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ABSTRACT 

FT-IR spectroscopy and a special mathematical pro- 
gram were used for the real-time monitoring of the 
mechanistic path of the reaction of S-ethyl-N,N- 
tetraethyldiamidothiophosphite with [CpMn(CO)- 
2NO]+BF;. The formation of a few intermediates is 
described. 

INTRODUCTION 
The modern Fourier transform infrared (FTIR) 
technique proves to be very successful in investi- 
gations of the mechanism and kinetics of some re- 
actions [l-41. Use of this technique requires a 
thorough analysis of the analytical band intensi- 
ties for each of the individual precursors and prod- 
ucts. Unfortunately, it is very difficult to detect the 
bands belonging to intermediate products as most 
such bands have small intensities and can overlap 
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with the bands of another compound. Such re- 
search requires a very careful experimental and 
theoretical approach and, therefore, the investi- 
gators must possess a sound mathematical back- 
ground that makes realistic extension of experi- 
mental methods possible. For this purpose, the new 
spectral conversion program (CONVERSE) for the 
ASPECT-2000 software of the IFS-113V spectrom- 
eter has been set up. This makes it possible for us 
to plot, by use of an IBM PC, both a three-dimen- 
sional spectral surface ( S S )  (in the frequency-time- 
intensity axis) and its two-dimensional variant- 
isointensity lines in the frequency-time axis [spec- 
tral map (SM)]. The SM is very informative. If 
straight horizontal lines exist, there are no changes 
in the frequencies. On the contrary, any deviations 
from the horizontal lines or the appearance of cycles 
is indicative of a dynamic process. The S S  and SM 
maps make it possible to observe features that do 
not appear by use of common techniques. The SM 
is very convenient for plotting kinetic curves at any 
frequency. 

Recently [ 5 ] ,  we have shown that the thio- 
esters of P(II1) acid derivatives, diamidothiophos- 
phites in particular, react with cationic Mn com- 
plexes by substituting one CO group and forming 
stable cationic products having an Mn-P bond. In 
order to elucidate the mechanism of the reaction, 
we monitored the reaction of complex (1) 

0 1995 VCH Publishers, Inc 1042-7163/95/$5.00 + .25 177 



178 Plyamovatyi et al. 

/. . 

FIGURE 1 
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with S-ethyl-NJ-tetraethyldiamidothiophosphite 
(2) using FTIR spectroscopy. 

RESULTS AND DISCUSSION 
The IR spectra of the initial complex (1) are char- 
acterized by the absorption bands of the stretching 
vibrations v(C0)  at 21 18 and 2082 cm-' and v(N0) 
near 1855 cm-'. A distinctive feature of the spectra 
of product (3) is the appearance of the bands of the 
vibrations v(C0) at 2039 cm-' and v(N0) near 1799 
cm-I. These spectral features were used for study- 
ing the reaction. In Figure 1, the S S  in the 2170- 
2000 cm-' region is given, in which intensities of 
the v(C0)  absorption bands were observed during 
the first 152 minutes of the reaction. The intensity 
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FIGURE 2 SM in the 2170-2000 cm-' region during the 
first -152 minutes of the reaction. 

of the 21 18 and 2082 cm-' bands from the doublet 
CO groups of the initial reagent (1) are decreasing, 
while the intensity of the 2039 cm-' band of the 
product (3) is increasing. The same process can be 
observed in the SM map (Figure 2). Figure 3 pre- 
sents part of the S S  in the 1920-1679 cm-' region 
recorded during the first 102 minutes. Figures 4 and 
5 show the SM map of the same spectral region. It 
is quite simple to observe that the intensity of the 
band v(N0) - 1855 cm-' for compound (1) de- 
creases, while the v(N0) - 1799 cm-' band for the 
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FIGURE 3 SS for v(C=O) and v(N0) vibrations. 
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FIGURE 4 SM in the 1880-1780 crn-' interval during the 
first -152 minutes of the reaction. 

product (3) first appears and then grows. At the 
same time, in this spectral range, the appearance 
of a new absorption band at 1752 cm-' due to the 
vibration v(C0)  is noted. The intensity of this band 
steadily decreases until it disappears completely 
after about 40 minutes. The appearance of this new 
vibration v(C0)  can be explained by the fact that, 
during the reaction, a new intermediate is formed. 
It is known [6] that, for cation (l), the addition re- 
action of a suitable nucleophile to the carbon atom 
of the CO ligand is most specific. Taking into ac- 
count the ambident nature of the P-S bond in the 
thioester of the given P(II1) acid [7], it is possible 
to assume that the same type of reaction is attrib- 
utable to the formation of either of the interme- 
diates (4) or (5) in the reaction of 1 with 2. 

