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Summary

. The Group VIB metal carbonyls, M(CO)s (M = Cx, Mo, W) react with tetra-
butylammonium halides (X = Cl, Br, I) in chlorobenzene to afford the Bu, N-
[M(CO)s X] products. For M = Mo and W, the reactions obey a rate law,
—d[M(CO)g 1/dt =k, - [M(CO)¢ ] - [Bu,y X], while for M = Cr, an additional halide-
independent term, ascribable to rate-determining dissociation of CO from the
substrate, also is observed. The observed variations in rate as a function of the
identity of the metal atom and the halide suggest that the second-order path
involves attack of the halide at the metal atom for Mo and W, but at a carbonyl
carbon for Cr. Rates of reaction increase in the order 1 < Br < Cl, consistent with
an important influence of the steric nature of the halide upon the rate.

Introduction :

The reaction of the Group VIB metal carbonyls with halides, usually as the
tetraalkylammonium or N-methylpyridinium salts, afford the M(CO)s X" anions
[2—4].

M(CO)s +R4ﬁX+R4N[M(CO)5X] +CO f - @)

- Analogously, XMn(CO)s reacts with. X‘ to afford the \,zs-[Mn(CO)., Xz I
products, a process which a kinetic investigation indicated to proceed via rate-
.determining dissociation of CO from the substrate {5} . However, the conditions
under which reactions of M(CO)¢ with tetraalkylammonium halides proceed -
[over s:xteen hours in reﬂuxmg 1 2—d1methoxyethane (glyme) b. p 85 2° [6] ]

: * For Part XXXII, see ref. 1. ) ) - . .
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. are far too mild for this mechanism to be applicable. Extrapolation of an' .
Arrhenius plot of first arder rate data for reaction of W(CO)s with tnbutyl-
phosphme (7] would indicate ‘the reaction of halides with that substrate in -
glyme via a first order process to be less than 1% complete over 16 h. .~
~Moreover, it is known that the azide ion, a pseudo-halide, reacts with the
Group VIB metal carbonyls by way of a rate law which is first order in azide
concentration. The identity of the reaction products, {M(CO)s NCOJ", strongly
‘supports initial attack by the azide ion’ ‘at a carbonyl! carbon, followed by a sub-
sequent Curtius-type degradation, to afford the isocyanate products [8}. Also
of mterest in; th:s regard is the proposal of Noack of haloacyl intermediates to
the reaction ‘of iron pentacarbonyl with halogens in- 2/3 chloroform/dichloro-

methane mixtures at —30° [9], (egn. 2).

Fe(CO)s + X2 [Fe(CO)s X]X—> [O—C——Fe(CO)4 X] S (2)

This conclusion was based upon the appearance of carbonyl stretching absorp-
tions in the 1600-1700 cm™ region of the infrared during the course of the re-
action.

Our interest in the kinetics and mechanism of the latter reaction [10] and

-of reactiong of metal carbonyls in general, has prompted a kinetic study of the
reactions of the Group ViB meizﬂ carbonyls with halides, the results of which

are reported here. _
Expenmental

Materzals ‘
~The tetrabutylammomum halides (X = Cl, Br, I) were obtained from East-

man Organic Chemicals (Eastman Kodak Company), and were twice recrystallized
from chlorobenzene. The chloride salt retained solvent of crystallization, which
was removed by heating at 100° under high vacuum (0.05 mm) for four hours.
The hexacarbonyls were obtained from Pressure Chemical Company [Cr(CO)s
and W(CO)¢ } and Climax Molybdenum Company [Mo(CO)s ] and were purified
through sublimation under high vacuum at or near room temperature. Chloro-
: benzene was tvnce dlstllled from P, Os; onto molecula.r sieves.

Determmatton of reaction rates

Reaction rates were determined employing a Perkin—Elmer Model 621
grating spectrophotometer under pseudo-first-order reaction conditions (at least
a 12-fold excess of the halide) through observation of the decrease in intensity
of the T,,, carbonyl stretching mode cf the substrate (ca. 1985 cm™ ). Solutions
were ca:. 1'X '1073-M in hexacarbonyl. Sampling techniques have been described
prevmusly [11] . For the faster reactions, samples were withdrawn from the - ’
reaction vessel, were. mjected into evacuated test tubes sealed with rubber septa,
and were stored at room temperature for later determinations of substrate ab-
sorbance. The reactions for Cr(CO)¢ were monitored employing gas-tight
syringes (Hamllton) as reaction vessels- ['7] to ehmmate the gas phase and thus
prevent subhmatlon of the substrate durmg t.he course of the reactmn Several
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runs-at 120.0° and low [Cr(CO)s ] employing the conventional reaction vessel
demonstrated that evolved CO trapped in the gas-tight syringe did not affect

the rate of reaction. The reaction products were found not to absorb mgmﬁcant-
Iy at the wavelength monitored, and thus the absorbance of a solvent—hahde
blank (A, . )wasemployed in lieu of an A  value. Plots of In(A, — A4, .) vs.

t were generally linear to 1.5-3 half-lives dependmg upon the system studied -

and the concentration of the halide employed. All data were treated employing

a linear least-squares computer program; the cited hmlts of error (m parentheses)-
are one standard deviation.

