectrometer was 
4 cm - i .  The 31p NMR spectrum was recorded on a Varian 
FI-80 spectrometer with 85% H3PO a as external standard. 

Methyldicyanophosphine MeP(CN)2 was synthesized fol- 
lowing the modified procedure 16 by the reaction of methyl- 
dichlorophosphine with hydrogen cyanide in ether in the 
presence of triethylamine. This procedure does not result in a 
high yield, but it is a one-step process, and, in addition, 
monitoring by 31p NMR spectroscopy shows no traces of 
starting reagents, t~ Methyldichlorophosphine MePCI 2 was syn- 
thesized following the modified procedure 17 and hydrogen 
cyanide was synthesized following the conventional proce- 
dure. Is 

A solution of methyldichtorophosphine (5.6 g, 0.04 mol) in 
80 mL of abs. diethyl ether was added dropwise to 4 mL of 
liquid hydrogen cyanide cooled to --10 *C, and the mixture 
was stirred for 30 rain at -10  ~ then 13 mL drabs, triethyl- 
amine was added_ The reaction mixture was stirred for 1 h at 
0 ~C and then the temperature was raised to room tempera- 
lure, and the reaction mixture was stirred for an additional 4 h. 
Triethylamine hydrochloride precipitated was filtered off. 
washed with abs. ether, and the ethereal extracts were com- 
bined. The solvent was evaporated, and the residue was recrys- 
tallized from chloroform to give 3.2 g of methyldicyano- 
phosphine (81%), m.p. 80--81 ~ 5 31p NMR (CHCI3, 3): 
+81.4.19 

Results and Discussion 

Relative stability o f  methyldicyanophosphine 
and methyldiisocyanophosphine 

Compar ison  of  tile results o f  theoret ical  and experi-  
mental  studies of  cyanide _ - isocyanide rearrange- 
meats  available to date showed  I that  the inclusion of  



Methyldicyanophosphine and methyldiisocyanophosphine Russ. Chem. BulL, VoL 47, ,Vo. 9, September, 1998 1655 

electron correlation is of fundamental importance for 
reliable calculation of the energy difference of the iso- 
mers. Completeness of the basis set and the molecular 
geometry used in calculations are of lesser importance. 
The inclusion of electron correlation in the MP2 ap- 
proximation usually leads to overestimation of the en- 
ergy difference by no more than 3--5 kcal tool -~, whereas 
in the case of the RHF method the errors do not exhibit 
such a regular behavior. I The results of MP2 calcula- 
tions can be considered as the upper boundaries of the 
values of energy differences. Cyanides of non-transi- 
tional elements of Groups IV--VII of the Periodic sys- 
tem are always more stable than the corresponding 
isocyanides. At the same time, the relative stability of 
the isomers is strongly affected by electronegativity of 
tile atom to which isomeric --C~:N and - -N=C:  groups 
in question are directly bonded, viz., the isomerization 
energy increases as electronegativity increases. 

According to our ab initio calculations, the increase in 
the energy on going to the isocyano form in the 
MeP(CN) 2 _ -: MeP(NC) 2 system is 14.4 kcal tool -I 
and 34.8 kcal tool -I for the RHF and MP2 approxima- 
tions, respectively (Table 1). As for the energy difference 
for the MeOP(CN)  2 ~------ MeOP(NC)2 system we 
calculated previously (-30 kcal tool - t  in the MP2 ap- 
proximation), 1 the values obtained are somewhat larger 
than in the case of the H2PCN _=~- H2PNC system 
(~20 kcal tool -I in the same approximation), z~ However, 
it should be noted that each of the phosphines we studied 
contains two isomerizing groups. Thus, the thermodynamic 
stability of isocyano phosphines must be higher than that 
of tt2NNC in the H2NCN . . . .  H2NNC amine system, 
in which the energy difference calculated by the MP2 
method is ~50 kcal mol -l,z~ and be close to that of MeNC 
in the MeCN _ - MeNC system (the corresponding 
energy difference is equal to 27 kcal tool-t), xt for which 
the results of calculations can be compared with the experi- 
mental data (23.7(I) kcal mol-I). 2z 

Equilibrium geometric parameters and their changes 
in the course of internal rotation 

It can be seen from the data in Table 1 that RHF and 
M P2 calculations give close values for many geometric 
parameters of the phosphines studied. The main distinc- 
tions concern the bond lengths in conjugated P(CN) 2 and 
P(NC) 2 fragments. Previously, z~ it has been shown that 
the lengths of multiple bonds in cyano and isocyano groups 
are systematically underestimated in RHF calculations and 
overestimated in MP2 calculations and that averaging of 
the values obtained by both methods leads to a good agree- 
ment with the experiment. On this basis, the lengths of the 
C-=N and N=C: bonds in tile H2PCN aud H2PNC mol- 
ecules were predicted to be 1.160 and 1.177 A, respec- 
tively, z~ The analogous averaged values for the MeP(CN)~ 
aod MeP(NC)~ molecules as well as for the molecules of 
compounds MeOP(CN)2 , MeOP(NC)2, MeP(=O)(CN)2, 

and MeP(---O)(NC)2 calculated earlier I coincide with the 
estimates proposed in Ref. 20 with an accuracy of 0.002 A, 
which may indicate a low sensitivity of the C---N and N=C: 
bonds in phosphorus cyanides and isocyanides to tile 
change in the coordination number of the P atom and to 
the influence of the substituents. 

Variations of geometric parameters in the series of 
substituted phosphines calculated by the RH F and MP2 
methods and found experimentally are in agreement 
within the limits of conventional accuracy of structural 
experiments (to 0.005 A for the bond lengths and to I ~ 
for the bond angles).l This makes possible discussing tile 
calculated changes in the parameters of such com- 
pounds considering them analogously to the experimen- 
tal data. it can be seen in Table 1 that the P - C( H  3) 
bond is shortened by ~0.02 A on going from MeP(CN) 2 
to MeP(NC)2. Analogous change in the length of the 
P -C(H3)  bond also occurs when passing from 
MeP(=O)(CN)2 to MeP(=O)(NC)2.  ! In addition, 
in these derivatives of tetracoordinated phosphorus 
the P--C(H3) bonds are ~0.05 A shorter and the 
(H3)C--P--C and (H3)C--P--N angles are ~5 ~ larger 
than in the MeP(CN)? and MeP(NC)2 molecules, re- 
spectively. The P--C (P--N) bonds and the C- -P - -C  
(N- -P- -N)  bond angles also undergo similar changes, 
though to a somewhat lesser extent. This is in agreement 
with general regularities established in numerous experi- 
mental studies of phosphorus compounds, 24,25 accord- 
ing to which the lengths of ordinary bonds in the 
derivatives of tetracoordinated phosphorus are, as a rule, 
shorter and the bond angles between them are larger 
than those in analogous compounds  containing a 
tricoordinated P atom. 

