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Abstract

The fragmentation pathways of allenylidene and carbene complexes have been studied using FAB mass spectrometry in comparison with thermal
analyses (TGA, DrTG and DTA). Both the decomposition modes are investigated and the possible fragmentation pathways are suggested. The
use of mass and thermal analyses (TGA and DTA) in the analyses of allenylidene and carbene complexes allowed the characterization of the
fragmentation pathways in MS. The major pathway includes successive loss of carbon monoxide followed by fragmentation of the organic part of
the allenylidene or carbene molecules. This is also confirmed by thermogravimetric analysis (TGA) where the first step involves the loss of carbon
monoxide followed by the organic ligand. The nature of each step; exothermic or endothermic, is also studied using DTA technique. The kinetic
parameters of the thermal decomposition are also studied using the Coates-Redfern method.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A large number of carbene complexes have been prepared and
their properties and reactivity had been studied in detail [1]. Car-
bene complexes have found broad application in synthesis and
catalysis and have evolved into one of the most powerful tools in
organic and organometallic chemistry [2]. Unsaturated carbene
complexes like allenylidene complexes, [L, M=C=C=C(R!)R?],
have increasingly attracted interest in recent years [3]. Experi-
mental and theoretical studies confirm their great potential for
C-C and C—Xbond formation [4]. In addition, allenylidene com-
plexes exhibit interesting physico-chemical properties that make
them potentially useful as one-dimensional wires [5] and for
opto-electronic devices [6]. Most studies on the reactivity of
alleneylidene complexes carried out until now were performed
with non-heteroatom substituted complexes derived from 1,1-
disubstituted propargylic alcohol bearing either alkyl or aryl
groups at the terminal carbon atom [3a]. These complexes were
readily available for a broad range of transition metals [7]. A new
route to N-stabilized allenylidene complexes of Cr and W using
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propynoic acid amides, C-ethinylimines or ethinylpyridine as
precursors has been introduced by Fischer et al. [3e,8].

A number of studies confirm the great potential of vinylidene
and allenylidene complexes for C—C and C—X bond formation
[9]. In contrast to diaryl- and dialkylallenylidene complexes,
the number of heteroatom substituted allenylidene complexes
was rather scarce although two of the very first allenylidene
complexes to be synthesized carried a dimethylamino sub-
stituent at the terminal carbon atom [10]. These complexes;
(CO)sM=C=C=C(NR';)(R"), were obtained by Fischer et al.
from alkenyl(ethoxy) carbene complexes by Lewis acid induced
alcohol elimination (M =Cr, W; R’=Me; R” =Ph) [10]. Later
on this method had been extended to the synthesis of some
other amino stabilized allenylidene complexes [11]. Alkynyl
carbene complexes had also turned out to be useful precursors
for the preparation of monoamino allenylidene complexes [12].
The bonding situation in carbene and allenylidene complexes
strongly depends on the substitution pattern. The same applies
to the reactivity of these compounds.

The aim of this study is therefore to use the thermal analy-
ses techniques (TGA, DrTG and DTA) to further characterize
some allenylidene and carbene complexes and to study their
thermal behaviour. A correlation between the thermal and the
mass fragmentation pattern as well as schemes for the thermal
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Fig. 1. Structure of complexes A-K, P, Q, S and T.

fragmentation will be proposed. Also the kinetic parameters for
the steps of decomposition will be calculated using the Coats-
Redfern method [13].

2. Experimental
2.1. General

All operations were performed in an inert gas atmosphere
using standard Schlenk techniques. Solvents were dried by distil-
lation from CaH,(CH,Cl,), LiAlH4 (pentane, Et; O) and sodium
(THF). The silica gel used for chromatography (Baker, silica gel
for flash chromatography) was argon saturated. The reported
yields refer to analytically pure substances and are not opti-
mized. Instrumentation: The thermogravimetric analysis (TGA
and DrTG) and differential thermal analysis (DTA) were car-
ried out in dynamic nitrogen atmosphere (20 mL min'!) with a
heating rate of 10 °C min™! using Shimadzu TGA-50H and DTA-
50H thermal analyzers, respectively. MS: Finnigan MAT 312.
Elemental analysis: Heraeus CHN-O-Rapid. All transition metal
complexes were prepared as reported in the literature [1,8]. The
structures of the prepared complexes under study are given in
Fig. 1.

