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Electronic Configuration and Reactivity:

First Semi-Quantitative Assessment of

Relative Reactivities for the
3d Transition Metal Vapors
Toward p-Bromotoluene in a
Methylcyclohexane Solution

Jean-Claude Negrel*, Robert W. Zoellner, and Michel Chanon

Abstract: A specifically designed metal vapor synthesis apparatus makes possible the
semi-quantitative assessment of the reactivities for the elements of the first transition
series toward p-bromotoluene kept in a —118°C solution of methylcyclohexane. In all
cases, the two main processes are coupling and reduction of the substrate. The intrinsic
reactivity of the substrate displays a behavior highly dependent upon the metal electronic
configuration, suggesting a direct importance of the 18e rule in ruling these phenomena.
Zn and Mn are the less reactive of the studied metals. In a way reminiscent of Rieke
coupling of haloaromatics by metal powders, Ni vapor displays the highest ability in

mediating the coupling of the substrate.

Metal vapor chemistry!) initiated in the
sixtics, has mainly been used to obtain new
organometallic structures. Meanwhile, far
less information in the direction of quanti-
tative reactivity has been gathered™. The
present contribution aims at bringing new
data in this second direction.

Vapors of V, Cr, Mo, W react by co-con-
densation at —196°C with aryl halides to
yield bis(arene)metal coordination com-

pounds™:
e
Mo+ @—x S

Vapors of metal belonging to the nickel
triad react at the same temperature to give
n-arene metal complexes; when the tem-
perature rises, these complexes evolve to
yield the oxidative addition products!:

In order to obtain significative quantita-
tive measurements, we have utilized a ro-
tary solution reactor?. The metal vapors,
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generated in the center of a flask main-
tained under high vacuum, react with a

film of p-bromotoluene solubilized in
methylcyclohexane (conc. ~2%) and
maintained by the cold and rotation on the
walls of the flask. The reactor being re-
turned to atmospheric conditions at the
end of the reaction, we therefore study the
organic products (coupling and reduction
from p-bromotoluene) resulting from the
reaction of the firstly formed organometal-
lics. The quantitative measurement of or-
ganic products, combined with the knowl-
edge of the quantity of vaporized metal,
allows a quantitative assessment of the rel-
ative reactivity of various metals toward
p-bromotoluene (PBT).

Experimental

QOur home-made rotary apparatus, derived from the
Green reactor®), is a large-sized prototype with several
improvements!7l.

Metals are vaporized by a 30-120 A current heating
tungsten alumina-coated crucibles. The solution is
carefully degazed by three freeze-thaw cycles. It con-
tains = 20 mmol of p-bromotoluene in 200 mL of
methylcyclohexane which constitute a film on the walls
of the rotating (20 rpm) 6 liters flask, kept at —118 +
1.5°C by a bath of liquid methylcyclohexane cooled by
liquid nitrogen. It takes 30 min to 1 h to vaporize 0.1g
to | g of metal under the pressure of 107* Torr. When
this vaporization is finished, the vacuum is switched off
and the flask is gently allowed to return at room tem-
perature. The products are quantitatively recovered; a
filtration under pressure eliminates metal halides and
the unreacted particles of metal. The filtrate is diluted
to a standard volume of 500 mL by addition of methyl-
cyclohexane. The quantitative determination of or-
ganic products is performed by GC and HPLC with
standard products. Coupled GC-MS analysis allows
the identification of secondary products. One must

stress that a quantitative evaluation of metal vapor
reactivities is made difficult for several reasons:

a) one must know the exact quantities of reactive sub-
strate; this is particularly difficult in co-condensation
studies performed in rigid matrix. Under our condi-
tions (rotating flask, liquid solution), the actual con-
centration of substrate is known with the minimum of
uncertainty;

b) the exact measurement of vaporized metal is made
possible by the design of our apparatus, where the
major part of the metal deposited (i.e., not reaching the
solution) may easily be weighted. The cylindrical sur-
face of the cabinet-tubing system allows an easy recov-
ery of the small complementary amount of metal de-
posited;

