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NITROGEN DERIVATIVES OF IRON CARBONYLS 
11. - Kinetics of Carbon Monoxide Exchange 

with Fe 3( CO),NR-NR’ Complexes 
R. ROSSETTI and P. L. STANGHELLlNl 

Institute o f  Chemistry, Univcrsity of Tiiriti, Cso Massimo d ’Azcglio 48, 1012.7 Turin, Itulv 

(Krceivcd Julv 7, I Y 73; in jhtal fbrm N o v i w t  hrr 13, 19 73) 
Investigations o n  the kinetics of I4CO exchange with Fe,((’O),NK.NR’ (K,K‘ = H , < ’ H , , ( ‘ ? H , , ( ‘ , I i .  )complc\e\  
are reported. The reaction rates are independent 0 1  the  (‘0 concentration and indicate that all thr  csrbonyl groups 
in the substrate are equivalent. The results show a correlation betwcen the kinetic and therniodynamir paramctrrs 
and CO stretching frequencies, which results from the nature o f  the R and K ’  groups. Two mechanisms a i r  
suggested, both implying the “labilization” by the N-ligands of the Fc -<‘O o r  l-t. b‘e bonds. 

INTRODUCTION 

The reaction between monodentate ligands and 
Fe3(CO)9XY complexes (in which X and Y arc 
chalcogen atoms) is thought to proceed by two 
simultaneous mechanisms of dissociative- and associ- 
ative-type, respectively’. Either one or both may 
prevail depending on the nature of the chalcogen 
atoms and the nucleophilicity of the ligand. Since 
both the decreasing electronegativity of  the chalcogen 
atoms and the increasing nucleophilic power of the 
ligand favour the occurrence of  the associative mech- 
anism, we have concluded that the attack of  the 
entering ligand probably takes place on  the chalcogen 
rather than on the metal atoms. Thus the chalcogen 
atoms in these complexes should be regarded as Lewis 
acids on account of  their energetically available 
empty d orbitals. 

A further examination of this hypothesis from 
another point of view has induced us to study the 
kinetics and reaction mechanism of complexes such, 
as Fe3(CO)9NR-NR‘ (K and R‘ are H ,  CH3, C2Hs 
and C6HS groups) which are strictly analogous to the 
chalcogen-iron carbonyls. A structure ( I )  has been 
reported for the Fe3(C0)yNR.NR’ (R=R‘= 
NC(C6H5)z; R=R’=CH:) and it is veiy similar to the 
configuration (11) (X=Y=Se4 ; X=Y=S5), in which 
the NR groups are replaced by the chalcogen atoms. 
In the complexes ( I )  the possibility of attack by the 
ligand on the tetracoordinated nitrogen atom can be 
eliminated so it could be expected, if the  previous 
mechanism is operative, that the first-xder process is 
more probable than in the analogous reactions with 
the complexes (11). Such a study also can give 

21 1 

I 

11 

information about the effect of the tetracoordinated 
nitrogen on the reactivity of  the substrate and about 
the influence o f  the group bonded on i t .  

EX PER IM ENTA L PART 

Compounds and Solvents 

Fe3(C0)9(N(’H3 j2 was provided initially by Profes- 
sor G .  R. Knox and subsequently prepared by the 
known method6. 

Fe3(CO)P(NC6H5)2 was obtained by the reaction 
of  Fe3(CO)I with nitrobewcne in beniene solution. 
More detailed data on this preparation are previously 
reported7. 

Fe3(C0)<)(NC2 H5 )2 and Fe3\‘CO)y NH*NC2 H5 
have not been previously described. Both were iso- 
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lated from the reaction of  a n  equimolar mixture of 
triiron dodecacarbonyl and nitroethane in boiling 
bewene. Data oii this reaction will be given else- 
wherex. 

Tlie solvents used were purified by distillation. 
carefully dried and stored under an inert atmosphere. 
Nitrogen, carbon monoxide o r  CO/Ar mixtures were 
high-purity commercial gases: they were dt-ied 
througli CaCI2 -silica gel colunins before use. Kadio- 
active carbon-14 monoxide was purchased from 
Amcrsham Centre; i t  was diluted with inactive CO to 
obtain a suitable specific activity. 

Kinetic studies 

Tlie method used to investigate the rate of  1 4 C 0  
exchange with nitrogen-iron complexes was similar to 
t h a t  described earlier” Owing the slow reaction rates 
we prefer t o  exchange inactive CO with previously 
labelled complexes. To d o  this, an inactive complex 
solutjon was seiiled in a glass vial under a radioactive 
CO atmosphere and kept in a thermostated bath at 
appropriate temperature f o r  a suitable long time. All 
the kinetic runs were performed i n  n-heptane solution 
i n  the dark. Coniplexes are stable during the time of  
the ldnetic experiments: samples of the reaction 
mixtures did not show changes on their IR spectra 
after two or three half-lives. 