The length of the P--C(H3) bond in the MeP(CN).~ 
and MeP(NC)2 molecules changes most pronouncedly 
in the course of internal rotation of the methyl group. In 
sterically less favored eclipsed form corresponding to the 
transition state of internal rotation (~ = 180 ~ see 
Table I), this bond is lengthened approximately by 
0.02 A similarly to that observed earlier I for the 
MeP(=O)(CN) z and MeP(=O)(NC)2 molecules. The 
axis of rotation of the methyl group deviates from the 
direction of the P--C(H3) bond by 2--4 ~ so that one H 
atom (in the eclipsed form) or two H atoms (in the 
equilibrium staggered configuration) of this group ap- 
proach a hypothetical position of the lone electron pair 
of the P atom (see Fig. 1). Changes in the bond angles at 
the P atom do not exceed 1 ~ 

Mulliken atomic charges and electric dipole moments 

The distributions of Mulliken atomic charges in the 
MeP(CN) 2 and MeP(NC) 2 molecules calculated by the 
RHF and MP2 methods are shown in Fig. 1 and the 
values of dipole moments of these molecules calculated 
by tile same methods are listed in Table I. These param- 
eters change only slightly in the course of internal 
rotation. 
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Table 1. Results of ab initio calculations of equilibrium structures (ES) and transition states of internal rotation (TS) of the 
MeP(CN) 2 (1) and MeP(NC) 2 (2) molecules 

Parameter a RH F/6-31G * M P2/6-31G** 

I 2 I 2 

ES TS ES TS ES TS ES TS 

Bond length, r/~,: 
P--C(H 3) 1.849 1.865 1.833 1.851 1.847 
P--C (P--N) 1.801 1.800 1.708 1.708 1.788 
C~N (N=C:) 1.136 1.136 1.162 1.162 1.184 
C--Hi.p 1.081 1.082 1.082 1.083 1.085 
C--Ho. p 1.084 1.082 1.084 1.082 1.087 

Bond angle, [~/deg: 
C- -P - -C  (N- -P - -N)  97.6 97.2 98.9 98.4 97.0 
(H 3)C--P--C ((H3)C--P--N) 99.7 100.6 98.9 99.8 99.1 
P--C~N (P--N=C:)  175.2 175.0 172.7 172.2 173.9 
P--C--Hi.  p 113.0 108.4 111.9 t08.9 112.9 
P--C--Ito.  p 108.1 110.8 108.7 110.5 107.9 

Dihedral angle, x/deg: 
(H3)C--P--C~N ((H3)C--P--N=C:) +-103.0 +-103.1 + -128 .9  +131.1 +-108.6 
Hi4,--C(|I 3)--P--A (qO 0.0 180.0 0.0 180.0 0.0 
Ho.p--C(H 3)--P--/I +121.4 +_60.4 +_121.0 +60.3 +-121.5 

Dipole moment: 
p/D 4.46 4.55 3.39 3.48 4.50 
ct/deg b 30.0 30.1 22.1 22.5 29.8 

Total energy. 
- ( E +  564.0)/au 0.950433 0.946521 0.927561 0_923001 1.805934 

1.862 1.829 1.846 
1.786 1.719 1.719 
1.184 1.196 1.196 
1.086 1.086 1.086 
1.085 1.088 t.086 

96.6 97.6 97.2 
99.8 97.9 98.7 
173.7 173.0 172.5 
108.4 111.6 109.0 
I t0.5 108.4 110.2 

+109.3 _+_121.8 +_125.3 
t80.0 0.0 180.0 
+_60.3 _+121.1 +_60.2 

4.59 3.31 3.38 
29.8 22.1 22.3 

1.802377 1.750447 1.746217 

a The "i.p" and "o.p" indices correspond to H atoms located in the symmetry plane of the molecule and to those located out of 
this plane, respectively; and A is the point on the bisectrix of the C- -N - -C  (N--P- -N)  angle. 
b The values of the angle between the vector of the dipole moment lying in the symmetry plane o f  the molecule and the 
P--C(H3) bond (see Fig. 1). 
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Fig. I. Equilibrium structures (ES) and conformations of transition states of internal rotation (TS) of tile MeP(CN) 2 (1) and 
MeP(NC)2 (2) molecules: numbering of the atoms and Multiken atomic charges calculated using geometric parameters optimized 
by the MP2 method (the results of the RHF calculations are given in parentheses). Tile H(?), C(2). and P atoms, and the 
hypothetical position of the lone electron pair of the P atom for each of the molecular forms are in its symmetry plane. The 
direction of the calculated vectors or dipole moments (the angle c~, see Table 1) is shown in the center of the figure. 
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The positive charge on tile P atom increases oq going 
from the cyano to tile isocyano form and in both mol- 
ecules is approximately a factor of 1.5 less than in 
analogous methoxy derivatives MeOP(CN)2 and 
MeOP(NC)2. I The charges on the atoms of cyano and 
isocyaqo groups are nearly the same as in the methoxy 
derivatives, viz., the negative charges on the N atoms in 
isocyanides are twice as large as those in cyanides, while 
carbon atoms in cyano groups are virtually neutral and 
those in isoeyano groups have a small positive charge. 
Changes in the charges on the atoms of methyl groups 
caused by isomerization are minimum. 

The calculated values of the dipole moments depend 
slightly on the method used and the p. value for cyanide 
is 1.2 D larger than that for isocyauide. The experimen- 
tal value of the dipole moment of the MeP(CN) 2 mol- 
ecule (4.92 D for solutions in cyclohexane and dioxane 
at 25 ~ in an Ar atmosphere) z6 is only slightly larger 
than the calculated value (4.5 D). Therefore, the pos- 
sible error of calculations is appreciably less than the 
calculated values, which makes it possible to consider 
the predicted directions of the dipole moments (in the 
symmetry plane of each of the compounds from the 
cyano or isocyano group to the methyl substituent, see 
Fig. 1 and Table I) to be quite realistic too. 