c) the quantitative recovery of the reaction products. A
bakeout procedure of the liquid nitrogen cooled trap
under static vacuum allows the return to the reaction
flask, kept cold, of any possible trap condensate. A
specially designed «solvent sweeper» device is fitted on
the flask at the end of the reaction, for the quantitative
recovery of the reaction mixture;

d) the difficuity of obtaining a comparable rate of va-
porization for various metals. We have checked that
this parameter has no consequence on the studied reac-
tivity parameters, within a range of rates of one to
twice. — In contrast with a relative insensibility of r (see
Discussion for definition of r) to the rate of metal
vaporization, we have checked that the relative quan-
tity of substrate versus that of vaporized metal plays a
non-negligible role. For example, the reactivity drops
from 78.4% when 2.1 mmol of chromium are vapor-
ized with 26.5 mmol of p-bromotoluenc (PBT) solubi-
lized in 200 mL of methylcyclohexane (MCH), to
35.9% with 15 mmol of Cr and 23.4 mmol of PBT; this
represents a variation of the ligand/metal ratio by a
factor of 8. However, for titanium, the relative varia-
tion for r is 10%, when the ligand/metal ratio varies by
a factor of 2.3. For nickel, the r variation falls to 3.4%
for a variation of the ligand/metal ratio by a factor of
1.2. In contrast to the case of iron, with reactivities of
40% and 40.1% for the same ligand/metal ratio, we
observed a 9.5% variation for cobalt when the ligand/
metal ratio varies only by a factor of I.1. So, despite all
the efforts made to ensure reproductibility, we consider
our results as a semi-quantitative evaluation with
about 10% of relative error;

e) the uniformity for the reaction mixture warming
procedure. This is probably far less important for these
solution reactions than for co-condensation experi-
ments. In any case, this factor has been kept invariable
in our experiments;

f) the effect of radiant heat. The vaporizing source is
equipped in five directions with a water cooled shield-
ing. A continous monitoring of the temperature of the
substrate solution shows a good constancy on the re-
acting temperature while vaporizing the metal. Fur-
thermore, the secondary vacuum gauge, located before
the trap, never displays the vacuum variations that
should occur in the case of liquid film local warming.

The uniformity of all the other experimental condi-
tions allows us a comparison of reaclivities.

The products have been identified by GC-MS analy-
sis:
4,4’-dimethyl-1,1"-bicyclohexyl (1), m/z: 194, 112, 97,
81, 69, 55, 41;
cyclohexyl-4-methylcyclohexylmethane (2), m/z: 194,
111, 97, 69, 55, 43;
p-(4-methylcyclohexyl)toluene (3), m/z: 188, 173, 131,
118, 106, 105, 97, 91, 77, 55, 41;
cyclohexyl-p-tolylmethane (4), m/z: 188,173, 159, 145,
132,119, 105,97, 91, 55, 41;
4,4’-dimethyl-1,1"-biphenyl (5), m/z: 182, 167, 152, 91
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(for Ti, V, Cr, we observed several isomers of this
«normal» coupling product 5);
2-(4"-methylcyclohexyl)-4,4’-dimethyl-1,1"-biphenyl
(6), m/z: 278, 264, 173, 159, 131, 105, 91, 77, 55;
2-(p-tolyl)-4,4'-dimethyl-1,1"-biphenyl (7), m/z: 272,
257, 242,

For the last two products, the position of the methyl-
cyclohexyl and tolyl substituents in uncertain: either 2
or 3.

Results and Discussion

of a given metal is measured by the ratio r
(in %):
_ total quantitiy of PBT transformed

total quantity of vaporized metal

The parameter s displayed in the dotted
curve of Fig. 1 stands for:

quantity of coupled aromatics
" quantity of reduced aromatics

Fig. 1 shows that r varies widely when dif-
ferent metals are considered.

Table 1 gathers some physical data on the
vaporized metals which could be relevant
to the experimental measurements of r.
When the atoms reach the solution of sub-
strate kept at —~118°C, different fates wait
for them. Being totally naked, they proba-
bly get solvated by any solvent molecule
that they encounter. The various studies on
the activation of C—H bonds® suggest that
a loose solvation® may occur, even with
methylcyclohexane as solvent. It is cur-
rently believed that prior z-complexation
1s the best way to reduce the extent of metal
aggregation (in the co-condensation condi-
tions)!"%. Even with alkyl halides, Timms "
and Klabunde ' have shown a metal atom
complexation by the halogen. From this
point, five virtual possibilities may be
thought (Scheme 1).