FIGURE 5 SM in the 1780-1740 cm-' interval during the 
first -152 minutes of the reaction. 

FIGURE 6 SS in the region of the CO vibrations for a her- 
metically sealed sample cell. 

'2 

Perhaps both 4 and 5 are formed at the earlier 
stages of the reaction. It also seems reasonable to 
assume that compound (4) would be preferable as 
an intermediate product. Besides, when analyzing 
the SM (Figure 5), it is seen that, while the - 1752 
cm-' band decreases, the intensity of the absorp- 
tion near 1776 cm-' increases (Figure 5). This ab- 
sorption band is related to the vibration of the C=O 
group of another intermediate (6) having a cyclic 
system, where the frequency of the v(C0) is higher 
than that of compound (4) [ 8 ] .  
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Later, the alteration of the -1776 cm-' band is 
masked by the beginning of growth of the - 1799 
cm-' band related to the stretching mode v(C0) of 
the final product (3). 

On the basis of our results, and taking into ac- 
count pertinent literature data [7], we assume that 
the reaction of the cation (1) with the diamido- 
thiophosphite (2) proceeds as follows. 
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1 
The nucleophilic attack on the carbon of a CO li- 
gand of (1) takes place in the first stage of the re- 
action, leading to the transition compound (4). The 
latter is in equilibrium with its precursors. Ob- 
viously, the equilibrium can be shifted to the un- 
stable cyclic complex (6) due to the donation of the 
phosphorus lone pair to the Mn atom. Compound 

(3) is formed via rupture of the weak Mn-C and 
C-S bonds with concomitant formation of CO. The 
process is followed spectroscopically by the ap- 
pearance of carbon monoxide. 

For the process to be more obvious, we re- 
peated the reaction under consideration in a her- 
metically sealed sample cell where the exit of gas- 
eous CO from the reaction zone is small. Indeed, 
the IR spectra (Figure 6) recorded under such con- 
ditions showed the -2136 cm-' band, which be- 
longs to the CO-stretching vibration of the carbon 
monoxide [8]. During the course of the reaction, 
the absorption band near 2060 cm-* (Figure 2) was 
detected. This spectral phenomenon is more clearly 
apparent when the spectra of the products con- 
tained in a hermetically sealed sample cell are re- 
corded (Figure 6). [The position of this absorption 
band is close to the vibration v(C0) in the initial 
reagent (l)]. The intensity of the -2136 cm-' band 
subsequently decreases, but the band does not dis- 
appear. Perhaps one can concede that a new com- 
pound (7) has been formed. The symmetric ,and 
nonsymmetric vibration v(C0) near 2060 cm- , as 
in the spectra of the compound (l), are degenerate 
owing to the fact that both CO groups in complex 
(7) occupy apical positions. When the intensity of 
the -2060 cm-' band increases (which involves 
growth in the concentration of 7), there occurs a 
simultaneous decrease in the intensity of the 2 136 
cm-' band (pertaining to carbon monoxide) and the 
growth of the intensity of the -2039 cm-' band for 
(3) is slowed down (Figure 6). Taking such dynam- 
ics into account, we assume that compound (7) is 
not involved in the formation of compound (3) but 
is the result of a reaction between carbon mon- 
oxide and the product (3). On removal of CO from 
the reaction mixture, the occurrence of this pro- 
cess is observed only to a considerably lesser ex- 
tent. 

CONCLUSIONS 
Our FT-IR investigation of the reaction of S-ethyl- 
Nfl-tetraethyldiamidothiophosphite with [v-Cp- 
Mn(CO),(NO)]+BF; has made it possible for us to 
examine the S S  and SM approaches. We believe 
that we have confirmed the formation of a few in- 
termediates, and we are able to suggest a conceiv- 
able path for the reaction. 

EXPERIMENTAL 
The IR spectra were recorded by an FTIR spec- 
trometer IFS-113V (Bruker) in the region of 400- 
4000 cm-'. The investigation of the reaction was 
performed in a sample chamber of the spectrom- 
eter. We used sample cells with KRS-5 windows. 
Reagents (1) and (2) were mixed in acetonitrile so- 
lution and immediately placed in a sample cell. The 
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spectra were then recorded during 3 hours at  in- 
tervals of 3 minutes. 
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