Potential functions of  internal rotation of methyl group. 
Calculations of  frequencies of torsional transitions 

The study of internal rotation of methyl groups in 
the MeP(CN)2 and MeP(NC)2 molecules showed that 
the staggered conformation (the dihedral angle tp is 0 ~ 
see Table 1) is the most stable. According to the RHF 
calculations, the height of the barrier for the eclipsed 
forms of these molecules (~ = 180 ~ is 2.5 and 
2.9 kcal tool - I ,  respectively. The inclusion of electron 
correlation in the MP2 approximation affects slightly 
these values (2.2 and 2.7 kcal mo[ - t ,  respectively). The 
calculated potential curves of internal rotation of the 
methyl group V(,,p) in both molecules are similar (Fig. 2) 
and are satisfactorily approximated by a truncated Fou- 
rier series with the three coefficients V], I/6, and 1,�89 
(Table 2). The main contribution comes from the ex- 

Table 2. Coefficients of the Fourier-series expansion 
( Vn/cm -I) of the functions of potential energy of inter- 
nal rotation of the methyl group in the MeP(CN)2 (1) 
and MeP(NC) 2 (2) molecules calculated in the 
RH F/6-31 G* and MP2/6-31G'* approximations 

Coefficient 1 2 

RHF MP2 RHF MP2 

V3 864.0 784 .6  1005.7 931.9 
I/6 --41.7 - -50 .2  --40.8 --50.4 
['i~ --6.3 --4.8 --5.6 --4.1 
Standard 

deviation 2.1 1.9 1.9 1.8 

E/cm-I gd 
1 2 0 0 ~  RH F/6-3 tG* MP2/6-3 IG" 

8000 

400 

l 

-180 -120 -60 0 60 120 180 

E/cm-t b q~/deg 
1200 U RHF/6-3 IG" MP2/6-31G* 

40( 

-180 -120 -60 0 60 120 180 
~/deg 

Fig. 2. Approximations of the potential functions of internal 
rotation of the methyl group in the MeP(CN)2 (a) and 
MeP(NC) 2 (b) molecules by tnmcated Fourier series with the 
coefficients I/3, 1/6, and V 9 according to the data of RHF and 
MP2 calculations. The values of the total energy obtained by 
quantum-chemical calculations are shown by asterisks. The 
torsional levels obtained on the basis of the solutions of the 
direct one-dimensional problem are shown. 

pansion term with coefficient V 3, which determines the 
height of the barrier to rotation. 

Using the RH F- and M P2-optimized geometric pa- 
rameters, i.e., taking into account the effects of struc- 
tural relaxation, we calculated the functions F(q0) char- 
acterizing the kinetic energy (the definition of the func- 
tion F(q~) was given in Refs. 27 and 28) and obtained the 
coefficients /7o, Ft, and F 2 of their approximations by a 
truncated Fourier series (]'able 3). The values of coeffi- 
cients F~ and F 2 in the Fourier expansions are very small 
and so taking into account the expansion terms after F 0 
only slightly affects the final result. The functions F(~0) 
and V(~) were used to calculate energy levels and fre- 
quencies of torsional transitions (Table 4, see Fig. 2) by 
solving the direct one-dimensional problem in tile frame- 
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Table  3. Coefficients of  the Fourier-series expansion (F, jcm -I) 
of the functions F(to) calculated for internal rotation of the 
methyl group in the MeP(CN) 2 (1) and MeP(NC)2 (2) 
molecules using geometric parameters optimized in the 
RH F/6- 31G * and M P2/6-31G** approximations 

Coeffi- 1 2 

cient R H F M P2 RH F M P2 

F 0 5.4473(6) 5.3969(3) 5.4398(5) 5.388 1 (4) 
F I -0.0089(3) -0.0096(2) -0.0130(3) - 0 . 0  1 22(2) 
F 2 0.0113(7) 0.0120(3) 0.0174(6) 0.0163(5} 

Note. Tim standard deviations are given in parentheses. 

Table  4. The lowest energy levels (E/cm -l)  for internal rota- 
tion of the methyl group in the MeP(CN) ! (I) and MeP(NC) 2 
(2) molecules calculated in the RHF/6-31G ~ and MP2/6-31G** 
approximations 

Excit- Symmetry 

ation type of" the 
level component 

I 2 

RttF MP2 RHF MP2 

0 AI, E 89.0 82.0 98.1 91.8 
I E 266.1 246.0 292.4 274.1 
1 A 2 266.1 246.1 292.5 274.2 
2 A I 438.1 406.5 480.3 451.5 
2 E 438.2 406.7 480.4 451.6 
3 E 598.7 556.5 657.2 618.9 
3 A 2 600.3 558.8 657.9 619.8 
4 A~ 734.8 680.8 714.2 766.0 
4 E 745.9 694.9 820.0 773.5 
5 E 846.5 7 8 6 . 1  943.9 887.8 
5 A 2 895.2 841.5 976.1 925.3 
6 A t 927.7 866.5 1031.7 972.1 
6 E 1001.8 845.2 1092.0 1036.7 

work of  the non-r igid  model  o f  internal rotation, s,9 The 
zeroth and the first energy levels are nearly triply degen- 
erate, and the splitt ing o f  order  1--2 cm -I  appears only 
for the third level and then increases rather rapidly. 

It follows f rom the solution o f  the direct o n e - d i m e n -  
sional problems obtained using d a t a  of  q u a n t u m - c h e m i -  
cal calculations that the fundamen ta l  f requencies  of  the 
torsional mode must be observed in the regions 165-- 
180 cm -I for M e P ( C N ) 2  a n d  180--195 cm -I  for 
MeP(NC)  2. This is in good ag reemen t  with the assign- 
ment  of  the torsional vibration of  the methyl  group in 
the MeP(CN)  2 molecule  to t h e  exper imental  band at 
180 cm -I resulting from the solut ion of  the inverse 
spectral problems by scaling the q u a n t u m - c h e m i c a l  force 
fields (see below). 