We implicitly discard the possibility
that, on the way to clusters, Equation (2),
highly reactive di- or trinuclear metal spe-
cies react more rapidly than naked atoms
toward organic species. We must recognize
that this assumption, which follows a kind
of Occam’s razor philosophy, is not com-
pletely safe: Klabunde has indeed suggested
that small clusters of Mg may be more
reactive than naked atom counterparts!".
But with the relative high temperature and
the experimental conditions of our solu-
tion reactions, the formation of such small
clusters is in severe competition with the
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The valence-orbital 1onization potential
of the most electropositive metal (Table 1)
1s still far higher than that of Na (5.2 eV).
When this alkali metal is added to a
methylcyclohexane solution of p-bromo-
toluene, the coloration obtained (light yel-
low) is quite different from the one ob-
served during our metal vapor experiments
with Ti and V. Therefore, we discard
Equation (5) as significant in the possible
fates of metallic vapors. Equations (1)~(4)
allow a rationalization of the most typical
points in Fig. 1. Equation (2) is the main
responsible for the denominator of r. The
highest value for r, obtained for Cr, sug-
gests that, at least for this element, Equa-
tion (3,) plays an important role. Every-
thing goes as if the formation of a 18-¢lec-
tron (NVE) sandwich complex for this case
was providing a strong driving force for
Equation (3,). In the order of stability, 16 ¢
NVE organometallic transition metal cen-
tered species follow the saturated (18 e)
stable organometallics: this could explain
the good reactivity measured for titanium.
The low value of r for vanadium could be
due to a high tendency toward cluster
formation, under its metallic form; this
clement indeed displays the highest
AHvuporimlion (Table 1) ThlS hlgh AH\’uporim\ion
hints at a high metal-metal bond strength,
providing a good driving force for Equa-
tion (2). Our results for vanadium con-
verge with previous reports signaling a low
reactivity of this element!" . The type of
argument set forth for V does not seem to
be involved to explain the low reactivity of
manganese and zinc toward organic sub-
strates: data shown in Table | indeed, hint
a low metal-metal bond strength for these
elements. One rather thinks of a type of
enhanced stability (and therefore de-
creased reactivity) for the configurations
corresponding to half-filling!"” and filling
of these valence orbitals. The similarity of
these two elements is greater than only
their common small reactivity measured by
r: in contrast with all the other metals

The results of our experiments are sum- metal atom-solvent-substrate  interac-
marized in Fig. |. The «intrinsic» reactivity  tion!", studied in this report, both elements dis-
Scheme 1 (Ar = p-MeC,H,)
1)  M° methylcyclohexane ——3 H-mM" CH, - cyclohexane (oxidative addition)

2) n M°, methylcyclohexane ————m

3) n Me°, methylcyclohexane + ArBr —— 3 Me—@-Br
(1)
Me

4) n M°, methylcyclohexane + ArBr ——— e MBr + Me (atom transfer)

5) n M°, methylcyclohexane + ABr g nM', methylcyclohexane + ArBr®

{electron transfer)

My° methylcyclohexane (clusterification)

—— Me—@—Br = M°
(2

(complexation)
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Fig. 1. Reactivity parameters r and s (cf. text) for elements of the first transition series.
Table 1. Selected properties of the studied metals.
Ti \Y Cr Mn Fe Co Ni Cu Zn
Electronic Configuration 3d24s? 3d%4s? 3d%4s! 3d4s? 3d%4s? 3d74s? 3d%4s? 3d'%s'  3d'%44?
Valence-Orbital lonization Potentials [¢V]') 56.1 d6.3 d7.2 d79 d8.7 d9.4 d10 d10.7
d5.6 $6.3 56.6 $6.8 s7.1 573 s 7.6 s 1.7 59.4
AH wporization [kJ mol™'1?) 425 460 342 221 340 382 375 307 114
Temperature of Evaporation under 10~ 5 Torr [°C] %) 1546 1888 1205 980 1447 1649 1510 1273 343

Y From W.W. Porterfield: Concepts of Chemistry, Norton, New York (1972).