3. Results and discussion

The transition metal allenylidene complexes were prepared
by introduction of a preformed C3 fragment into the coordina-
tion sphere of the metal as reported earlier [8]. Thus, amino
substituted allenylidene complexes A, B and E-J were pre-

pared by the reaction of the appropriate deprotonated alkynes
with the solvent complexes {(CO)sM[THF]; M = Cr and W }and
subsequent alkylation with suitable alkylating agent [8a,b].
Compound C was synthesized via the reaction of deprotonated
1,1,1-tris(dimethylamino)propyne with (CO)s W[THF] and sub-
sequent silica induced elimination of dimethylamide [8c]. The
reaction of the allenylidene complex (CO)s W=C=C=C(OMe),
with N,N'-dimethylamino ethylene diamine delivers complex D
[8d]. The tetracarbonyl allenylidene complex was obtained by
the photochemical reaction of complex A with triphenylphos-
phine [8e]. The carbene complexes P-T were prepared by the
established methods published in the literature [1,8f,g]. The
complexes were characterized by spectroscopic (IR, 'H and 13C
NMR and mass spectra) and elemental analyses. These data are
in good agreement with those in the literature.

3.1. Thermal analyses (TGA, DrTG and DTA)

The thermal decomposition of the allenylidene and carbene
complexes is used to obtain information about their properties as
well as about the nature of the intermediates and final products.
The samples were measured in the temperature range from ambi-
ent temperature up to 1200 °C. The calculated and estimated
weight losses are given in Table 1 together with the DTA data.
Figs. 2—4 show the TGA, DrTG and DTA curves of complexes
A,C,E,G,J,PandS.

The TGA curves of allenylidene complexes A-D, refer to
three to five stages of mass losses at the temperature range
90-1200°C. These stages involved mass losses of 23.98%
(found 24.50%), 32.18% (found 33.00%), 24.99% (found
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Table 1
Thermal analyses (TGA, DrTG and DTA) data of allenylidene and carbene complexes
Complex TG range DrTGpax (°C) Estimated (Calculated) (%) Assignment Metallic DTA (°C)
°C) residue
Mass loss Total mass loss
(A) 90-150 140 24.50 (23.98) Loss of 4CO WO 140(+), 210(+), 450(—),
570(+), 627(—),
150-120@20, 330, 881 33.79 (33.18) 58.29 (57.16) Loss of C;1H9N 754(+), 774(—), 882(+),
920(—), 1000(—).
(B) 100-220 156, 181 33.00 (32.18) Loss of 5CO WO 158(+), 187(—), 200(+),
410(—), 520(+),
220-1000 230, 898 22.13 (21.84) 55.13 (54.02) Loss of CgHgN 600(—), 700(—), 880(—),
899(+), 910(—), 960(+).
(©) 90-210 196 25.73 (24.99) Loss of 4CO WO 147(+), 180(—), 200(+),
320(—), 420(+),
210-1200 400, 900 31.00 (30.35) 56.73 (55.34) Loss of CgH 2Ny 510(—), 840(+), 900(—),
1100(+).
(D) 80-300 226 25.89 (25.11) Loss of 4CO WO 100(+), 229(+), 495(+),
530(—), 873(+),
300-12(850, 871, 1050 30.88 (30.04) 56.77 (55.15) Loss of CsH gN2 900(—), 1090(+)
(E) 90-150 132 16.38 (16.03) Loss of 2CO CrOs3 125(+), 134(—), 227(+),
350(—), 430(+),
150-120@01, 241, 350 54.36 (54.79) 70.74 (71.00) Loss of C14H 1N 560(—), 970(+), 1050(—)
F) 80-200 107, 150, 167 30.47 (30.83) Loss of 4CO CrO 94(+), 115(—), 150(+),
167(+), 350(+),
200-1200 208, 430 49.11 (50.10) 79.58 (80.93) Loss of C;3H 3N 460(+), 550(—), 940(—),
1070(—)
(G) 80-200 160, 180 26.61 (25.99) Loss of 3CO CrO, 70(+), 130(+), 170(—),
205(+), 390(—), 470(+),
200-1200800, 600, 850 45.20 (44.86) 71.81 (70.85) Loss of CjoH 1N 580(—), 670(+), 730(—),
925(+), 960(—), 1030(—).
(H) 100-220 152 32.14 (32.83) Loss of 3CO and C4 CrO, 153(=), 200(+), 450(—),
510(+), 580(—), 610(+).
220-1200 500 43.60 (43.27) 75.74 (76.10) Loss of C¢HgBrN
€8} 120-200 165 15.74 (15.26) Loss of CO and Cs. CrO,+ SiO; 114(+), 171(-), 230(—),
390(—), 600(—), 930(+),
200-1200 260, 930 50.27 (50.31) 66.01 (65.57) Loss of CisH7N 1100(—).
) 100-220 170 31.24 (31.18) Loss of 4CO CrO 130(+), 150(—), 170(+),
171(=), 200(—), 320(+),
220-120(60, 700, 910 49.49 (49.82) 80.73 (81.00) Loss of Cj3H9N 480(—), 530(+), 580(—),
760(—), 930(+), 1030(—)
(K) 50-180 151 9.28 (9.58) Loss of 2CO CrO; 110(+), 163(+), 192(—),
290(+), 341(+), 952(+)
180-300 293 31.25 (31.02) Loss of C;3H ;1N
300-1200 339,953 45.41 (44.38) 85.94 (84.98) Loss of PPhs
P) 50-210 194 50.15 (49.65) Loss of 5CO and CH3 CrO 49(+), 197(-), 220(+),
320(—), 570(+)
210-1000 260, 580 28.91 (28.51) 79.06 (78.16) Loss of C7H5 650(+), 960(+), 1050(—)
Q) 50-620 266 57.12 (56.20) Loss of 4CO and WO 103(+), 250(—), 268(+),
360(—), 460(—)
C]oH]]N 550(+), 607(—)
S) 80-250 159, 172 74.31 (74.01) Loss of 5CO and C4Hg CrO 157(—), 165(+), 170(—),
185(+).
(T) 30-150 105 5.90 (5.77) Loss of CO CrO; 110(—), 150(+), 205(—),
390(—), 520(—)
150-250 190 27.19 (26.78) Loss of 2CO and C4H|,N 580(+), 630(—), 950(+),
1100(—)
250-1100 350, 850 46.70 (47.59) 79.79 (80.14) Loss of C1gH 1Ny
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Fig. 2. TGA, DrTG and DTA curves of complexes A, C and E.