The use of quantum-chemical force fields 
for the interpretation o f  vibrational spectra 

of methyldicyanophosphine 

The Raman spectrum of M e P ( C N ) 2  in the crystalline 
phase (Figs. 3 and 4) we obta ined in this study is in good 
agreement with the reported data  5 (Table 5). Though the 
interpretation of  these data has changed  as t ime passed, it 
has not been corr.pleted as yet. Thus ,  it is argued 5,6 that 
no bands corresponding to the ant isymmetr ic  stretching 
mode of  the C-~-:N bonds and to the  torsional mode  of  the 
methyl group are observed in the  spectra. The  bands in 
the spectral region below 450 crn - t ,  characteristic of  the 
frequencies of  most skeletal deformat ion  modes and tor- 
sional mode of  the methyl group,  had no reliable assign- 
merit even to the symmetry types of  normal vibrations. 
The results of  the solution of  the inverse spectral problem 
for MeP(CN)  2 obtained 6 taking into account the data of  
analogous calculations and reassignment of  the frequen- 
cies of  phosphorus and arsenic tficyanides 29,3~ were the 
main reason for revising 6 the experimental  assignment. 5 
In addition, it has been pointed out  6 that the exper imen-  
tal assignment s could be compl ica ted  by non-reliabil i ty of  
depolarization measurements  in the low-frequency region 
of  the Raman spectra caused by the extremely high noise 
level and low scattering intensity in this spectral region. 
The absence of  experimental  spectra of  methyldicyano-  

1.2: 

0.6 

/ (rel. unit) 

2000 1800 1600 1400 1200 I000 800 600 400 200 v/cm- I ~000 2500 

Fig. 3. General view of the Raman spectrum of methyldicyanophosphine in the crystalline phase. 
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Fig. 4. Two regions of tile Raman spectrum of methyldicyanophosphine in tile crystalline phase: a, 200--750 cm-I ;  and b, 50--250 cm -I 

p h o s p h i n e  i s o t o p o m e r s  is an objective obstacle to the 

analysis.  
Vibra t ional  s p e c t r a  o f  p o l y a t o m i c  mo lecu le s  of ten  

c a n n o t  be u n a m b i g u o u s l y  t reated us ing  t radi t ional  e ra -  

pirical m e t h o d s  o f  i n t e rp re t a t i on  inc lud ing  the n o r m a l  

c o o r d i n a t e  analysis .  A co r rec t  cho ice  and  a s s i g n m e n t  o f  
the  f u n d a m e n t a l  f r e q u e n c i e s  are not  ev iden t  w i thou t  

p r e l im ina ry  knowledge  o f  at least the  genera l  s t ruc ture  

Table 5. Tile Raman and IR spectra (v/cm -t)  of  methyldicyanophosphinc 

Th is  

Raman spectrum 

Crystalline phase Solution Melt 5 Gas phase 5 

work Ref. 5 in MeCN 5 

I R spectrum, 

crystalline 

phase 5 

3022 w 3014 m 3020 s, p? 
3001 w 2 9 9 9 m  3006 s, dp? 
2986vw 
2932 s 2926 s 2933 vs, p 2929 m 
2889vvw 
2812vw 
2193 vvs 2188 vs 2189 vs, p 2189 vs, p 2187 vs, p 
2191 v'vs 
1418 w 1419 s 1422 s, p 1423 m, p 1416 m 

1411 m 
1300 vw 1294 s 1300 m, p 
922 vw 924 w 
911 vw 909 m 
693 m 689 vs 693 vs, p 691 vs, p 

628 s, p 633 s, p 
6 0 0 v w  602 m 600 s. dp 606 vw, dp? 
581 w 580 vs 589 vs, p 588 vs, p 
477 w 478 s 459 s, p 468 m, p 
4 4 0 w w  438 w 430vw 432 m, p (0.4)? 
330 vw 328 m 316 m, dp 
186 m 183 m 177 vs, p 179 s, dp? 
155 m 152 m 
145 m 140 m 132 s, p? 
103 sh 95 w 

61 m 
40 m 

687 s, dp? 

575 s, p 
476 w 

183 m, dp? 
151 m, dp 
141 m, dp 
93w,  p 

45 s, dp 

3016 sh 
2998 sh 

2186 m 

1423 vw 
1414 s 
1293 m 
922 m 
906 s 
690 vs 
646 w 
601 vs 
569 vs 
471 w 
431 w 
320 vw 

Note. Hereafter p is polarized and dp is depolarized bands in the Raman spectrum; the measured 
depolarization ratio 5 is shown in parentheses. 
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Table 6. The nonrednndant  set of internal coordinates of local symmetry for the methyldicyanophosphine molecule" 

Number Notation Number Notation Definition 
of internal of internal of internal coordinate 
coordinate coordinate 

1 P--C(2) str 14 
2 P--C(3) str 

3 C(3)-=N(4) str 15 
4 P--C(5) str 
5 C(5)-=N(6) str 

6 C(2)PC(3) bend 16 
7 C(2)PC(5) bend 

8 C(3)PC(5) bend 17 
9 PC(3)N(4) bend 

10 PC(5)N(6) bend 18 
I 1 P--C(3) tots 

(P--C(2),  C(5); C(3)--N(4))  19 

t 2 P--C(5) tots 20 
(P--C(2),  C(3); C(5)--N(6))  21 

13 CH 3 tots (P--C(2) tots) 
(P--C(3),  C(5); 
C(2)--H(7),  H(8), H(9)) 

CH 3 s.str 0.5774 (C(2)--H(7) str) + 0.5774 (C(2)- -H(8)  str) + 
+ 0.5774 (C(2)--11(9) str) 

CH 3 s.def -0.4082 (PC(2)H(7) bend) - 0.4082 (PC(2)H(8) bend) - 
- 0.4082 (PC(2)H(9) bend) + 0.4082 (H(8)C(2)H(9) bend) + 
+ 0.4082 (H(7)C(2)H(9) bend) + 0.4082 (H(7)C(2)H(8) bend) 

CH 3 as.str 0.8165 (C(2)--H(7) str) - 0.4082 (C(2)- -H(8)  str) - 
-- 0.4082 (C(2)--H(9) str) 

CH 3 as.def 0.8165 (H(8)C(2)H(9) bend) - 0.4082 (H(7)C(2)H(9) b e n d ) -  
- 0.4082 (1"I(7)C(2)H(8) bend) 

