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Summary

A novel transition metal-catalysed reaction of isocyanates with alde-
hydes has been investigated. The reaction is of potential practical interest for
the preparation of imines when water-sensitive groups are present. Kinetics
and isotope labelling experiments indicate a rather complex mechanism; this
implies a determinant insertion of the aldehyde into a preformed isocyanate
complex, this true catalytic species being slowly produced through compe-
titive coordination between the two reagents. The mechanism of similar
catalysed reactions is discussed in the light of our own results.

Introduction

Relatively few transition metal-catalysed reactions of isocyanates have
been reported in the literature [1 - 4]. As examples, palladium (0) catalysts
are efficient for the cycloaddition of phenyl isocyanate onto conjugated
diolefins [2], whereas carbodiimides are obtained from isocyanates in the
presence of metal carbonyls [3]. The suggested mechanism of this latter
reaction involves the formation of an isonitrile complex by evolution of COy
from the catalyst and the isocyanate. The fact that the isonitrile complexes
that are isolated from the medium [3, 5] appear to be very active in pro-
moting the reaction seems in complete agreement with this hypothesis [3].

On the other hand, the reactions of isocyanates with various metal com-
plexes are well documented [6,7]. In general, complexes containing suffi-
ciently polarized metal-nitrogen, metal—oxygen, metal-carbon or metal-
hydrogen bonds induce insertion-type reactions of the cumulene, either by
its C=0 or its C=N function [6 - 10]. In all of the other cases, the isocyanate
moiety preferably leads to n-bonded [11] or more commonly*, to doubly
o-bonded [12 - 15] isocyanate complexes.

*There is some confusion in the literature concerning the so-called ‘m-bonded’ iso-
cyanate complexes. As a matter of fact, a detailed analysis of different reports [12 - 14]
reveals that the great majority of these complexes are in reality doubly g-bonded isocya-
nate complexes.
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TABLE 1

Catalys f 1ciency fOr the fOrmathn Of ]
teff e m
( ) 1 vlneS (III) fl'Olll phen'yl ISOCVanate (30 lnnlOl)

Catalyst Yield (%) ‘ V

CO,° " Imine (II? (min) -
Coy(CO)g : a8 95 s
Fe(CO)s e ’ oo 18
W(CO)s 100 50 >
Ni(CO),(PPhg), 100 96 40
Mo(CO); 55 o 10
Cr(CO)g o o4 [
BF3 (etherate) 3 FioSh o b
No catalyst lg ) o (60) zgg (24 h)b

Saf';alyst -~ 0.24 mequivalent. T.= 150 °C
Yield of imine (III) isolated by distillation:.

bThe main by- i i
oliomens y-products are phenyl triisocyanurate (identified by infrared) and related

¢ As measured by volumetry.

Once formed, the resulting isocyanate complexes can then interact with
a second molecule of cumulene to generate urylene derivatives [16, 17]. It
‘ his been pc?siulated that these rearrangements proceed through coordinated
nitrenes as intermediate [18] . Such complexes h i i
i ] plexes have even been isolated in

The above egamples show that several modes of activation of iso-
cyana?:es by coordination catalysis are available. The objective of the present
work is to take adyantage of these possibilities, and to get at the same time a
better understanding of the activation processes of the isocyanate moiety.

Results

Synthetic aspects
Metal carbonyls catalyse ver ici i i
vy efficiently the condensation of isocya-
nates and aldehyfles with evolution of CO, (identified by mass spectrorr?—a
etry) and formation of the corresponding imines (III) [1a] (Tables 1 and 2):

A M (C
R—C\ + R“NCO x (90}

H

25 RE-NSCH-R + coz'

(I} (11) (111)

Equation (1)

.In some cases this reaction takes place without catalyst, i.e, with sulfonyl
§socyanates [20, 21], but it does not work cleanly with simple unactivated
‘ isocyanates [22, 23]. For example, 2-furaldehyde reacts with phenyi iso-
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TABLE 2
Reaction of different isocyanates (30 mmol) with aldehydes (120 mmol) in the presence
of Coyu(CO)g (0.12 mmiol)