25.73%) and 25.11% (found 25.89%) for the first (complexes
A, C, D) and first and second steps (complex B) of decompo-
sition for complexes A, B, C and D, respectively. These mass
losses may be due to the successive losses of CO at the given
temperature ranges (Table 1), respectively. The DTA curves
show one endothermic peak at 140°C for complex A; two
endothermic peaks at 158 and 200, and 147 and 200 °C and
one exothermic peak at 187 and 180°C for complex B and
C, respectively. The activation energy of this decomposition
step due to the loss of CO ligands is 43.90, 40.63—68.22, 51.95
and 43.15kJ mol~! for complexes A, B, C and D, respectively.
The remaining steps of decomposition (4, 3, 2 and 3 steps for

complexes A, B, C and D, respectively) within the temperature
range 150-1200, 220-1000, 210-1200 and 300-1200 °C corre-
spond to the loss of organic part of the ligand leaving WO as
a residue with a mass loss of 33.79% (calcd. 33.18%), 22.13%
(caled. 21.84%), 31.00% (calcd. 30.35%), and 30.88% (calcd.
30.04%), for complexes A, B, C and D, respectively. The ener-
gies of activation were 72.17-195.7, 102.2-185.7, 90.05-114.3
and 65.92-162.4 kJ mol~! for the remaining steps for complexes
A, B, C and D, respectively. According to the DTA data listed in
Table 1, the loss of the organic part as gases shows endothermic
and exothermic peaks within the temperature range of decom-
position. The overall weight loss amounts to 58.29% (calcd.
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Table 2

Thermodynamic data of the thermal decomposition of allenylidene and carbene complexes