CH 3 rock 0.8165 (PC(2)H(7) bend) - 0.4082 (PC(2)H(8) bend) - 
-- 0.4082 (PC(2)H(9) bend) 

CH 3as.str" 0.7071 (C(2)--H(8) s t r ) -  0.7071 (C(2)- -H(9)  str) 

CH 3 as.def' 0.7071 (H(7)C(2)H(9) bend) - 0.7071 (H(7)C(2)H(8) bend) 
CH 3 rock' 0.7071 (PC(2)H(8) bend) - 0.7071 (PC(2)H(9) bend) 

a The numbering of the atoms is shown i~ Fig. I. Hereafter the following notations of the vibrations are used: str is stretching; bend 
is bending for the bond angle; def is deformation vibration of local symmetry for the methyl group; rock is rocking; wag is wagging, 
twist is twisting; tore is torsional; s is symmetric; and as is antisymmetrie vibration. The torsional coordinate is defined as the sum 
of the motions in the tetraatomic fragments. 

of  the  potent ia l  energy  matr ix .  This  in fo rmat ion  can  be 
ob ta ined  from q u a n t u m - c h e m i c a l  ca lcula t ions  o f  the  
force fields, sca l ing  o f  which  makes  it possible to un-  
equivocal ly  solve the  spectra l  problems,  lz Our  experi-  
ence  shows t h a t  th is  a p p r o a c h  is highly efficient.  3t 

The  use o f  the  force fields ca lcula ted in the  R H F  
approx ima t ion  w i t h o u t  inc lus ion  of  e lec t ron  cor re la t ion  
can cause some  u n c e r t a i n t y  in the  ass ignment  of  the 
spectral  bands ,  3z especia l ly  in the  long-wave region for 
which  expe r imen t a l  da ta  (as in the  case of  me thy l -  
d i c y a n o p h o s p h i n e )  are of ten  not  sufficiently comple te  
and  reliable. For  th is  reason  we analyzed the vibrat ional  
spectra  of  M e P ( C N ) 2  t, sing scal ing of  the  force fields 
ca lcula ted  bo th  in the  R H F  approx ima t ion  and  by the  
M P2 m e t h o d  wi th  inc lus ion  of  e lec t ron  correlat ion.  

The  geomet r ic  parameters  used in the spectral calcula- 
t ions and the  def in i t ion  of  the non r edundan t  set of  inter- 
hal coordinates  of  local symmet ry  are listed in Tables 1 
and 6, respectively, and  the number ing  of a toms in the 
me thy ld i cyanophosph ine  molecule  is shown in Fig. 1. 
Since, according to q u a n t u m - c h e m i c a l  calculations,  the 
departure  of  the  P--C~-N fragments  from linearity is 5 to 
6 ~ (see Table 1), it was necessary to introduce the  bending 
and torsional coord ina tes  to reach the best descript ion of 
the  mot ions  in these fragments_ The  obtained values of  
scale factors (Table 7) lie within the limits 0.70--0.85 and 
0.85--1.10 for the  force fields in the  R H F  and MP2 
approximat ions ,  respectively, and are in good agreement  
with the  values we found earlier for analogous fragments  
in o ther  classes of  compounds .  3t.32 

The  similari ty of  bo th  force f ields af ter  the i r  scal ing 
(Table  8) and closeness  of  c a l c u l a t e d  v ibra t ional  fie- 
quenc ies  (Table  9) may ind i ca t e  t ha t  the  suggested 
in te rpre ta t ion  of  m e t h y l d i c y a n o p h o s p h i n e  spec t ra  is un -  
ambiguous .  This  is also c o n f i r m e d  by the  a g r e e m e n t  
be tween  the  expe r imen ta l  and  ca l cu l a t ed  in tens i t ies  of  
the  fundamen ta l  bands  in the  IR a n d  R a m a n  spect ra  and 
the  depolar iza t ion  ratios (see T a b l e s  5 and  9). The  
ag reemen t  ach ieved  be tween  t h e  expe r imen t a l  vibra-  

Table 7. Refined values of scale factors for the force fields 
of methyldicyanophosphinc calculated in the RH F/6-31 G* 
and MP2/6-31G** approximations ~ 

Type of scale Number of internal Factor 

coordinate b RHF MP2 

P--C(H 3) str I 0.845 0.897 
P--C(N) str 2, 4 0.812 0.841 
C~N str 3, 5 0.717 1.064 
(H3)CPC bend 6, 7 0.779 0.953 
CPC bend 8 0.823 0.981 
PCN bend 9, I0 0.787 1.083 
P--C(N) toes l I, 12 0.769 1.063 
CH 3 tore 13 0.798 0.914 
C--H str 14, I6, 19 0.822 0.856 
CH 3 s.def 15 0.754 0.867 
CH 3 as.def 17, 20 0.778 0.869 
CH.; rock 18, 2I 0.790 0.895 

,1 See footnote "d' to Table 6. 
b See Table 6. 
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Table 8. The force constants of methyldicyanophosphine calculated in the RH F/6-31G* and M P2/6-31G** approximations and 
those obtained by scaling (in internal coordinates)" 

Notation RH F M P2 Notation 

of force Calcu- Scaling Calcu- Scaling of force Calm,- Scaling 
constant lotion lotion constant lotion 