3 Natl. Bur. Stand. (US) Circ. 500, February (1952).

3 L.Holland: Vacuum Deposition of Thin Films, Chapman, London (1956).

play an absence of coloration when the
metal meets the solution of the substrate in
methylcyclohexane. The medium «reactiv-
ity» of atoms Fe, Co, Ni, Cu could be due
to the impossibility, for these atoms, to
reach the sandwich disposition (EAN
rule). These atoms would therefore reach a
half-sandwich only disposition, better
prone to equilibrium return to methylcy-
clohexane solvated form and therefore,
better chances for clusterification, Equa-
tion (2). However, for iron, the 5% #y*
bis(arene) complex could exhibit some sta-
bility under our experimental condi-
tions™"?. For copper, the half-sandwich dis-
position is known!*'""l. However, among
these four last metals, the higher reactivity
of copper could have to do with high effi-
ciency of copper atoms for the direct ab-
straction of halogens®".

Two main kinds of organic products are
formed by the reaction of metal atoms with
p-bromotoluene: (i) coupling at the posi-
tion originally coccupied by the bromine,
(if) reduction at this position. Besides these
main products, one also identifies small
amounts of the by-products 6 and 7. The
observation of coupled methylcyclohexane
(cf. 1-4 and 6) strongly suggests that the
solvent, methylcyclohexane, provides the
H necessary for the reduction of the sub-
strate. With the presently available experi-
mental data, it is difficult to decide if this
reduction is the consequence of a radical
pathway (pheny! radicals formed by reac-
tion (4) abstracting H from methylcyclo-
hexane), or the consequence of an initial
insertion of metal atoms or clusters adding
oxidatively to the C—H bond of methylcy-
clohexane and forming a metal hydride

able to reduce p-bromotoluene. Such a
type of insertion has been reported in some
experiments on C—H activation®". On the
other hand, Jones’ recent work P suggests
that, when Rh centered complexes insert in
C—H bonds, the reverse elementary step
(reductive elimination) dominates at tem-
perature above —20°C. The dichotomy of
pattern for r opposing the early transition
metals to the late ones (Fig. 1), joined to
the observation of several isomers for the
normal coupling product (5) for the most
electropositive metals could even suggest
different mechanisms for these two groups
of metals. This remark applies also to the
important formation of coupling products
for Co, Ni, and Cu. The outstanding reac-
tivity of nickel atoms in promoting the
coupling of p-bromotoluene, is highly rem-
iniscent of the results with Ni° powders and
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complexes, reported by Rieke et al.” on
one hand and Kochi et al.”™ on the other.
But it doesn’t seem that the mechanistic
considerations developed by Kochi could
apply here: in our experimental conditions,
we have never seen the strong development
of coloration characteristic of the forma-
tion of an organometallic compound by
oxidative addition""®*! either for nickel or
for any of the metals studied in this report.
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Loschbare optische
Fluoreszenz-
Datenspeicher™”

Heinz Langhals* und Thomas Petrawa

In the past, dye chemistry has chiefly been oriented towards traditional areas such as the
development of textile dyes. However modern applications, for example reproduction and
information technologies, call for new developments in this line. The storage of information

might become a domain of dye chemistry.

1. Einleitung

Die bereits weit verbreitete und immer
noch schnell expandierende Datenverar-
beitung hat einen grossen Bedarf an Mas-
senspeichern. Mit den fiir Computer bisher
iiberwiegend verwendeten magnetischen

* Korrespondenz: Prof. Dr. H. Langhals
Institut fiir Organische Chemie
Universitdt Miinchen

Karlstrasse 23, D-8000 Minchen 2
{Bundesrepublik Deutschland)

**Der Deutschen Forschungsgemeinschaft und dem
Fonds der Chemischen Industrie danken wir fiir die
Unterstiitzung unserer Arbeiten.