G.G. Mohamed et al. / Spectrochimica Acta Part A 71 (2008) 161-168

Complex Decomposition temperature (°C) E*(kJmol~") A AS* (kI mol~!) AH* (kJmol™!) AG* (kJmol™1)
(A) 90-150 43.90 1.35 x 10° —33.45 70.55 4593
150-275 72.17 403 x 10° —62.92 96.86 86.62
275-430 115.2 1.67 x 108 —99.54 117.4 99.63
430-910 146.2 5.04x 10" —108.7 146.2 1422
910-1200 195.7 6.23 x 107 —155.4 176.1 172.2
(B) 100-150 40.63 2.07 x 1010 —46.55 78.15 84.77
150-220 68.22 3.17 x 107 —75.67 99.66 64.53
220-630 102.2 5.09 x 107 —107.4 132.4 122.4
630-910 126.4 4.12 x 10° —142.3 17322 154.2
9101000 185.7 7.94x 10" —173.8 2022 165.3
(©) 90-210 51.95 2.73 x 1010 —39.85 50.83 48.06
210-600 90.05 1.32 x 10° —68.95 99.99 97.44
600—1200 114.3 4.69 x 101! —97.85 153.4 145.2
(D) 80-300 43.15 3.55 x 108 —63.28 87.96 78.99
300-520 65.92 4.97 x 107 —102.3 106.1 99.67
520-800 107.3 6.49 x 10° —142.1 166.2 143.9
800—1200 162.4 528 x 101 —173.2 195.1 177.2
(E) 90-150 33.96 2.13x 10° —39.80 55.93 78.26
150-270 67.15 3.09 x 1010 —89.45 99.86 107.3
270-570 99.85 2.80 x 107 —118.7 136.1 155.1
570-780 1352 724 x 10" —1374 169.6 195.2
780-1000 165.3 4.52 x 10° —165.9 199.5 2233
1000-1200 201.5 6.54 x 108 —211.3 2322 254.7
(F) 80-130 40.89 2.95 x 10° —56.44 78.06 74.62
130-170 70.68 4.19 x 107 —85.19 109.9 106.5
170-200 112.9 5.65x% 1010  —106.7 130.5 155.6
200-300 156.3 425x 10" —136.4 168.2 199.4
300-530 189.7 6.09 x 108 —167.2 200.1 2342
530-940 2113 7.65 x 10° —196.8 235.4 267.4
940-1200 1942 3.95x 1010 —2256 2672 290.1
(G) 80-140 50.33 1.87 x 10° —29.78 50.13 68.16
140-200 70.45 447 x 1010 —69.95 105.6 117.3
200-370 97.87 5.23 x 107 —80.66 156.8 165.3
370-600 125.3 644 %102 —117.3 200.7 2152
600-920 165.7 325% 1010 —147.2 229.3 240.1
920-1200 198.7 5.39 x 108 —167.9 249.8 259.6
(H) 100-220 34.69 3.95 x 1010 —50.44 68.16 74.62
220-310 65.23 4.69 x 10° —80.19 109.8 126.2
310-600 92.67 5.15 x 107 —116.7 130.5 145.6
6001200 112.3 3.66 x 108 —132.5 145.8 176.6
1) 120-200 53.24 2.37 x 10° —32.65 55.65 65.13
200-370 72.97 1.84 x 1010 —62.42 86.63 96.22
370-720 105.4 2.76 x 101 —92.54 107.7 119.3
720-1200 149.2 5.80 x 1013 —138.2 166.3 172.5
0] 100-220 24.78 3.47 x 1010 —26.55 38.45 4477
220-580 48.94 3.17 x 10° —55.67 70.06 84.53
580800 82.73 499 x 108 —87.22 112.7 126.4
800-950 109.6 5.82x 1010 —132.6 153.7 174.2
9501200 135.6 6.04x 102 —163.7 198.2 265.3
(K) 50-180 39.50 1.08 x 1010 —29.85 42.73 58.66
180-300 67.15 422 x 10° —58.95 75.53 97.55
300-410 89.89 429 x 108 —87.85 103.6 1254
410-820 1254 3561010 —117.7 1532 162.3
820-1200 178.7 628 x 1012 —134.3 203.6 212.1
50-210 33.45 3.05 x 100 —73.78 67.96 58.69
(P) 210-660 75.02 5.27 x 101 —98.77 86.15 90.67
660—1000 117.7 4.49 x 10° —132.3 76.87 103.4
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Table 2 (Continued )
Complex Decomposition temperature (°C) E*(kJmol™!) As™hH AS* (kJmol ") AH* (kJmol~1) AG* (kJmol™")
Q) 50-280 43.56 2.13 % 10° —39.78 55.93 68.56
280-620 87.95 439 x 10! —69.95 105.6 117.3
(S) 80-160 27.69 3.25x 1010 —46.84 58.26 64.62
160-250 85.93 5.29 x 10° —75.99 99.78 101.2
(T) 30-150 33.96 3.13 x 1010 —29.98 45.93 58.06
150-250 67.95 2.69 x 10! —61.95 90.96 107.5
250450 104.2 456 x 10° —90.66 126.1 145.4
450-1100 1452 6.64 x 1010 —117.1 133.7 185.7

57.16%), 55.13% (calcd. 54.02%), 56.73% (calcd. 55.34%) and
56.77% (calcd. 55.15%), for complexes A, B, C and D, respec-
tively.