Identzﬁcatzon of reactior products

The six combinations of substrate and halide investigated kinetically were
aliowed to react in chlorobenzene under conditions which approximated closely
those employed in the kinetic runs. The carbonyl stretching spectra of the solu-
tions at £ were compared to those reported previously (as KBr pellets or, for
the iodides, in CHCl; ) [4] . The comparisons confirmed the Bu, N[M(CO)s X]
species to be the sole reaction products.

Results and discussion

Rate (k,, ) data are exhibited in Table 1. Plots of &, _ vs. [Bus NBr] for
its reaction with W(CO), at three temperatures are shown in Fig. 1. First- and
second-order rate constants, and activation parameters, where applicable, are
given in Table 2. The results for reaction of Mo(CO)s and W(CO), support
the rate law given in eqn. 3, while for Cr(CO)¢ a two-term rate law (eqn. 4)

—d[M(CO)e 1/dt = k; - IM(CO)s 1 - [Bua NX], (3)

—d[Cr(CO)s 1 /dt =k, - [Cr(CO)s ] + k2 - [Cr(CO)¢ 1 - [Bua NX] (4)

is observed. The first-order term in egn. 4 may reasonably be attributed to
rate-determining dissociation of CO to form a Cr(CO); activated complex or
intermediate, followed by its subsequent rapid attack by the halide to afford
the observed products. A similar mechanism has been proposed for the ligand-
independent path observed for reaction of Cr(CO), with Lewis bases, e.g., tri-
butylphosphine, in decalin [7] . The first-order rates observed in the present
study are some 50% higher than the corresponding values for reaction of Cr(CO),
with Lewis bases, as determined through extrapolation of the Arrhenius plot of
data at three temperatures for the latter reaction. It is reasonable to expect
larger first-order rate constants in chlorobenzene than in decalin, since the
greater polarity of chlorobenzene can produce a greater solvent interaction in
the transition state, lowering the activation energy. Thus, for example, a similar
increase in rate of unimolecular disscciation of CO has been noted for reaction
of Ni(CO), w1th tnphenylphosphme in chlorobenzene as compared to n-hep—
tane [12]."

A hahde-dependent path i is observed for each of the three metal carbonyls
w1th each halide. This observation may be contrasted to results for reaction of
Mn(CO)s X thh X", for which the strongly-lablhzmg hahde subsutuent makes



>RATES OF REACTION OF METAL HEXACARBONY LS WITH TETRABUTYLAMMONIUM HALIDES
IN CBLOROBENZENE AT VARIOUS TEMPERATURES : . R ) :

Metal (Hahde) EXT - 10% X ks - - Metal (Hahde) X1 L 108X kobs
TCO) 7 i D ,: BRI ¢ 3 IR o o o R ) ) g (se -1) .
'C"'(Bf) B LR T T T e e i W(BT), TR E R T
12000 -7 . .0.03800 . 1.30(5).: 71000 - .- .0.0400 _,‘0920(23) ,

R C 70,0600 0 25B7(@) - T 0408000 7 C1.65(5) ¢

“.0.0850. . - 209(3). - .- T o o 01024 - 2.06(2)
01100 . 3.78@8) : 0.1100 . 2.26(5)"
- 01203  4.20(3) 01400 " T 2.75(4)
'0.1503 4.87(5) - . 0.1700 3.51(3)
01700 -~ 58200) . 01900 = - - 3.81(2)
01700 - 5.89(4) o S 0.2100 - - T 4.32(8)
’0.2000-- . .655(6) . ~ 1100. . 0.0289 1.48(2) -
02300 6893 .. . 0.0500 - 2.67(3)
T ST a0 00672 - - 3.39(3)
, ' 01018- . 5.19(3)
o L Sl S 01150 6.39(5)
125,00 .. - 0.0201 1é0y 03300 - 6'33(3‘)}
i goees . Zsemy . - o - 01800 9.00(14)
: - : 0.2400 12.2(1)
0.0903 3.08(4) [N Pt 158
0.1304 4.16(4) 800 332
01614 . 1.92(4) 120.0 0.02 -30(3)
02001 = 562(5) . 0.os25. 8.28(4)
0.0987  13.31)
0.1300 17.2Q2)
S : ) ' 0.1500 19.5(1)
Mo(Bry - . : 01700 © 22.6(2) -
55.0 . - . .0.00985 ~ © = 0.444(3) ] : 0.1700 . 22.7@)
00202 . 0.86%(7) _ 0.2000 & 24.4(1)
700303  °  0.974(13) . 0.23524 27.6(6)
- '0.0400 . - 1.67Q1) 0.2400 ¢ - 27.4(2)
0.0800 2.73(2) o 0.2700 ¢ 31.6(3)
01200 4.03(5) 0.30009% - 36.2(3)
0.1600 5.33(6)
0.2000 @ 6.44(8) . WD
0.2400 @ 7.41(6) 120.0 0.0200 0.688(18)
0.2400 @ 7.41(3) 0.0400 1.43(2)
0.28009 9.15(10) 0.0600 2.00(3)
’ T -+ 0.0800 2.41¢1)

g , 0.1003 3.43(3)
weey o . . o . 0.1200 3.85(6)
950 - - 00314 - 1492 - : 0.1300 . 4.25(3)

