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ABSTRACT 
The IR spectra of the title compounds are recorded 

and an assignment of the normal modes in terms of local 

symmetry is suggested by comparison with those observed 

in analogous molecules. A set of force constants 

calculated for simplified models. confirms most of the 

Copyright 0 1990 by Marcel Dekker, Inc. 
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aa DIAZ AND KLAHN 

experimental assignments and reflects the symmetry of 

the complexes under study. The f,, of  the two different 

CO groups in the cationlc complexes indicated that CO 

groups cis to the halide ligand should be more selective 

towards nucleophiles. 

MTRODUCTION 
Most of  the vibrational studies in n-olefin metal 

carbonyl complexes of the type (olefin)M(CO)n, have been 

done in complexes containing the cyclopentadienyl 

ligand, Cp = (I) -C5H5). For many years, the vibrational 5 

study of CpMn(C0)3 by Hyams, Bailey and Lippincottl has 

been used as  reference for interpretation of other 

related molecules. Pioneering studies have also been 

performed by Parker et al. 2-4 and Adams et al.', who 

made a critical survey of  the IR and Raman spectra o f  a 

number of Cp and methylcyclopentadienyl metal carbonyl 

derivatives. A detailed study of the CO stretching 

region for these type of compounds has been performed by 

Butler and Fenster' by using 13C0 and C1*0 enriched 

species. The proposed vibrational assignments were 

supported by force constant calculations for the energy 

factored CO stretching blocks of the (FG) matrices. 

In cyclopentadienyl rhenium complexes, Lokshin et 

al.7 have studied the IR and Raman spectra of CpRe(COI3 

complex. They made an assignment o f  the normal modes and 

approximate force constant calculations, considering a 

pyramidal structure of the type AB3 for this complex. 
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T H E  I N F R A R E D  S P E C T R A  89 

More recently, In our laboratory, a vlbratlonal study of 

the dicarbonyldihalide rhenium complexes containing the 

pentamethylcyclopentadienyl ligand Cp*Re(C0)2X2, (Cp* = 

n5-C5Me5, X = Cl, Br and I )  was published.* We suggested 

an assignment of the normal modes in terms of the local 

symmetry. Furthermore, using a modified general valence 

force field, we performed a normal coordinate analysis, 

considering simplified models for these complexes. Now, 

we wish to report a vibrational study of the rhenium 
* + cationic complexes [Cp Re(C0)3XI (X = C1, Br and I), 

with the aim to establish a relationship between the CO 

force: constant and the observed reactivity of these 

cations towards nucle~philes.~ We also include in this 

work a vibrational analysis of the neutral Cp Re(C0I3 

complex. In addition, we hope to validate the method of 

local symmetry for metal carbonyl complexes, by 

comparing the number of observed and calculated 

frequencies. 

* 

EXPERIMENTAL 
* * + 

The complexes Cp Re(C0)3 and [Cp Re(C0)3XI ( X  = C1, 

Br and I), were prepared according to literature 

procedures ** 13' l4 and crystallized from adequate organic 

solvents. IR spectra were measured using a Perkin-Elmer 

599-8 instrument in CH2C12 solution (KBr cells) and in 

solid state (KBr disc), in the 4000-200 cm-' region. The 

instrument was calibrated against polystyrene. 
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RESULTS 

a )  Vibrational Assisnment 

The IR spectra of the compl 

DIAZ AND KLAHN 

xes under study show no 

serious difference in solid state or in solution. The 

observed frequencies and the assignments are listed in 

Table 1. 