B R' SR T t . Yield (%)

o (min) co, Tmine (III)
n-CgHiy CgHg + 100 3 97 0P
n;C5H11 ; CGH& e 100 25 20 -
CeHy—CH=CH  CgHjy + 100 (150) 45 (16)  97(98) 92(95)
CeHs—CH=CH  CgHj - 1560 400 10 =
CH3—CH=CH CaHg + 100 (150) 65 (40) 91 (76) 20 (0)P
CHy—CH=CH CeHg = 100 500 14 -
CeHy—CH=CH  n-C4Hy + 100 200 97 94
CeHy—CH=CH  n-C4Hy = 100 200 0 -
CgHjg CeHpy + 120 145 92 90
CgHp CgHj = 120 160 2 i
2:Furyl CgHg * 120 25 98 95
2-Furyl CeHsy = 120 240 9 ==

2.4 catalyst present; —, no catalyst.
bFormation of oligomers.

cyanate to give the corresponding aldimine in 24% yield only, after 8 h at
174 °C [28], whereas the reaction is quantitative after 25 min at 120 °C
under our conditions (Table 2).

As generally observed when the corresponding imines are synthesised
by classical methods, some aliphatic aldehydes lead to the formation of large
amounts of oligomers (Table 2). This is obviously a result of the well-known
aldolisation reaction, since imine (IV) was isolated in 55% yield beside higher
oligomers from hexanal and phenyl isocyanate:

5 hrs ati140:°C. in o-xylene
002 (CO)8

T C5H11-—CHO + C6H5NCO

’
o1} +mCgHyy-CH = CI!-CH =N CpHg [oligomers: +

(97%) {(xv) n=CyHg"  (55%)
I
G H NH-C-NHC H]
Equation (2)

Similarly, crotonylideneaniline (an extremely heéat-sensitive compound) was
obtained in 20% yield by lowering the temperature of the reaction from 150
to 100 °C (Table 2). :

Under the same conditions (Tables 1 and 2), Co,(CO)s catalyses also
the condensation reaction of anhydrides with phenyl isocyanate [1b], but it
has no effect on the reactions of this latter reagent in the presence of
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ir:)gr; i;irlgl(;l:tllcs (zflthe reaction of phenyl isocyanate with benzaldehyde in the presence of
e I{’ I\;:é (;\]ystf f?g}? O(i\f.,a ,—ONgngfm) a?(li Zl\l't/N,, Us. time (min)) (see experimental
L 1o = 0= 0.336 mol I"L; [Fe(CO)5]14 = 6.08 A =
1445 °C. (4) Addition of the same | vt b e e
: : _ on 0 amount of fresh reagents and solvent t i
f—llllm[gRtgﬁgaCtion; initial conditions are the same as in (0). (X)) [R’KI%lOJO ih; r’;lfgl::::l
[RéHO] =]207120.1215 i’nlol 1—,1, [Fe(CO)slg = 2.4 mmol IL and T'= 1(314.550. (D)
0=2712moll !, [R'NCO]g = 0.120 mol 1", [Fe(CO)5]o = 4.6 mmol 'L and

T=1445°C, (®) [RCHO], = [R! = 24
mmol "L and T=129.5 ]co [R'NCO]g = 0.836 mol "2, [Fe(CO)4(CNCeH5)]o = 7.7

fggo:rt:j&leit.erzi acid chlorideg, dimethyl sulfoxide, N;N-dimethylformamide
o atic ~(_iehydes bearing si.:rongly coordinating substituents such as
3)2 and ~NO, . Moreover, isothiocyanates do not react at all, as
pected from their different coordinating ability (see discussion) L
Frqm a practica'l p.oint of view, our reaction seems thus lin;ited to the
fﬁ:izrsaetloi k?f 1son'.xe imines in high yields, without production: of water (as is
e :let classical mfathods): Moreover, the use of difunctional reagents
. . o} con'densatl.on polymers (polyimines and resulting polyamines
pon ydrogengtmn), without encountering the drawbacks of the classical
process [24] , since terephthalaldehyde and phenyl isocyanate react indeed
quantitatively within 7 min at 120 °C in the presence of a catalytic amount

of Co,(CO i i i °
catalyii(;), )s (no reaction is detected after 300 min at 120 °C without