All the exchange reactions investigated were found 
t o  follow tlie McKay equation’ and give satisfactory 
linear plots of  log(A, A,/AU A,)vs. time, where 
A, ,  A.  and A ,  ai-e tlie complex activities at time t ,  
ini ( ia l  time arid equilibrium time, respectively. Front 
these plots tlie half-exchange time 7 %  was determined 
and used t o  estimate the value of the observed rate 
collstatit k,I,, b y :  

where I Z  is the number of exchangeable CO’s in the 
metal carbonyl and ICO] is the total number of 
moles of CO i n  the vials (moles of CO in gas phase 
plus moles o f  CO dissolved i n  the solvent) divided by 
the nutiihcr of liters of solvent used. Tlie solubility of 
CO in H-heptane at room temperature is known’ I .  
Duplicate runs carried out under the same conditions 
showed that the values of rate constant were gener- 
idly reproducible to hettei- that 571. 

Appuvutiis 

Measurements of tlic specil‘ic activity i n  solution were 
perfi)r-rtred ;I /’ackat-dTi-iCarb 1.iquid Scintillation Spec- 

trometer Model 2002. Liquid scintillator was a to lu-  
ene solution of PPO ( 5  g/I)  and of  3,?’dimethyI 
I’0tY)P (0 .2  all). 

A Beckman IR  13 grating Spt.ctrol-7liotoiiieter was 
used to record the infi-ared spectra. 

RESULTS 

All the CO’s in each complex ;ire kinctically equiv- 
alent. tha t  is, the experimental values o f  tlie activity 
at equilibrium time are in good agreement with thc 
value calculatcd on tlie basis of  the exchange of  nine 
CO molecules. 

The kinetic data for the CO exchangc reaction are 
collected in Table I .  It can be easily seen that i n  all 
cases tlie observed rate constants at  various carbon 
monoxide concentration remain constiitit, so the ex- 
change reaction follows a first order rate law, indc- 
pendent of the  CO concentration. Table I 1  reports tlie 
values of the first-ordcr rate constants calculated as 
averages of tlie ohsewed values from Table I .  The 
activation parameters fo r  tlie same i-eaction ;ire given 
i n  Table 111.  The error is i n  all cases one standard 
deviation. 

DISC 1 I SS 1 ON 

In order to evaluate the result of o u r  kinetic experi- 
ments it appears useful to compare them with those 
which we have obtained from tlie reaction of  the 
cltalcogen-iron compIexcs’ . The two  series of com- 
pounds. owing to their analogous structures, have 
quite similai- IR spectra in tlic carbonyl stretching 
region. showing three strong bands between 2000 and 
2070 c m  - ’  . The frequencies of  these bands clearly 
depend 011 the nature of  the lipands: il linear relation- 
ship between vC.() and the electr-onegativities of the 
chalcogen atoms has been noted’ . An analogous 
trend is observed with the nitrogen dei-ivatives, when 
the values of tlie Taft u* constant for the K and K‘ 
groups are used as a measure of  the inductive effect 
of these groupsI4. As shown in Fig. I ,  the  larger u* 
values, yhich indicate a greater electron attracting 
power. correspond, as expected, to the higher u ~ . ~ ) .  

Tentative correlations between tlie metal-carbon 
bond strengths and the rates o f  CO dissociation have 
often been made on the basis of carbonyl stretching 
data.  I n  some c:tscs. even if the M CO bond strength 
is nol known, the higher carbonyl stretching fre- 
quencies are indicative of less metal-tocarbon IT- 
bonding and consequently of ;I weaker M CO 

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



NITRO(;I:N 1)I'RIVATIVI-S 01; IRON CAKBONYLS 219 

TABLE 1 
Obscrvcd rate constants of' the ' ('0 exchange with Fe, (CO), N R - N R '  

complexes in n-heptane. 

C 'om plt i m M  

l . t b g ( ( ' O ) 9 ( N ( ' 6 H 5  ), 0.473 
0.806 
1.013 
1.296 
0.475 
0.79s 
I .002 
1.293 
0.475 
0.795 
I .002  
I .293 

1.14 
1.71 
0.46 
0.91 

0.994 
1.400 
0.4 1 2 
0.726 
I .oos 
1.42 1 
0.442 
0.77s 
1.024 
1.320 

I*c,((W),,(N('2 H F ) ?  0.440 
0.724 
1.117 
1.503 
0.440 
0.724 
1 . 1  17 
I s o 3  
0.440 
0.724 
1.117 
1.503 