In Table 2 we have summarized the symmetry o f  the 

fragments and the distribution of  the corresponding 

normal modes into irreducible representations of the 

distinct point groups. Fragments from A )  to C) are 

common for Cp*Re(C0I3 and [Cp*Re(C0)3XIt. The 

frequencies assignment of these groups has been 

performed according to those reported in Ref. 8 ,  i.e., 

bands at - 3000 an-', - 1500 cm-l and .c. 1000 cm-l are 

ascribed to normal modes of the methyl groups: u(CH), 

6(CH2) and p(CH3), while those at - 1400 cm-l and - 1100 
c m  are assigned to v(CC) and ring breathing 

vibrations, respectively. Furthermore, the in-plane and 

out-of-plane bending normal modes: 6(CMe) and y(CMe), 

are placed below 4 0 0  crn-l. The frequencies due to the 

ring tilt and C p  -Re stretching are customarily found in 

the 400-300 cm-' region. 

-1 

* 

For the Re(C0)3 and Re(C0I3X fragments, the 

assignment mainly follows that given f0.r c~Re(C0)~' and 

Cp Re(C0l2X2 , where the CO stretching modes are 

region, the Re-C observed in the 2100-1900 cm 

stretching vibration between 5 5 0 - 4 0 0  cm-', the Re-CO 

linear bending modes at ca. 600 cm-' and the C-Re-C and 

* 8 

-1 
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THE INFRARED SPECTRA 91 

TABLE 1. 

Observed Frequencies (in cm-l) and Asslgnments for  Cp*Re(CO) and * 
ICp Re(C0)3XI+ (X = C1, Br, I) .  

* * 
Cp ReCCO>3 t C p  ReCC0>3XI* 

Assignment c1 Br I Assignment 

3000w 
2925mw 
2880w 

2000s 

1900s 

1490mw 
1480mw 
1455mw 

1430mw 

1390ms 

119ow 

1085w 

1040ms 

3050w 3060w 3060w 
2995mw 3000mw 3000mw 
2960w 2955w 2960w 

2125s 2120s 2100s 
2070s 2060s 2040s 
2040sh 2030sh 2020sh 

l46Omw 1495mw 1490mw 
1475w 

1460mw 1450mw 1455mw 

1420mw 1420mw 1425mw 

1385ms 1380111s 1385ms 

1200vw 1210vw l2lOvw 

1080w 1085w 1090w 

1030ms 1030ms 1035ms 

1010sh 1015sh 1020sh 

.- ___ 

(continued) 
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92 DIAZ AND KLAHN 

TABLE 1 (continued) 

C p  R O C C O ) ~  I C p  Re<C0)3XI+ 

Asslgnment c1 Br I Asslgnment 

620sh  6 0 0 s h  6 0 0 s h  

600s  6(ReCO)Al,E 590w 590w 
550w 585sh  5 8 0 s h  

5 8 0 s h  5 6 0 s h  

520ms 

510sh u(ReC)A1,E 
5 0 0 s h  

435ms u(ReC) 1 

400sh 
Ring 
T i l t  

380w 

29Ow u( Cp*Re 

560m 550m 

5 4 0 s h  5 4 0 s h  

5 1 0 m  5 l O m  

5OOsh 5 0 5 s h  
480m 485m 

405mw 405mw 

395sh  3 9 0 s h  

390sh  385sh  

340m 

290w 295w 

245w 6(CHe) 240w 24% 
or 

215w r(CHe) 210w 210w 

6 0 0 s h  

505w 
5 8 0 s h  

5 7 0 s h  

560m 

5 4 5 s h  

520m 
500sh  
480m 

400 

390 

290w 

240w 

2lSw 

~ ( R ~ L . J )  
A '  I A" 

T or cis 

u(ReC) 
A' I A" 

T or cis 

Ring 
T i l t  

u(ReC1) ? 

v(Cp*Re) 

6(CMe) 
or 

r(CMe) 

T = Corbon trans t o  halide 
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THE I N F R A R E D  S P E C T R A  

TABLE 2 

93 

Symmetrles of the Normal Modes for the Dlfferent Fragments of * t Cp Re(C0I3 and ICp Re(C0)3XI . 