Kinetic measurements

Reaction (1) is particularl i ineti
. y convenient for kinetic studies through
Zcf)l;r;ilirferie}?su}feziints; CO, evolution is indeed quantitative and thi yield
( igher than 90% in many cases. The kinetic runs are

. erformed
in the presence of Fe(CO); as catalyst, since the more efficient Cof(CO)B e

p ili
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TABLE 3
Kinetic rate constants of the reaction between phenyl isocyanate and benzaldehyde:
determination of order in catalyst .

103 x [Fe(CO)slo 108 X kops Fobs/ [Fe(CO)5lo
(mol171) ‘ (min1) (I mol™! min™1)
3.04 ' 7.1 2.3
4,52 9.6 2.1
6.08 ‘ 14 oy 2201
7.70 16 2.1

[RCHO] = [R'NCOJg = 0.336 mol I, T'= 1445 °C. Catalyst = Fe(CO)5.

At the very beginning of the reaction, a fast evolution of CO (¢hecked
by mass spectroscopy) is detected. Thereafter, an induction period is ob-
served under practically every set of conditions (typical example, Fig. 1,
curve a). This induction period must correspond to the slow formation of
the true catalytic species from the aldehyde and/or the isocyanate as it does
not reappear later on further addition of the same amounts of reactants and
solvent to the reaction medium (Fig. 1, curve b). It depends also on the pres-
ence of an excess of one or the other reagent (Fig. 1, curves c and d), and
particularly on the nature of the ligands (Fig. 1, curve e).

After this induction period, the kinetics follow current zero order or
first order plots up to at least 80% conversion (see Fig. 1).

Partial orders in catalyst and reagents ~

The reaction is first order in catalyst (Table 3) and in reagents (Fig. 1,
curves a, b and e). The determining kinetic step is therefore not dependent
on associative equilibria of the metal complexes (e.g. formation of poly-
nuclear species).

When the kinetics are determined with an excess of aldehyde, the
curves fit with a current zero order plot and the induction period is almost
completely cancelled (Fig. 1, curve d), but the apparent rate constants
remain proportional to the initial concentration in isocyanate (Fig. 2, curves
a, b and c).

As the addition of aldimine at the beginning of the reaction has only a
very slight accelerating effect on the rate*, the only reasonable interpretation
must assume a zero order kinetic step in isocyanate, but also that the total
amount of active species produced during the induction period is directly
proportional to [R'NCO],. :

When the reaction is run with an excess of isocyanate, the kinetics are
first order (Fig. 1, curve c) and the induction period is longer than when an

Kligpe = 372 X 1078 mol min~! instead of 3.52 X 105 mol min~! without imine,
if [CgHsCH = NCgHg]o = 0.096 mol "L, [Fe(CO)5lo = 4.6 mmol I'Y, [CgHENCO] o =
0.163 mol 'L, [CgHgCHO], = 2.712 mol I'! and T = 144.5°C.
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Fig. 2. Dependence of the appar initial i
parent rate constant on the initial isocyanate concentration
gpAl [fgng)HO]o = 2712 mol "1, R'NCO = CgHzNCO; [Fe(CO)5] = 4.6 mmol l“fc;n'd
B £ FC. (@) catalyst = Coys(CO)g; other conditions are the same as in (4). (O)
catalyst = Fe(CO)4(CNCgHy), T = 134 °C; other conditions are the same as in (8),

F.ig. 36 I;;:pendence of the apparent rate constant on the initial aldehyde concentration.
(Tz {42 53\10010 = 2712 mol 1! RCHO = C4H5zCHO, [Fe(CO)5ly = 4.6 mmol 11 and
= .5°C, (©) RCHO = p-CH3CgHCHO; other conditions are the same as in (@).