RttF MP2 

Calcu- Scaling 
lotion 

I--1 3.39 2.86 3.21 2.88 6--10, 7--9 -0.01 0.00 -0.01 -0.01 
1--2, I--4 0.10 0.08 0.09 0.08 6--I I, 7--12 t~ 4-0 009 _+0.007 4`0.009 4`0.009 
I--3, 1--5 0.00 0.00 -0.01 -0.01 6--13, 7--13 g0.03 -T-0.02 70.02 -T-0.02 
I--6. I--7 0.2.l 0.17 0.21 0.20 6--15, 7--15 --0.03 --0.02 -0.03 -0.03 
1--8 0.02 0.02 0.02 0.02 6--16,7--16 - 0  04 -0.03 -0.04 - 0 0 3  
I--9, 1--10 0.01 0.01 0.01 0 . 0 1  6--18,7--18 -0.13 -0.10 -0.11 -0.10 
I--1 I, 1--12 b +_0.002 4`0.00t +0.002 • 6--19, 7--19 _+0.03 4-0.02 4-0.03 4-0.03 
1--14 0.08 0.07 0.04 0.04 6--21, 7--21 4-0.18 4-0.14 • +0.15 
1--15 -0.33 -0.26 -0.30 -0.27 8--8 1.23 1.01 1.06 1.04 
1--16 -0.02 -0.02 -0.02 --0.02 8--9, 8--10 0.10 0.08 0.08 0.08 
1--17 -0.03 -0.02 -0.03 -0.03 8--1 I, 8--120 7,-0.002 ~0.02 g - 0 . 0 0 3  ~0.003 
1--18 0.07 0.06 0.06 0.05 8--16 -0.02 -0.01 -0.01 -0.01 
2--2, 4--4 3.80 3.09 3.63 3.05 8--17 -0.01 -0.01 -0.01 -0.0I 
2~-3, 4--5 0.00 0.00 0.03 0.03 8--18 -0.01 -0.01 -0.01 -001  
2--4 0.08 006 0.07 0.06 9--9, 10--10 0.33 0.26 0.25 0.27 
2--5, 3--4 O.OI 0.00 -0.01 -0.01 9--10 001 0.01 0.00 0.00 
2--6, 4--7 0.20 0.16 0.18 0.16 9--11, 10--12 b • +0.002 4 .0 .001  4-0.001 
2--7. 4--6 0.06 0.05 0.05 0.05 9--21, 10--21 4-0.01 +0.01 4-0.01 +0.01 
2--8, 4--8 0.23 0. t8 0.20 0.19 11--11, 12--12 b 0.002 0.002 0.003 0.003 
2--9, 4--10 -0.0I -0.01 -0.01 -0.01 13-13  0.08 0.06 0.07 0.06 
2--10, 4--9 0.03 0.02 0.02 0.02 13--19 -0.01 -0.01 -O.Ol 0.00 
2--13,4--13 0.00 0.00 4.0.01 -+0.01 13--20 -0.01 -0.01 -0.01 -O.Ol 
2--15, 4--15 -0.01 -O.OI 0.00 0.00 13--21 0.01 0.00 0_01 O.Ol 
2--16, 4--16 0.01 0.01 0.01 O.Ol 14--14 6.04 4.96 5.73 4.91 
2--18, 4--18 -0.04 -0.03 -0.04 -0.03 14--15 0.13 0.10 0.12 O.tO 
2--19, 4--19 -gO.O l u u Z-O.O 1 14--16 0.04 0.03 0.04 0.03 
2--20, 4--20 -70.0 t ~0.01 ~0.01 u t4--18 -0.03 -0.03 -0.03 -0.03 
2--21, 4--21 • 4.0.03 4-0.04 • 15--15 0.67 0.50 0.59 0.51 
3--3, 5--5 24.05 17.24 16.26 17.30 15--16 0.01 0.01 O.Ol 0.01 
3--5 0.00 0.00 -0.03 -0.04 15--17 0.01 0.01 0.01 0.01 
3--6, 5--7 -0.01 - 0 0 1  -0.02 -0.02 16--16 5.96 4.90 5.75 4,92 
3--7, 5--6 -O.Ol -0.01 0.00 0.00 16--17 -0.14 -O. ll --0.[4 -0.12 
3--8, 5--8 -0.01 -0.01 0.00 0.00 16--18 0.08 0.06 0.07 0.06 
3--9, 5--10 0.05 0.03 0.05 0.05 17--17 0,64 0,50 0,57 0.50 
3--14, 5--14 0.00 0.00 -O.Ol -0.01 17--18 0.02 0.02 0.03 0.02 
3--15, 5--15 -0.01 -O.Ol -0.01 -0.01 18--18 0.67 0,53 0.59 0.53 
3--19, 5--19 Z-0.O l u u u 19--19 5.90 4.85 5.70 4.88 
6--6, 7--7 i.16 0.90 1,00 0.96 19--20 -0.15 --0.12 -0.15 --0.13 
6--7 0.04 0.03 0.01 0.01 19--21 0.13 0.10 0.12 0.1I 
6--8, 7--8 0.07 0.05 0.04 0.04 20--20 0.65 0.50 0.58 0.50 
6--9, 7--10 0.05 0.04 0.04 0.04 21--21 0.66 0,52 0.59 0.53 

o The notations of the force constants correspond to the numbering of internal coordinates in Table 6. The diagonal elements of 
the matrix of force constants are indicated in boldface print. The force constants of the stretching vibrations and interactions 
between them are given in mdyn A-t,  the force constants of deformation vibrations and interactions between them are given in 
mdyn A, and the force constants of interactions between the stretching and deformation vibrations are given in mdyn. The off- 
diagonal force constants, whose absolute values do not exceed 0.005 in all versions of scaling, are not given. 
0 The calculated force constants of torsional vibrations of the C~N groups about the P--C bonds (11--I1 and 12--12) are very 
small and therefore their values and the vMucs of the constants of interaction of these vibrations with other vibrations of close 
absolute values are listed with an accuracy of the third decimal place. 

t ioqal f requencies  and their  theoretical  es t imates  calcu- 
lated in two approx imat ions  is character ized  by mean 
deviat ions of  3 to 4 crn -I  (I .2 to 1.3%). 

Since the equi l ibr ium structure of  the M e P ( C N )  2 
molecule  has the C~ symmet ry ,  all its normal  vibrations 
must  be active in both IR and Roman spectra;  the bands 
in the Roman spec t rum corresponding  to 12 modes  of  

tile A" symmet ry  type can be polarized and those corre-  
sponding to 9 modes  of  the A" symmet ry  type must be 
depolar ized (see "fable 9). 