A) CH3 v i b r a t i o n s  CCjV symmetry) 

* 
B) Cp v i b r a t i o n s  CDsh symmetry) 

C) Cp -Re v ibra t ions  CCSv symmetry) 

u(cp* R e )  A1 (IR/R) 
cp* tilt El (IR/R) 
c p  0.o.p E2 (R) 

D )  Cp -RsCC0)3 v ibra t ions  CCjV symmetry) 
* 

A1 (IR/R) t E (IR/R) 

(continued) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



94 DIAZ AND KLAHN 

TABLE 2 (continued) 

6 ( ReCO A1 (IR/R) t A2 ( - 1  t 2 E (IR/R) 
6(Cp*ReCO) E (IR/R) 

b E> Cp -ReCC0>3X vibrations CC. symnstry) 

v(ReX) 
v(ReC1 T A '  (IR/R) 

v(ReC) A '  (IR/R) t A'' (IR/R) 

6(CReX) T 
6(Cp*ReC) T A '  (IR/R) 

6 ( Cp*ReX ) 

A '  ( IR/R 1 
A '  (IR/R) + A" (IR/R) 

6(ReCO) T 
6(ReCO) T I A '  ( IR/R 

b(ReC0) 
6( ReCO) I A '  (IR/R) + A" (IR/RI 

Me, Methyl group taken as poht mass a 

Cp. taken as poht M S S  

T Carbon  tram respect to  X 

I Perpendkub deformotkn 
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THE I N F R A R E D  S P E C T R A  95 

Cp*-Re-C bending vibrations below 200 ern-'. In this 

region is also expected to find those normal modes 

involving the halide ligand: v(ReX), 6(CReX) and 

b(Cp*ReX), with the only exception of the ReCl 

stretching vibration, which is currently located at ca. 

300 cm-l. 

Previously, it has been observed that the CO 

stretching frequencies of metal carbonyls show a marked 

dependence on the formal charge of the metal atoms I 

and the increase of ca. 100 cm-l per unit positive 

charge has been explained in terms of changes in the CO 

bond order. Consequently, we have observed a shift to 

higher energy in the cationic halide derivatives in 

comparison to Cp Re(C0)3. On the other hand, the two CO 

15-18 

* 

stretching vibrations for Cp"Re(C0I3 are found at lower 

energy than those reported in Ref. I for CpRe(C0)3 

(2020-1930 cm-l). The difference can be explained 

considering the electron donating ability of the methyl 

substituent in the ring, which should increase the 

electron density on the metal and further increase the 

ReCO bond order as compared with unsubstituted complex. 

This trend has also been observed in the spectra of 

(C6H6)Cr(C013 and (C6Me6)Cr(C0)3. 19 

t For [Cp*Re(C0)3XI we observe a splitting of the CO 

band at lower energy, as a consequence of the 

non-equivalent nature of the CO bonds in this type of 

complexes. The frequencies recorded in the present work 
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96 DIAZ AND KLAHN 

for the chloride derivative are in good agreement with 

those reported by King" for [CpRe(C0)3C11+ (2110 m, 

2040 s and 2020 w cm-'). These frequencies have been 

assigned to the two A' and one A" modes considering 

data reported for related compounds .21 Accordingly, the 

highest v(C0) frequency is assigned to one of the A' 

modes. The lowest and relatively close v(C0) are then 

assigned to the A' and A" modes. Because force 

constants of the CO trans to halide ligands are smaller 
22-24 than those of CO groups trans to each other I we 

ascribed the band at lowest energy to the A' mode 

involving the CO group trans to X. This is presumably a 

result of increased M-C n-bonding in trans position to a 

poorly n-bonding ligand such as a halide. 25 

On the other hand, also by symmetry reasons, it is 

expected to find three bands corresponding to the ReCO 

linear bendings for Cp Re(C0)3 (A + 2E), while six bands 

should be observed for the cationic halide derivatives 

(4A' + 2A"). These frequencies have been identified in 

the spectra of the complexes under study, but the 

symmetry assignment cannot be done without further 

theoretical analysis. 