i

excess of aldehyde is present (see Fig. 1, curves d and ¢), Moreover, plots of
apparent rate constants versus initial aldehyde concentration show ,a maxi-
mum for the two different aldehydes investigated (Fig. 3, curves a and b)
Tl}ls means that the rate-determining step is first order in aldehyde, but t};at
this reactant can act also as an inhibitor or a promoter of the formr:ltion of
.thfe true catalytic species, depending on its relative concentration. The inhib-
iting e/szect of the aldehyde becomes predominant as soon as the [RCHO]

tq [R'NCO] , ratio becomes higher than 5 X 10 2 under our conditions (s?ae
Fig. 8, curves a and b).

.The data in Fig. 2 (curves a, b and c) and in Fig. 3 (curves a and b)
obtained at constant temperature and catalyst concentration, also sho:zv
clez}rly f;hat both reagents are required to promote the formation of the true
actwg s#pes. On the other hand, Fig. 3 (curves a and b) also indicates that the
1':e‘lat1ve importance of the promotion (slopes of ¢; and by) and of the inhib-
ition (slopes. of a, and by) processes due to the aldehyde depends much on
the electronic density at the aldehydic group level. The inhibiting effect of
the aldehyde is much more important for the para-methyl benzaldehyde
than for the unsubstituted derivative (a,:b, = 0.25), whereas the opposite is
observed as far as the promoting effect is concerned (a; :b; = 1.7).

Influence of preheating on catalyst efficiency
When the catalyst is preheated at the reaction temperature in the pres-
. ence of the solvent and one of the reagents (prior to the addition of the
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TABLE 4 g
Influence of preheating (10 min) two reactants prior to the addition of the third one
Last reactant® - 10 % Robs Induction time
‘ (min~1) S (min)
Fe(CO)s : CgHzNCO 2.9 (0)° 1190 (0)°
Fe(CO);5 3.9 230
CgHgCHO 5.8 (4.2)° 130 (0)°
Fe(CO)4(CNCgHp) Fe(CO)4(CNCeHs) 11 40
CgHsCHO 14 30

[RCHO], = [R'NCO]( = 0.336 mol -1, [Catalyst] = 7.7 mmol I"1, T'=129.5°C.
aT,ast corponent introduced into:the reactor heated at 129.5 °C,
bValae obtained when the first two reagents have been heated together for 4 h prior-to

the addition of the third one.

second one), the apparent rate constants are clearly modified. As shown in
Table 4, preheating Fe(CO); in phenyl isocyanate for 10 min increases the
aumber of active species (103k g, = 5.8 min~" versus 3.9 min~! without pre-
heating), whereas the reverse is observed when the aldehyde is added first
(10%kops = 2.9 min ). On the other hand, a longer preheating time (4 h) de-
creases the rate in both cases. The irreversible production of inactive species
takes place therefore in the presence of both reactants, but the inhibition is
particularly important in the presence of the aldehyde since only this last
reactant leads to complete inactivation (103k 4 = 0). This is in complete
agreement with the results reported in the preceding section.

Arrhenius’ parameters

The activation parameters have been calculated from the kinetics of the
benzaldehyde—phenyl isocyanate reaction at different temperatures (catalyst:
Fe(CO)s), E, = 24 + 2 keal mol ™ and ASygs5°c =— 11 + 2 eu (see Fig. 4).

Influence of the aldehyde substituents

In opposition to classical organic reactions, catalytic processes such as
the one reported here do not always allow simple conclusions to be drawn
from Hammett-type correlations, since the coordinative interactions often
wipe out the steric and electronic effects of the substituents, and sometimes
also have a direct influence on the production of catalytic centers. This is
particularly true in our case: the rate accelerating effect of the ortho-methyl
substituent on benzaldehyde (as compared to the para-substituted isomer
(see Fig. 5, data within the frame)) indicates indeed that steric hindrance de-
creases mainly the inhibiting effect of the ‘aldehyde (of course, with the
more encumbered 2, 4, 6-trimethyl derivative, the kinetic step itself is in-
fluenced). It follows that the positive p value (p = 1.4 from Fig. 5) should
not necessarily correspond to an electrophilic attack by the aldehyde during
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Fig. 4. Dependence of apparént rate constant on tempevature (plot of In ke vs: 1/T (K)).