Our analysis made  it possible to introduce a n u m b e r  
of important  changes  in the ass ignment  of  the bands as 
compared  to those suggested earlier, s.6 In particular,  it 
was shown that tile f requencies  of  symmetr ic  and anti-  
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Table 9. Spectral parameters calculated in the RH F/6-31 G" and MP2/6-31G** approximations and assignment of experimental 
frequencies for methyldicyanoplaosphine a 

Sym- Number Quantum-chemical calculations Frequency Experi- Distribution 

met- of Frequency Intensity Depolari- after scaling rimcntal of the potential 

ry vibra- /cm -I IR Raman zation /cm -t  frequency energy of 
type tion /kin tool -~ /~4. (amu)-~. ratio, /cm -~ vibrations (%)0 

RHF MP2 RHF MP2 RHF RHF RttF MP2 

A" 

A" 

1 3334 3275 1.1 0,1 61.7 0.75 3023.6 3030.0 

2 3227 3146 5.6 1.0 106.9 0 01 2926,7 2910.9 

3 2575 2136 1.0 t4_7 106.1 0_12 2186.0 2186.7 

4 1602 1514 9.0 8.0 17.8 0.72 1 4 1 3 , 8  1412.6 

5 1498 1396 1.3 1.7 0.7 0.10 1300 0 13000 

6 I037 972 26.0 23.0 3.9 0.59 921.8 921.0 

7 749 726 12.4 12.7 21.3 0.33 

8 653 627 32.5 19.9 8.9 0,09 

9 511 459 0.2 0.4 2.6 057 

10 479 422 0.4 t.4 0.6 0.67 

11 186 160 13.2 9.4 3.9 0.64 

12 125 109 10.3 8.0 7.4 0.74 

13 3310 3253 2.0 0.3 89.3 0.75 

14 2573 2136 3.4 35.1 55.l 0.75 

15 1607 1522 10.7 9.1 11.9 0.75 

16 1026 962 29.1 26.4 1,0 0.75 

17 670 648 59.3 31.7 1.3 0.75 

"18 448 392 0.7 0.4 2.7 0.75 

19 355 305 4.3 2.4 0.2 0.75 314.3 

20 203 187 0.1 0.1 0.4 0.75 181.5 

21 t76 156 0.00 0.01 4,3 0_75 154.9 

3022 CH 3 as.str (100) 

2929 CH 3 s.str (99) 

2187 C~-N s_str (94) 
PC(N) s,str (6) 

1416 CH 3 as.def (94) 
CH 3 rock (6) 

1300 CH 3 s.def (100) 

922 CH 3 rock (87) 
CH 3 as.def (5) 

PC(H3) wag (5) 

687.2 687.0 687 PC(It3) str (92) 
PC(N) s.str (5) 

587.7 590.3 589 PC(N) s.str (63) 
CPC bend 114) 

PCN s.bend (I i) 
PC(H3) str (7) 

458.0 455.9 459 CPC bend (37) 
PCN s.bend (30) 
PC(N) s.str (26) 
PC(N) s.tors (6) 

422.1 423.{ 430 PC(H3) wag (46) 
PC(N) s.tors (42) 

PCN s.bend (8) 

163.8 161.4 155 PC(H3) wag (46) 
PC(N) s.tors (26) 
PCN s.bend (23) 

111.8 110.6 103 CPC bend (43) 
PCN s.bend (28) 
PC(N) s.tors (25) 

3001.6 3010.1 3001 CH 3 as.str" (100) 

2188.0 2187.2 2187 C~N as.str (95) 
PC(N) as.str (5) 

1418.2 1419.4 1416 CH 3 as.def" (94) 
CH 3 rock" (6) 

911.2 912.0 911 CH 3 rock' (85) 
PC(H3) twist (8) 
CH 3 as.clef' (6) 

601.0 599,8 600 PC(N) as.str (91) 
C-zN as.str (5) 

394.7 394.4 - -  PC(N) as.tots (48) 
PC(H3) twist (34) 
PCN as.bend (1 I) 

315.4 316 PCN as.bend (83) 
PC(N) as.tors 112) 

179.9 179 CH 3 tots (88) 
PCN as.bend (5) 

155.7 145 PC(H3) twist (53) 
PC(N) as.tors (36) 

Ctl 3 tors (8) 

See footnote "a" to Table 6. 
b The results obtained after scaring the force field calculated in the M P2/6-31G *~ approximation. 
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symmetr ic  s t re tch ing  modes  of  the C-=N bonds  (v 3 (A ' )  
and vt4 (A"), respect ively,  see Table 9) are aImost 

degenerate.  The  band at ~2190 cm - I ,  which is o f  me-  
d ium intensity in the IR spect rum and very s t rong and 

Table 10, Spectral parameters of methyldiisocyanophosphine calculated in tile RHF/6-31G* and MP2/6-31G** 
approximations and vibrational frequencies predicted after scaling procedure a 

Sym- Number Quantum-chemical calculation Frequency Distribution 

met- of Frequency Intensity Depolari- after scaling of the potential 

ry vibra- /cm -I IR Raman zation /cm -I energy of 
type lion /kin reel -1 /A 4- (ainu) -L, ratio, vibrations (%)b 

RHF MP2 RHF MP2 RHF RHF RHF MP2 

A" 

A" 

I 3321 3271 3.8 0.2 62.5 0.75 3012 3026 
2 3218 3142 5.6 0.4 106.5 0.01 2919 2907 
3 2368 2698  299.4 ti8.8 I2t.4 0.12 2012 2t49 

4 1600 1509 7.5 7.8 19.2 0.71 1412 1407 

5 1495 1394 8.4 9.3 0.6 0.18 1299 t298 
6 I029 968 41.7 36.0 4.3 0.58 915 918 

7 769 740 46.8 33.9 18.6 0.36 703 700 

8 696 659 73.6 60.7 8.2 0.08 627 6~5 

9 452 423 13.3 8.3 0.7 0.54 406 419 

10 398 376 13.4 9.1 0.3 0.66 353 372 

11 173 158 t.3 4.1 3.0 0.59 153 162 

12 117 109 2.4 5.3 7.8 0.74 104 I11 

13 3299 3252 5.3 0.5 88.3 0.75 2992 3009 
14 2344 2090  706 .1  297.5 54.0 0.75 1990 2143 

15 t602 t513 10.3 9.7 I3.6 0.75 1414 1411 

16 1007 945 39.6 38.3 1.2 0.75 894 895 

17 702 663 169.4 123.7 2.0 0.75 630 612 

18 352 337 0.7 0.4 0.8 0.75 311 335 

19 246 236 0.04 0.1 0.4 0.75 218 240 

20 212 199 0.02 0.2 0.5 0.75 189 195 

21 168 156 0.000 0.002 4.2 0.75 148 157 

CH 3 as.str (100) 
CH 3 s.str (100) 
N=C: s.str (95) 

PN s.str (5) 
CH 3 as.def (94) 

CH 3 rock (6) 
CH 3 s.def (99) 
CH 3 rock (82) 