* 

b ) N o r m a l C o o r d l n a t e A n a l v s i s  

In order to carry out a normal coordinate treatment 

on the molecules under study, we have used simplified 

models to account for most of the uncertain experimental 

assignments. They have been taken from the Re(C0I3 and 
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T H E  I N F R A R E D  S P E C T R A  97 

Re(C0I3X moieties, including the Cp ring as a point 

mass. 

* 

The molecular parameters used to build the G 

matrix" have been transferred from those reported for 

Cp Re(C0)2X214, C ~ M O ( C O ) ~ C ~ ~ ~  and (C6H6)Cr(C0)3.28 These 

values have .been modified slightly, in order to match 

the C3v and Cs point groups adopted for the Re(C0)3 and 

Re(C0)3X moieties, respectively. Internal coordinates 

for these models are shown in Figure 1, while in Table 3 

the corresponding symmetry coordinates are listed. 

* 

Fig. 1. Simplified Models and internal coordinates for 
* * 

Cp Re(C0)3 and [Cp Re(CO)3X1+, where Cp* has 

been taken as a point mass. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



TABLE 3. 

DIAZ AND KLAHN 

Symmetry C o o r d l n a t e s  for t h e  S l r n p l l f l e d  Models. 

a) Cp ReCCO)J CCj,) 
Spec i en x 

1 
rn s1 = -- A1 

A2 

E 

S, = D 

(r2 + r3 + L 4 )  

( 2  r 2  - r3 - L 4 )  s 7  = - 1 
+-r 

Sl0 = - ( 2  R 2  - Rj - R4) T G -  
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THE INFRARED SPECTRA 99 

TABLE 3 (contlnued) 

( 2  a34 - a23 - a24) Sll = - R 
c 

( 2  Y 2  - Y 3  - r 4 )  
G 

s12 = c 

* 
b) Cp ReC0)3X CC.) 

Species : 

A '  S1 = R 1  

S 2  = R 2  

S 3  = R 3  

s 5  = a23 

s 6  = a13 

s7 = q a12 
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100 D I A Z  AND KLAHN 

TABLE 3 (contlnued) 

'10 = '3 

(', + r 5 )  Sll = - 1 
r 3 -  

(P4 + P5) T T  S14 = -- 
9- 2- 

( P ,  - PSI -x 
' 20  = pj- 
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THE INFRARED SPECTRA 

TABLE 4. 

10 1 

Internal Force Constants (mdyn x A-l) 

* 
Cp R O < C O ) ~  CCp RI<CO)~XI* 

f,, = 15.1 

fCOICO = O S 2  

f c p k R e  = 3.3 

= 0.455 'ReCO 

'ReCO, ReCO 

fReC = 3.6 

fCReC 

= 0.025 

= 0.15 

fCp*ReC = 0.12 

= 1.65(C1), 1.55(Br), 1.35(1) 

= 3.85(T), 3.35(Cis) 
'Rex 

fReC 

fCp*Re = '*' 
= O,21(T), 0.23(clS) fCReX 

fCp*ReC = 0.23(T), O.lS(CiS) 

fCp*ReX = 0.28 

fCp*ReC,Cp*ReC = 0.05 

= 0.02 CReX I CReX 
= 15.5(Cl), 15.3(Br), 15.2(1) fCO(T) 

= 16.15(Cl) , 16.03(Br) I 16( 1) fCO(CiS) 

fCO,,, = 0.15 

'ReCO(cis) = 0.41 

fReCO,ReCO = 0 * 0 3  

fReCO(T) = O S 4 '  

The force constants calculations were not carried 

out with the intention of determining a reliable force 

field. The uncertainty in geometrical parameters and, i n  

some cases assignments, does not permit this assumption. 
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102 DIAZ AND KLAHN 

However, it a l l o w s  us t o  make  a n  a p p r o x i m a t i o n  t o  t h e  

e x t e n t  o f  c o u p l i n g  between v i b r a t i o n s .  I t  Is a l s o  u s e f u l  

i n  f i n d i n g  o u t  t h e  r e l a t i v e  o r d e r  of v i b r a t i o n a l  modes. 