The TGA curves of the Cr-allenylidene complexes E-K,
show four to seven stages of decomposition within the tem-
perature range of 50-1200°C (Table 1). The first stage at
50-220°C corresponds to the loss of CO ligands with an esti-
mated weight loss of 16.38% (calcd. 16.03%), 30.47% (calcd.
30.83%), 26.61% (calcd. 25.99%), 32.14% (calcd. 32.83%),
15.74% (caled. 15.26%), 31.24% (calcd. 31.18%) and 9.28%
(calcd. 9.58%) for complexes E, F, G, H, I, J and K, respectively.
The activation energy is 33.96, 40.89-112.9, 50.33-70.45,
34.69, 53.24, 24.78 and 39.5kJmol~! for complexes E, F,
G, H, I, J and K, respectively. The DTA curves show an
endothermic and exothermic peaks within the temperature of
decomposition as given in Table 1. While the subsequent
(2nd to 7th) stages involve the loss of the organic ligand
as CO,, NO;z, NO or HyO gases. The energies of activa-
tion are 67.15-201.5, 156.3-211.3, 97.87-198.7, 65.23-112.3,
72.97-149.2, 48.94-135.6 and 67.15-178.7kJmol~! for the
second to seventh steps of decomposition of the complexes E, F,
G, H, I, J and K, respectively. These processes of decomposition
are accompanied by many endothermic and exothermic peaks
within the temperature range mentioned in Table 1. The overall
weight loss amounts to 70.74% (calcd. 71.00%), 79.58% (calcd.
80.93%), 71.81% (calcd. 70.85%), 75.74% (calcd. 76.10%),
66.01% (calcd. 65.57%), 80.73% (calcd. 81.00%) and 85.94%
(calcd. 84.98%) for the complexes E, F, G, H, I, J and K, respec-
tively.

On the other hand, the Cr-carbene complexes (P, S and T) and
W-carbene complex (Q) exhibit two to four decomposition steps.
The complexes Q and S decomposed in two successive steps
within the temperature range 50-620 and 80-250 °C with a mass
loss of 57.12% (calcd. 56.20%) and 74.31% (calcd. 74.01%),
respectively, as the result of the loss of CO and the organic lig-
ands leaving a metal oxide residue. As shown in Table 1, the
mass losses for the decomposition steps of complexes P and T
amount to 79.06% (calcd. 78.16%) and 79.79% (calcd. 80.14%),
respectively. They correspond to the removal of CO and organic
ligands leaving CrO or CrO; as a residue with energies of activa-
tion that amount to 33.45-117.7 and 33.96-145.2kJ mol~! for
the complexes P and T, respectively.

It is clear from the TGA data listed in Table 1 that the com-
plexes lose CO molecules in the first step. This result agrees well
with that of the mass spectra where the loss of CO molecules

also may occurs in successive steps. Therefore, both techniques
provide an excellent correlation between their fragmentation
patterns.

3.2. Kinetic studies

The activation parameters of the decomposition processes of
allenylidene and carbene complexes, namely, activation energy
(E*), enthalpy (AH*), entropy (AS*) and Gibbs free activa-
tion energy change of the decomposition (AG*) were evaluated
graphically by employing the Coats-Redfern relation [13]:

) [bg{Wf/(Wf - W)}}
og T2

AR 2RT E*
= log 1— — (1)
OE* E* 2.303 RT

where W; is the mass loss at the completion of the reaction,
W is the mass loss up to temperature T; R is the gas constant,
E* is the activation energy in kI mol~!, 0 is the heating rate
and (1—(2RT/E*)) = 1. A plot of the left-hand side of Eq. (1)
against 1/T gives a slope from which E* was calculated and
A (Arrhenius factor) was determined from the intercept. The
entropy of activation (AS*), enthalpy of activation (AH*) and
the free energy change of activation (A G*) were calculated using
the following equations:

Ah
AS* =2.303 |log [ — || R 2
e (37 g
AH* = E* — RT 3)
AG* = AH* — TAS* )

The data are summarized in Table 2. The activation
energies of decomposition were found to be in the range
25.97-254.3 kI mol~!. The high values of the activation ener-
gies reflect the thermal stability of the complexes. The negative
values of $* indicate that the reactions are slow in nature, hence
assisted by the wide range of decomposition temperature [14].
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