PC(H3) wag (9) 
CH 3 as.def (5) 

PC(H3) str (90) 
PN s.str (5) 

PN s.str (77) 
NPN bend (9) 
PC(Ha) str (5) 

NPN bend (45) 
PNC s.bend (23) 
PC(H3) wag (16) 

PN s.str (12) 
PC(H3) wag (49) 

PN s.tots (26) 
NPN bend (19) 

PNC s.bend (53) 
PC(H3) wag (24) 

PN s.tots (20) 
PN s.tors (53) 

NPN bend (23) 
PNC s.bend (22) 

CH 3 as.str" (100) 
N=C: as.str (96) 

PN as.str (4) 
CH3 as.def" (94) 

CH 3 rock" (6) 
CH3 rock' (85) 

PC(H3) twist (9) 
CH 3 as.def' (6) 

PN as.str (94) 
N=C: as.str (4) 

PC(H3) twist (53) 
PN as.tots (23) 

PNC as.bend (16) 
CH 3 rock" (5) 

PNC as.bend (60) 
PN as.tots (22) 

CH 3 tors (15) 
CH 3 tots (81) 

PNC as.bend (18) 
PN as.tots (54) 

PC(H3) twist (35) 
PNC as.bend (6) 

a See lbotnote "a'" to Table 6. 
b The results obtained after scaling the force field calculated in the M P2/6-31G** approximation. 
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polarized m the Raman spectrum, was assigned to both 
these motions. Since, according to quantum-chemical 
calculations, the v 3 baud in the Raman spectrum must 
be much more intense than the vt4 band, it is not 
surprising that the observed band at 2190 cm -I remains 
polarized. We revised the assignment of antisymmetric 
stretching modes of the methyl group corresponding to 
the A" and A" symmetry types (v I and v13, respectively) 
and that of a number of low-frequency modes. The band 
at -180 cm -1 depolarized in the Raman spectrum was 
assigned to the v20 torsional mode of methyl group, 
which is in good agreement with the estimate of the 
fundamental frequency of torsional transition obtained 
on the basis of the solution of the direct one-dimen- 
sional problem of internal rotation in the MeP(CN) 2 
molecule using quantum-chemical data (see above). 

The motions of the methyl group including its tor- 
sional mode, and the skeletal stretching modes, except 
for the symmetric stretching mode of the P - C  bonds, 
exhibit virtually no mixing. On the contrary, according 
to our calculations, the skeletal deformation modes are 
strongly mixed with each other, and therefore traditional 
assignment of the four fundamental frequencies of the 
A" symmetry type (v 9 to v12 vibrations) would be too 
conditional. The fact that a depolarized band in the gas- 
phase Raman spectrum s was recorded for one of them 
(vii) can be explained both by the high noise level 
discussed above, 6 which hampers experimental mea- 
surements, and by a fairly large depolarization ratio (the 
calculated value is 0.64, see Table 9). 

One of the three fundamental frequencies of the A" 
symmetry type corresponding to the skeletal deforma- 
tion modes (vts, see Table 9) was not revealed in the 
experimemal spectra of MeP(CN)2_ It is likely that one 
fails in detecting this frequency in the corresponding 
region of the Raman spectrum in the crystalline phase 
(---400 cm -I) because of its low intensity against a back- 
ground of the noise (see Fig. 4). The depolarized bands 
at -320 cm -l and at ~150 cm -1 in the Raman spectrum 
correspond to two other rather pure A" modes (the vt9 
antisymmetric bending mode of the nonlinear P--C-=-N 
fragments and the v21 twisting mode of the P - C ( H  3) 
bond, respectively). 

As has been suggested previously, s,6 the band at 
~630 cm - l ,  which is strong and polarized in the Raman 
spectrum in the liquid phase, can be assigned to the 
intermolecular P...N interaction, and the peaks at 60 
and 40 cm -j  in the Rama,t spectrum in the crystalline 
phase can be assigned to lattice vibrations (see Table 5). 

Calculated spectral parameters 
of the MeP(NC) 2 molecule 

The vibrational frequencies, intensities of IR and 
Raman bands, and depolarization ratios calculated for 
the methyldiisocyanophosphine molecule in the RHF 
and MP2 approximations are listed in Table 10. The 
quantum-chemical force fields were transformed to a 

system of internal coordinates of local symmetry, which 
is similar to that introduced for MeP(CN) 2 (see Table 6). 
Then, they were scaled using the refined values of scale 
factors for methyldicyanophosphine (see Table 7) under 
assumption of their transferability for analogous inter~al 
coordinates. 

The approximate character of the scale factors intro- 
duced for internal coordinates of the P - -N=C:  fragment 
should affect the resulting frequencies. Nevertheless, 
considerable discrepancies (to 150 cm -I)  between the 
frequencies calculated for two versions of scaled force 
field (RHF and MP2, see Table 10) are observed o,dy 
for the N=C: stretching modes (v 3 and vl4, see Table 10). 
The discrepancies in other frequencies are small and do 
not exceed 20--25 cm -z. It should also be noted that as 
for MeP(CN) 2 the calculated frequencies of the v20 
torsional mode ofthe methyl group (189--195 cm -t ,  see 
Table 10) agree well with the values obtained on the 
basis of the solution of the direct one-dimensional  prob- 
lem (182--194 cm -l ,  see Table 4). Thus, most of the 
fundamental frequencies obtained in our calculations for 
the MeP(NC)2 molecule except for those of the v 3 and 
vt. , stretching modes can be considered to be rather 
reliable. 

The same conclusion is also valid for the scaled force 
fields for the MeP(NC)2 molecule. Their general struc- 
ture is close to that of the force fields for the MeP(CN) 2 
molecule considered in Table 8. The force constants of 
the vibrations of the methyl fragment and those of the tor- 
sional vibrations virtually coincide. The scaled force con- 
stants of the P-C(H3), P - N ,  and N=C: stretching vibra- 
tions are equal to 3.0, 3.3--3.6, and 15--17 mdyn A - l ,  
respectively, and the constants  of the ( H 3 ) C - - P - - N ,  
N- -P - -N ,  and P--N=C: bending vibrations are equal to 
I. 1--1.2, 1.3, and 0.15 mdyn A, respectively. 

This work was financially supported by the Russian 
Foundation for Basic Research (Project No. 96-03- 
32660a). 
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