[C¢HgCHOl, = [C4gHgNCO], = 0.336 mol I and [Fe(CO)5]q = 7.7 mmol "1,

tk}e rate-detgrmining step, but rather to a decrease of the inhibition effi-
ciency of this latter during the induction period. -

Labelling experiments and isotopic effects

By using a '*C labelled aldehydic group it was possible to prove that
QOZ 1s'n<.)t formed from this carbonyl, as the label is quantitatively recovered
in the imine (II1). Moreover, the substitution of the aldehydic hydrogen by
deuterium decreased the rate only slightly (By.u/Boaep = 1.20). It is there-
‘fore highly unlikely that the cleavage of the CH aldehydic bond would be
involved in the rate-determining step, as the observed variation is within the
range of secondary isotopic effects [25].

Experimental

Mlcroanalyses were performed by the Centre Interservice d’Analyses
Organiques (University of Liége) and Dr. A. Bernhardt (Miilheim). ‘

Infrared spectra were taken using a Perkin-Elmer model 21 instrument,
Nuclear I'nagnetic resonance spectra were recorded on a Varian T60 spectro-
mgter'usmg tetramethylsilane as internal reference. Molecular weight detet-
m1nat1or}s were made in toluene at 45 °C on a Dampfdriick Osmometer
Kn.auer instrument. Melting points (uncorrected) were determined using a
Leﬁaz We‘;tzlar microscope. Mass spectra were recorded by Dr. R. Weber
(University of Liége) and Dr. J. Pecher (University of Brussels). v

All experiments were normally carried out under nitrogen atmosphere, - '
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Materials
Reagents ‘
The aldehydes and the isocyanates are all commercial products. They

_were purified by distillation or recrystallization just before use. The deuter-

iated benzaldehyde CgH;CDO was synthesized with an isotopic yield of 89%
(determinated by mass spectroscopy) by the procedure of Cohen and Song
[26]. Benzaldehyde-(carbonyl)-“C, of isotopic purity (checked by mass
spectroscopy) 18.4%, was prepared in 78% yield from a mixture of benzoic
acid and benzoic acid-(carboxyl)—13C (Merck, Sharp and Dohm Ltd) by
reduction of the acid chloride according to a modification of the method of
Rosenmundt [27] .

Catalysts

Co,(CO)g and Cr(CO)s (Alfa Tnorganics), W(CO)g and Mo(CO)s
(Climax Molybdenum Company), and Fe(CO), (Fluka) were used as re-
ceived. Ni(CO),(PPhy), [28] and Fe(CO)4(CNCgHy) [29] were synthesized
as reported. BF; (etherate) was purified by the method of Zweifel and

Brown [30].

Solvents
All the solvents were of reagent-grade quality.
The solvents for kinetic studies were carefully dried and degassed imme-

diately before use.

Preparations and reactions

General procedure

Unless otherwise stated, the aldehyde (120 mmol), the isocyanate (30
mmol and the catalyst (0.24 mequiv) were heated pure under nitrogen at the
reported temperature until complete evolution of CO,. After cooling, the
excess of reagent was distilled off and the residue was purified by distilla-
tion, crystallization or column chromatography. The simple aromatic imines
are classical compounds [31 - 37]. They were characterized by the presence
of the typical infrared absorption of the C=N group in the range 1600 - 1630
cm ! [37 -39].