I n  t h i s  s e n s e ,  we have used a modi f ied  g e n e r a l  v a l e n c e  

f o r c e  f i e l d  ( M G V F F ) ,  which emphas izes  t h e  d i a g o n a l  

e l emen t s  of t h e  symmetrized F m a t r i x .  

The i n i t i a l  v a l u e s  of t h e  v a l e n c e  f o r c e  c o n s t a n t s  

have been t r a n s f e r r e d  from t h o s e  r e p o r t e d  f o r  

Cp Re(C0)2X2 , and r e l a t e d  m o l e c u l e s .  

t h e s e  v a l u e s  have been s l i g h t l y  mod i f i ed  t o  a c c o u n t  f o r  

t h e  most c e r t a i n  e x p e r i m e n t a l  a s s i g n m e n t s .  The f i n a l  

* 8 7.17,29-33 Some of 

TABLE 5.  

Calculated Vibrational Frequencies (ern-') and P E D  f o r  Cp*Re(CO13. 

Symmetry Fr  equenc i 88 PED 

2010 91% co *1 
54 5 1 5 %  ReCO t 23% CReC 
515 91% ReC 
285 95% Cp*Re 
125 14% CReC t 22% ReCO 

- 

E 1985 93% co 
625 80% ReCO t 16% CReC 
605 90% ReCO I 
505 92% ReC 
110 83% CReC t 14% ReCO 

81 94% Cp*ReC 
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THE INFRARED SPECTRA 

TABLE 6. 

103 

Calculated vlbratlonal Frequencies (crn-l) and PED for ICp*Re(C0)3XIt 
(X = C1, Br, I ) .  

s y m r t r y  c1 Br I PED. 

A '  2128 
2037 
605 
590 
581 
578 
512 
502 
282 
325 
109 
102 
15 
60 
55 

2118 
2035 
605 
59 5 
586 
581 
513 
503 
291 
19 5 
105 
85 
81 
65 
48 

2102 95% co 
2018 97% CO(T) 
6 10 96% ReCO(T) 
595 95% ReCO(T) I 
585 
579 92% ReCO I 
522 91% ReC(T) 
498 93% ReC 
285 80% Cp Re t 17% Rex 
180 73% Rex t 18% Cp*Re 
109 55% CReX t 40% Cp*ReX 
90 62% Cp*ReX t 32% CReX(T) 
76 48% CReX t 45% Cp Rex 
62 58% Cp*ReC(T) t 300 Cp*ReX t 12% CReX 
52 43% Cp*ReC t 28% Cp*ReX t 150 CReX(T) 

85% ReCO t 12% Cp*ReC 

* 

A" 2065 2057 2037 95% co 
553 557 563 86% ReCO t 15% Cp*ReC 
546 543 539 90% ReCO I 
475 473 478 95% ReC 
83 92 89 58% CReX t 30% Cp*ReC 
50 49 52 62% Cp*ReC t 25% CReX 

a PED vabes are very s i rn ib  for all three ~ X I I ~  complexes. 

Only those c o h b t e d  for [Cp*RstCUljC1l+ me llsted. 

force constants are given in Table 4 .  The frequencies 

calculated from this set are listed in Tables 5 and 6, 

where the theoretical assignments of the vibrations from 

the calculated potential energy distribution (PED) are 

a l s o  included. 
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DISCUSSION 

DIAZ AND KLAHN 

The approximate force fields, essentially conf rm 

the straightforward experimental assignments, w th 

reasonable values of the internal force constants. This 

fact is a sign that the symmetries adopted for the 

simplified models are adequate to explain the observed 

spectra. 