Speichermaterialien kénnen nur schwierig
noch wesentlich hohere Speicherdichten
erreicht werden. Ausserdem sind diese Ma-
terialien in bezug auf die Langzeitstabilitit
problematisch, was sich besonders bei
grossen Datenmengen bemerkbar macht.
Und schliesslich stort auch ihre Anfillig-
keit gegen magnetische Felder.

Optische Datenspeicher soliten aber
sehr hohe Speicherdichten und Langzeit-
stabilitidten zulassen und dariiber hinaus
unempfindlich gegen Magnetfelder sein.
Wichtig wiren Systeme, die beschrieben
und auch wieder — selbst wenn nur wenige
Male — geloscht werden konnen. Bendtigt
werden fiir hohe Lesegeschwindigkeit ge-

CHIMIA 44 (1990) Nr. 3 (Miirz)

[17] P.D. Morand, C.G. Francis, Organometailics 4
(1985) 1653.

[18] A.J. Buck, B. Mile, J.A. Howard, J. Am. Chem.
Soc. 105 (1983) 3381.

[19} Cf.[1d), p.138.

[20] a) P.L. Timms, J. Chem. Soc. Chem. Commun.
(1968) 1525; b) P. L. Timms, J. Chem. Soc. Dalton
Trans. (1972) 830.

[21] a) R.H.Crabtree, Chem. Rev. 85 (1985) 263; b)
W.D. Jones, F.J. Feher, Acc. Chem. Res. 22
(1989) 91,

{22] a) H. Matsumoto, S. Inaba, R.D. Ricke, J. Org.
Chem. 48 (1983) 840; b) G. W. Ebert, R. D. Rieke,
ibid. 49 (1984) 5280; ¢) C.S. Chao, C.H. Cheng,
C.T. Chang, ibid. 48 (1983) 4904.

[23] T.T.Tsou, J.K.Kochi, J. Am. Chem. Soc. 101
(1979) 7547.

[24] For copper atoms, we have found a possibility to
increasc the efficiency of the metal atom stabiliza-
tion, by attachment of an appropriate substituent
to PBT, and the use of THF as co-solvent*], In
these conditions, we observed the development of
a strong red coloration due to the oxidative addi-
tion, when the reaction mixture warms up.

[25] .C. Negrel, R.W. Zoellner, M. Chanon,
F.Chanon: Paramagnetic Organomeiallic Species
in Activation, Selectivity, Catalysis, NATO ASI
Series, Kluwer Academic Publ., Dordrecht (1989),
p-109.

Heinz Langhals: Gehoren 1948 in Altena{Westf.
1967-1971 Studium der Chemie an der Westfdli-
schen  Wilhelms-Universitdt  in - Miinster; 1971
Diplom in Organischer Chemie. 1971-1974 Disser-
tation am Institut fiir Organische Chemie und Bio-
chemie der Albert-Ludwigs-Universitdt in Freiburg
im Breisgau; 1974 Promotion. 1975 Postdoktorand
an der Ecole Normale Supérieure in Paris. 1976-
1977 Postdoktorand an der Universitit Zirich.
1977-1984 Forschungstitigkeit an der Universitéit
Freiburg i. Br.: dort 1981 Habilitation fiir das Fach
Organische Chemie. Am 1. Oktober 1984 Berufung
auf eine C3-Professur an der Ludwig-Maximilians-
Universitit  Miinchen. Forschungsinteressen:
Farbstoff-Chemie, inshesondere dic Chemie der
Fluareszenzfarbstoffe, Reaktionsmechanismen, Sol-
venseffekte, Synthesen und Synthesemethoden; An-
wendungen von Farbstoffen, =. B. bei der Gewinnung
von Solarenergie, als Tracer in der Biochemie und
Medizin und in der Elektronik.

eignete Speicher; die Geschwindigkeit des
Schreib- oder Léschvorgangs darf ver-
gleichsweise niedriger sein.

2. Optische Speicher

Die zuvor genannten Anforderungen
werden zum Teil von den bereits entwickel-
ten optischen Datenspeichern!™ erfiillt,
von denen das bekannteste System die CD-
Laserdisk fiir Audiosignale ist. In letzte-