Cinnamylidene-n-butylamine

(I, R = C¢gHzCH=CH, R’ = n-C,Hy) was isolated by distillation. B.p. =
91 - 93 °C/0.5 mm, Found: C, 83.1:H,9.1; N, 7.6%; M, 198. Calculated for -
Cy3HyyN: C, 83.4; H, 9.1; N, 7.5%; M, 187. IR (liquid film): » = 1622 (C=C)
and 1665 (C=N) cm *. 'H NMR (CS,): 6 = 7.8 (m, 1H, CH=N), 7.4 -6.9
(m, 5H, C¢Hjy), 6.7 (m, 2H, CH=CH), 8.4 (m, 2H, CH,N) and 1.6 - 0.7 (m,
7H, CH;CH,CH,) ppm.

Crotonylideneaniline .
(I1I, R = CH3CH=CH, R’ = C¢Hg) was distilled under vacuum, B.p. =
62 - 64 °C/0.1 mm. Found: C, 82.75; H, 7.7: N, 9.6%; M, 140. Calculated for
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CioHy(N: C, 82.75; H, 7.6; N, 9.65%; M, 145, IR (liquid film): » = 1600

- (C=C) and 1640 (C=N) cm . 'H NMR (CCly): 6 = 7.9 (m, 1H, CH=N), 7.4 -

6.9 (m, 5H, CgHs), 6.3 (m, 2H, CH=CH) and 1.9 (d, 3H, CH;) ppm.

2-(n-butyl)-2-octenylideneaniline (IV) ‘ :

Hexanal (80 mmol), phenyl isoeyanate (160 mmol) and Co3(CO)g
(0.5 mmol) were heated at 140 °C for five hours in o-xylene (20 ml) as sol-
vent. After cooling, N,N'-diphenylurea (49 mmol) was filtered off and the
solvent was evaporated. Distillation of the residue in vacuo afforded (IV)
(22 mmol, 55%). B.p. = 121 - 124 °C/0.5 mm. Found: C, 83.7; H, 10.6; N,
5.4%; M, 265. Calculated for C1gH,;N: C, 84.0; H, 10.6; N, 5.4%; M, 257.
The hydrolysis of (IV) in dilute hydrochloric acid (pH 3) for 30 min at
40 °C yielded the expected 2-(n-butyl)-2-octenal in 70% yield after extrac-
tion with ether and distillation. B.p. = 68 - 72 °C/0.5 mm. IR (liquid film):
v = 1685 (C=0) and 1640 (C=C) cm . M.p. observed for the 2,4-dinitro-
phenylhydrazone = 132 °C; reported [40] = 131.5 °C.

Terephthalylidenedianiline

(CeHsN=CH-C4H,-CH=NCzH;) was prepared from terephthalaldehyde
(15 mmol), phenyl isocyanate (60 mmol) and Co,(CO)g (0.12 mmol). After
reaction, the excess of isocyanate was distilled off and the diimine (14.3
mmol, 95%) was purified by recrystallization from benzene—ethanol, M.p.
observed = 163 °C; reported [37] = 161.5 - 163 °C.

Kinetics

General procedure

The kinetic runs were followed by volumetry with the apparatus and in
accordance with the general procedure described by Monagle and coworkers
[41]. The solvents used were o-xylene for reactions run at a temperature
under 1445 °C, and tetraline in the other cases. Unless otherwise stated, the
f:atalysts (pure for Fe(CO)s, in o-xylene solution for Fe(CO)4;(CNCszH), or
in phenyl isocyanate for Co,(CO)g) were delivered last of all to the reaction
flask, the time t, being taken at the end of the addition,

Treatment of data

The volume of gas released at time ¢t was measured at 20 °C and cor-
rected to STP before being converted to the corresponding mole number N,.
In all cases, N.. was calculated from the weights of aldehyde and isocyanate
introduced into the reactor. The values so obtained were then plotted
according to the kinetic relationships that gave the best straight lines, and
tl?etapparent rate constants (kg,.) were determined from the slope of thege
plots.