In addition, PED allows us to distinguish among the 

distinct symmetries of some vibrations when there is no 

experimental evidence available, or when the empirical 

assignments are controversial. Thus, for Cp Re(C0)3 we 

ascribed the bands observed in the 620-600 cm-l region 

to the E ReCO bending modes. This result confirms the 
1 assignment proposed for CpMn(C0I3 by Parker4 and Hyams 

and contrast with the lnverse assignment reported by 

Adams and Squire , based on Raman data for the same 
7 manganese complex. In this respect, Lokshin et al. 

claim that this symmetry assignment is difficult because 

it is not possible to obtain polarization data of the 

observed bands in the Raman spectra due to their small 

intensity. 

* 

5 

* t 
For the [Cp Re(Co)3xl complex, our calculations 

confirm the observed shift of the ReCO frequencies to 

lower energy in comparison with Cp Re(C0)3. This shift 

has also been observed by Parker' in cyclopentadienyl 

molybdenum complexes. Furthermore, PED shows that the A '  

ReCO bending modes in trans position are those at higher 

energy. 

* 
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With regard to the ReC stretching modes, our results 

for Cp Re(C0)3 allow us to discard the assignment of the 

band at 435 cm-l to one of these normal modes. The 

* 

symmetry assignments: 520  (A'), 510 (E) and 500 (E) 

cm-', are in agreement with those proposed by Lokshin et 

a1.7 for CpRe(C0I3. Also, PED for [Cp*Re(C0)3XI+ 

demonstrates that the bands observed in the 510-500 cm-l 

region belong to the A' species. Furthermore, the band 

at 510 cm-l can be assigned to the Re-C stretching mode 

trans to the halide ligand. 
* 

The tentative assignment of  the Cp -Re stretching 

vibration at ca. 290 cm-', has also been confirmed. The 

low value of this frequency in comparison with that 

reported for CpRe(C0)3 can be attributed to the 

increased mass of the Cp ring. As expected, the 

calculated vibrations, v(ReX) , b(CReC) , b(Cp*ReC) , 
6(CReX) and b(Cp Rex), have been found below 200 cm , 
with the only exception of v(ReC1) which was obtained at 

325 cm-'. The latter value would support the assignment 

of a medium band observed at 340 cm-l to this normal 

mode. This rather high value, in comparison to that 

observed for Re(C0)5C1 , presumably reflects the 

increase in oxidation state from Re(1) to Re(II1). On 

the other hand, PED supports indirectly the assignments 

proposed for ring tilt, 6(CMe) and y(CMe), since no 

bands have been calculated at ca. 400 cm-' and in the 

260-200 cm-l region. 

* 

* -1 

17 
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106 D I A Z  A N D  KLAHN 

Finally, the ICp*Re(C0)3XI+ complexes show a 

decrease o f  the CO stretching frequencies in going from 

X = C1 to X =I. These frequencies have been reproduced 

quite well with our force constants, which are in good 

agreement with those calculated by King and H ~ u k ~ ~  using 

the cotton and Kraihansel method , for the 34 

tricarbonylhalide complexes C ~ M O ( C O ) ~ X  

Furthermore, our force constants follow 

observed in the molybdenum complexes, 

decrease slightly in the order C1 > Br > 

(X = C1, Br). 

the same trend 

that is, they 

1 .  

Based on fco values of the CO groups cis and trans 
to the halide ligand in these cationic complexes 

(Table 4 )  and, considering Angelici's predictions , 
that CO ligands with highest fc, values are more 

susceptible to react with nucleophiles, it is expected 

that the more reactive carbonyl groups towards 

nucleophiles, such as alkoxide ions, are those oriented 

cis to the halide ligand. However, the isolated products 

from the reaction of ICp*Re(C0)3XI+ with nucleophiles 

showed a trans orientation of the remaining co groups . 
This indicates that the cis attack can be viewed 

as a kinetic product which in turn iSomeriZes, thermally 

o r  photochemically, to the more stable trans isomer. 

35 

9 
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