8.0 
s .9 
4.4 
2 .o 
6.2 
4.6 
3 .s 
I .6 
4.4 
3.3 
2 .5 
1.3 
6.1 
4.7 
3.1 
I .9 
4.5 
2.1 
I .7 
5 .x 
3.7 
2.1 
6.2 
4.6 
2.8 
1.6 
4.4 
3.1 
2.1 
I .2 
7.9 
6.0 
4.6 
2.1 
6.3 
4.8 
3.7 
1.7 
4.5 
3.4 
2.6 
1.2 

50.0 0.267 
0.262 
0.256 
0.243 

60.0 1.29 
1.20 
1.21 
1.13 

70.0 4.99 
4.95 
4.8 I 
4.9 1 

60.0 1 .O 1 
1 .o 1 
I .16 

70.0 3.75 
4.16 

50.0 0.481 
0.4 1 I 
0.437 
0.478 

60.0 1.84 
1.78 
1.77 
1.72 

70.0 6.32 
6.19 
6.53 
6.15 

50.0 0.182 
0.195 
0.197 
0.20 1 

60.0 0.736 
0.813 
0.792 
0.830 

70.0 3.20 
3.27 
3.24 
3.48 

1.02 

" T h e  values (if the  ('0 solubility in rl-hcptanc. :it the reaction tcrnperature 
havr been citrapolated from Ihc data already reported.' ' 

bond' ' . Moreover, an appropriate linear relationship 
between kinetic and/or thertnodynamic parameters 
and CO stretching frequencies strongly supports a ('0 
dissociation mechanism' 6 .  I t  must be pointed out ,  
however, that this is not always true. Dobson and 
coworkers report, for example, that  in wine octa- 
hedral Cr and Mo derivatives the M C and C 0 
stretching frequencies are both strengthened o r  weak- 

ened, depending on the nature o f  the ligands' and 
that the expected reciprocal relationship between 
u,.,, and vM(. is observed only within series of  
complexes containing the same donor a tom'  8 .  

We have reported in Fig. 7- a free energy plot o f  log 
k I for CO exchange at 60.0" vs. the highest uC.o  
frequency foi all the chalcogen and nit rogen-iron 
complexes and in Fig. 3 the analogous relationship 
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< ' I1  111 ple \ I * ( %  k ,  . l o 4  scc ' 

I . L ' ~ ( ( ' O ) ~ ( N ( ~ ~  t i i  ) >  S O . 0  0 . 2 6  I ().!)I 
60.0 1 .2I ' 0.07 
7 0 . 0  4.93 t 0 .08 

I . < . ,  ( ( X > ) v  N t f N < ' :  H ,  60.0 I .OS t 0.07 
70.0 4.0 ' 0 . 3  

I : c ,  ( N c ' t i ,  ) ?  50 .0  0.45 * 0 .03  
60.0 I .7X + 0.05 
70.0 6.3 ' 0 . 7  

60.0 0.79 0.04 
70.0 3.3 ' 0 . 1  

I C ~ ( ( ' O ) ' , ( N C ' ~  t i ,  ): 5 0 . 0  0.194 + 0 . O O X  

('omplrx AH* Kcal/molc AS* C.U. 

l - t s , ( ( 'O)9(N( '6H5)2  31.8 1 1.4 18.8 ' 2.5 
l - c , ( ( ' O ) , N H  N ( ' , H ,  29.4 + 7.6 11.5 + 5.6 
t c ~ ( ( ' O ) , ( N ( ' H , ) ~  28.2 3 1.5 8.7 6 2.7 
~ c , ( C O ) , ( N ( ' , H , ) ~  30.5 + 1.4 14.0 + 2.6 

1 '  

+ 

2040 2050 2060 
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2040 2050 2060 
V,, cm-' 

FIGLIRF 3 
and 2. 

Plot o f  A H ,  vs. U(,C) for Fe,(('O),NR-NK' and F'c,(('O),XY complexes. Numbers are those t r o r n  !.ips. 1 

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



- - -  7 7 7  ROSSICTTI AND STANGCII~LLINI 

with the activation cntlialpy values. The plots show 
tha t  i n  the chalcogen series the higher the (‘0 fre- 
quencies, tlie faster the reactions: that clearly illus- 
trates !lie previously suggested CO dissociation mech- 
anisnit . The hchwiour of the nitrogen complexes 
sccnis to diff’cr from the previous one. In spite o f  the 
I ai-gc c x pc ri ni en t a I c‘ r r o  I-s i n  the 4 H  * dc t e rn i  i t i  a t ion 
and of  the littlc dil’fcrence in reactivity of the 
coiiiplexcs. ncvcrthcless i t  could he possihlc t o  ob- 
set-vc t h a t  :I decreasing i ~ ~ ~ ~ ~ .  i t .  an  increasing lipand 
hasicitv. parallels :I greater reactivity. t u r t h e m o r e ,  i t  
c;m hc iiotccl tha t  the nitrogen cornplcxcs react niorc 
tcadily t l i a i i  tlic other ones: complexes with nearly 
equal 11-cquency values show h o t l i  faster rate and 
sinallel- activation cnthafpp. This behaviour can he 
explained i i i  two ways: first, by :I (’0 dissociation. as 
i t  occui-s with tlie clialcogen series: second, by in- 
voking ;I rupture of another  hond i n  the molecule, as 
the r a ~ c  clctcrmining step. 