The Arrheniug’ parameters A and E, were obtained from the plot of In
kops versus 1/T (K), whereas the Hammett p value was determined from the
glot of logyg ks Versus o values [42] . The entropy of activation (at 134.5

'C) was calculated from the equation [43]

638
A
AS*=1.991n (EF) —49.2

Isotopic labelling experiments :

Experiments with benzaldehyde-(carbonyl)-'>C were run as described in
the preceding sections. The tracer recovery yield in the products was deter-
mined by mass spectrometry at the end of. the reaction. The results were
benzylideneaniline 97% and carbon dioxide 0%.

Kinetic isotopic effects

The kinetics of the reactions between phenyl isocyanate (2.712 mol
1"1) and (carbonyl)-deuteriated or non-deuteriated benzaldehyde (0.146 mol
I"1) in the presence of Fe(CO)5 (4.6 mmol 1) were followed as above at
T = 144.5 °C. The measured apparent rate constants were kg, = 11.3 X 1072
min~! for CgHgCHO and 9.4 X 1072 min" ' for CgH5CDO (kops H/kops D =
1.20). /

PDiscussion

Two different important stages (see Scheme 1) can be distinguished in
the kinetic complexity of this reaction.

(1) The formation of the catalytic species
Several observations lead to the assumption that both the aldehyde and

the isocyanate can act as promoters of the true catalytic species formation
depending on their relative initial ratio, while the inhibition due to the alde-
hyde becomes predominant as soon as the [RCHO], to [R'NCO], ratio is
higher than 5 X 102 (Fig. 3). These observations are the modifications of

logmk obs

025

+ (25}

~osf PCHIO KT ey ¢eild

205k 24.6-trimethyl

1}
‘
G Hammett

L P L L i
=02 ) +0.2 +0:4

Fig. b, Dependence of apparent rate constant on aldehydic substituents (plot of logig
kone US. 0 values). [CgHsNCO]o = 7.81 mol I'!, [C¢H4CHOJp = 1.83 mol i1,
[Fe(CO)slo = 35 mmol I and T=1381.5°C.
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the induction period with the reaction conditions (Fig. 1 and Table 4), as
- well as the variations of the apparent rate constants with the initial reagent

concentrations (Figs. 2 and 3), the steric and electronic effects at the alde-
hydic group level (Figs. 8 and 5) and the influence of the order in which the
reactants are added (Table 4). . ‘

Moreover, the preheating experiments (Table 4) showed that each of
the two reactants is also potentially able to irreversibly interact with the
metal carbonyl to generate inactive species. The inactivation due to the iso-
cyanate is again a less important factor than the inactivation due to the alde-
hyde (since this last reagent only leads to complete inhibition in our condi-
tions (see Table 4)).

It follows that the induction proeess is best explained by considering
(see induction part of Scheme 1) that in the presence of a large excess of
R'NCO ([RCHO],: [R'NCO], < 5 X 10 2), the metal carbonyl preferen-
tially reacts with the cumulene to give an entity (C) which is itself poten-
tially able to irreversibly* interact with the aldehyde or with a second
molecule of cumulene to produce either the active ‘template type’ complex
(V) or the inactive organometallic species (D) respectively. The same is true
with the ‘aldehyde’ complexes (A) (steps b and e of Scheme I) as soon as the
[RCHO], to [R'NCO],, ratio becomes higher than 5 X 1072,

Unfortunately, it was not possible to isolate the postulated interme-
diates. Nevertheless, it is probable that the ‘‘aldehyde’” complexes (A) and
(B) result from the coordination of the aldehyde lone electron pairs [44].
The fact that the stability of such complexes normally increases with the
electronic density at the carbon—oxygen double-bond level [45] would be
indeed in complete agreement with the steric and electronic requirements of
the aromatic ring substituents (see ‘substituent effects’). Under these condi- -
tions, the lower coordinating ability of the isocyanate during the induction
period might only be explained by assimilating (C) to a thermodynamically
unfavoured isocyanate complex such as the Kolomnikov’s dative bond com-
plex [12]. Once formed, (C) might then react with a second molecule of
cumulene to generate an inactive urylene complex (D) according to the
scheme of Monica and coworkers [16] .

(2) The reaction within the coordination sphere

The current reaction orders show that the determinant kinetic step is
first order in catalyst (Table 3) and in aldehyde (Fig. 1, curve c), but zero
order in isocyanate (Fig. 1, curve d). On the other hand, the isotope labelling
experiments demonstrated that the reaction proceeds through the cleavage
of the aldehydic carbon—oxygen double bond, and not through the oxidative

*The iireversible production of (B), (D) and (V) (steps b, d, e and f) is assumed in
order to account for the constancy of the reaction orders and rate constants up to at least
80% of reaction. In fact, the irreversible formation of (B) and (D) (steps b and d) has
been established during the study of the preheating effects (Table 4).
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addition of the aldehyde. It follows that the rate-determining step (step i of
Scheme 1) probably corresponds to a nucleophilic attack [44] o'f the alde-

hydic carbon atom by the metallic center of a doubly o-bonded isocyanate

complex similar to Collman’s complexes [13b}:
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Equation (3)
This kinetic step, which is in fact formally similar to the postulated insertion
of an isocyanate into a preformed acetylene comple_x [4.16] , would then pe
followed by fast decarboxylation (step g) and substitution (step h) reactions
to regenerate the initial isocyanate complex (VII). ‘
The above scheme provides a satisfactory explanation for all of the ob-
served phenomena if we consider the following: ' ,
(a) The lack of reactivity of the isothiocyanate§ (see ‘Synthetic aspects’)
results from their different coordinating ability, which makes them less able
to produce complexes analogous to (VII) [14].

(b) The medium negative value of the activation entropy (AS]fg‘if,oc =
— 11 eu) should indicate only that the rate determining condensation step
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E%:;}g i) leads‘to a less rigid transition complex than the cumulene complex

(c) The reactivity sequence (relative to Fe(CO);y) observed for dif-
ferent metal carbonyl complexes, I.e. chromium, molybdenum and tungsten
(W =0.94, Mo = 047 and Cr = 0.18) (see Table 1) may be correlated with
the fact that the increase of electronic density at the metallic centers
parallels the atomic numbers [47] . With increasing electronic density at the
metal, should correspond a decrease in the inhibiting power of the aldehyde
(step b), whereas the rate-determining insertion reaction (step i) should be
facilitated.

. Similarly, the higher rates and the shorter induction periods obtained
with Fe(CO)4(CNCgH;) instead of Fe(CO)x (Fig. 2, curves a and ¢ and Table
4) may be explained by the substitution of a carbon monoxide ligand by the
weaker 7r-acceptor isonitrile [48,49] .

Finally, one should stress that the reactivity order observed for
Fe(CO)y5, W(CO)g and Mo(CO)g (Fe =1, W = 0.94 and Mo = 0.47) (see
Table 1) is similar to Ulrich’s sequence for carbodiimide formation from iso-
cyanates ‘(Fe =1, W =0.53 and Mo = 0.18) [3]. Such a correlation suggests
that the increased reactivity, observed upon replacement of Fe(CO), by
Fe(CO)4(CNCgHy), must result as above from an electronic effect on the
nfxetal and not from the participation of the isonitrile complex in the reac-
tion scheme as postulated by these authors (see Introduction). Accordingly
we propose that their reaction could be explained by a mechanism similar tc’>
ours (Scheme 2):
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' It is'probable that metallocyclic complexes analogous to (V) are also
1n§101ved in the catalytic production of nitroso compounds from nitro deriv-
atives [50] :
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o Cco

+ Fe (CO) 5 —»;\E‘e;/)

RNO2

RN = G % [Fe(cO),]

Equation (4)

In fact such cyclic intermediates have also already been postulated to
explain the copper carbonyl catalysed reduction of nitro compounds to
oximes [51], as well as the cobalt carbonyl catalysed deoxygenation of
epoxides [52].

In conclusion, it appears that the type of mechanism discussed here
might indeed be a very general one in coordination activation of organic sub-

strates containing heterodouble bonds.
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