I i i  the f i l a t  c:isc. t l i e  “ ~ i i i ~ ) r I i ~ i ~ ~ i L ~ s ”  reactivity citii be 
interpreted both in  ternis o f  stabili/.ation o f  the 
transition state  and of destabilization of ilic ground 
state. Angelici and coworkers’ have found that i n  
( ‘ r (0 ) .  Mo(O) and Mn( I )  octahedral coniplexes the 
( 0  groups have been substantially labilized by ligands 
wliich havc ;IS donor atonis either first row elernents 

o r  halogens. I.e., in  terms of “hardness” and “soft- 
ness” of the ligands*”, “hard” bases are labilizing and 
“soft” bases arc non-labilizing. This labilization can 
be explained as a stabilization of the transition state 
o f  the dissociative reaction, which results from a 
greater capacity of the ligand to provide electron 
density on  the metal atom during the CO dissocia- 
tion. Furthermore, it has been suggested’ that 
“hard” bases can “neutralize” a large part o f  the 
metallic Lewis acidity, inhibiting the carbon-to-metal 
bonding and s o  labilizing the CO groups: in this case 
the “anamalous” kinetic behaviour may be inter- 
preted as destabilization of the ground state. Both 
stabilization and destabilization phenomena predict 
an increasing reactivity with the increasing basicity of 
the ligands, s o  both can explain the kinetic behaviour 
of  the N-complexes referring to the properties o f  R 
and R‘ groups and their greater reactivity with respect 
t o  tllat of the chalcogen compounds. 

The alternative mechanism (111) would involve a 
Fe Fe hond breaking as the rate-determining step, 
followed by a rapid coordination o f  the entering CO 
to the vacant site on the substrate and subsequent 
rearrangement. 
An intermediate formed by the rupture of the Fe Fe 
bond would not  seem unreasonable in view o f  the 
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NITROGI<N DI;,RIVATIVI<S 01: lRON CARBONY LS " 3  

values of the kinetic parameters. AH* is very close t o  
the value of 32 Kcal/mole calculated for the energy 
of  the Fe+Fe bond in (n-C5 Hs ) 2  F e 2 ( C 0 ) 4  * ' and 
4S* values are, presumably, generally less than those 
of the F c . ~ ( C O ) ~ X Y  reactions', which occur via a 
dissociative mechanism. The different basicity of  the 
N-ligands could explain the different reactivity of the 
compounds in terms of different strength of  Fe Fe 
bonds. Really, the increasing a-donor character of  the 
ligdnd enhances the electron density on the metal 
atoms thus weakening the Fe ~ F e  bonds by increasing 
the repulsion between the non-bonding electrons. A 
similar trend has been observed for the reaction of 
the Co Co bonded-systems with stannous halides. 
The increasing reactivity of [CO(CO), 1-1 complexes 
as the 1. donor capacity increases has suggested that 
the strength o f  the Co C o  bond is the important 
factor in determining the rates2'. 

I t  is not  possible at this time to prefer one 
mechanism t o  the other one. Indeed, it is possible 
that both mechanisms are operating simultaneously, 
as proposed for the reaction of Fe , (COh with 
(p-to1yl)phosphine' 3 .  Data on the F e ~  CO arid Fe 
Fe IR stretching modes and studies on the possible 
inhibition by CO of the substitution reactions with 
ligands could probably offer the opportunity to make 
a choice between them. 

Finally, the lack of  the second-order mechanism i n  
the CO exchange with nitrogen-iron complexes must 
be noted. Indeed, i t  is reasonable t o  expect that, for 
example, Fe3(CO)9(NCH3)z, which sliows IK q.0 
values nearly equal t o  those of Fe3(CO)9Te2, has 
practically the same k Z  value, if the second-order 
process is operative also in this case. So this effect 
should be clearly noted, because i t  should give a not 
negligible contribution to the total rate (e.g. at 60.0". 
when CO is 6 mM, k 2  lCO\ is about  40% k1) .  The 
failure of this observation indicates that CO doesn't 
directly coordinate t o  thc substrate in the nitrogen- 
iron complexes reaction and can give an indirect 
proof of the correctness of the kinetic, mechanism 
suggested for the reactions with the clialcogen-iron 
complexes. 
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