.t 00622. . < 2.82) . . - : ~ 0.160049 4.99(6)
. desie .. _ 3.39(2) . 0.1700 @ 5.16(8)
- 01166 - T a678) - : 0.2000 ¢ 6.01(4)

Y.L 4’01388 .- - 6.15(7) , . : 0.2200 ¢ - | 6.49(9)

01643 . 6.53(5) . o 0.2400 G 6.83(10)

a Not employed in the determination of rate c'onstantS' see text.

the path mvolvmg rate-determmmg C]JSSOClatIOIl of CO more acces;ble reactlons
‘of Mn(CO)s X with X proceed under considerably milder conditions (ca. 25 -40°)
than do the corresponding reactions. of X~ with M(CO)s [5].. :

- For several systems (W—Br.and W—I at 120.0° and Mo—Br), small but 51g-
m_t'lcant negative deviations from linearity. of plots ofk , _vs. [Bu, NX] were
observed at. high. hahde concentratlons (Fig.1). Such data, while listed in Table
1 (marked with an a), ‘were not employed in the determination of the rate con-
stants. No explanatlon for such behavior is evident, partlcularly m view of its.
appearance in some systems but not in others. ]

. .For reaction of tetrabutylammomum bromide \mth tungsten hexaca.rbonyl -
the calculated entropy of actlvatxon (Table 2)i 1s, w1thm expenmental error, zero,
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Fig. 1. Plots of k¢ vs. [BugNBr) for reaction of W(CO)g with tetrabutylammonium bromide in chloro-
benzene at three different temperatures.

not unreasonable in view of the relatively non-polar solvent employed. In such -
a solvent it is to be expected. that the tetrabutylammonium halide will exist as
a contact ion-pair; thus some separation of that i lon-pan: can occur synchronously
with formation of the halide—subsirate bond.

Information with regard to the site of halide attack at the substrate may be
obtained through comparisons of rates (or activation parameters) for reactions
via associative paths in which it is probable that nucleophilic attack occurs at-a

TABLE 2

FIRST AND SECOND ORDER RATE CONSTANTS AND ACTIVATION PARAMETERS FOR REAC-
TIONS OF METAL HEXACARBONYLS WITH TETRAB_UTYLAMMONIUM HALIDES

Metal Halide T ; 104 x k) 10% X ko
A - ST ) - (see 1) © (mor!esec 1y
cr Br T 120.0 : 0.60(22) ~.28.9@16)
Cr - 1 125.0 1.19¢13) o 22.0(9)
Mo . Br o 55.0 0.15(6) ' - 32.4(7)
W : R > - 9B 0.14(22) - . 41.4(20)
we - Bre 100.0. ‘ 0.05(6) 20.0(5)
- o 1100 0.10014) SO 51.0(9) -
IR T 12000 0.09¢20) "~ °  ° -131.9(16) .
w : RS 3 .. -120000 - . - 0.07(X1) - - . 32.0Q3) -

a AH¥ = 26.5(4) keal/mole; AS3 ¥ = —0.3(10) cal/deg-mole.
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Fig. 2. Possible associative paths for reaction of metal hexacarbonyls with halides.

carbonyl carbon (path a, Fig. 2) or at the metal atom (path b, Fig. 2). Such sys-
tems include reactions of the hexacarbonyls with the azide ion to afford iso-
cyanate products (path a) [8] and the corresponding reactions with Lewis bases,
e.g., tributylphosphine, for which relative rates as a function of the identity of
the metal atom suggest a different associative path, most probably involving
attack at the metal atom [7]. Activation parameters for these reactions, together
with the differences in the enthalpies of activation, are shown in Table 8. It is
of interest to note that the relative enthalpies of activation for reactions of
Cx{CO)s and Mo(CO)¢ via both paths are similar, but those for W(CO), differ -
apgpreciably. The differences can be rationalized on the basis of results of
normal coordinate analyses for the hexacarbonyls based on use of a general
quadratic force field [13]. The magnitude of the carbonyl and metal—carbon
stretching force constants indicate stronger OC—W o-bonding than OC—Mo or
OC—Cr g-bonding. Thermochemical and electron impact data also support-a
greater W—C bond strength [14]. Increased W—C o-bonding should effectively
transfer charge from the carbonyl carbon to the metal, increasing the relatlve
rate of nucleophlhc attack at carbon, as observed.

TABLE 3
ENTHALPIES OF ACTIVATION (IN KCAL/MOLE) FOR REACTIONS OF METAL rmx.a.c.mnonyns
VIA TWO DIFFERENT ASSOCIATIVE PATHS .

Substrate . Nucleophile .

A ' fp(n-c4H9)3 R [(C2H5)3NIN3 b Difference
Cr(COYs' L 2m.520) . . 18.26) 6.335)
Mo(CO)s . - . 21.7a3) .- . 15.3(8) . 6.4(21)
W(CO) S 29.208). 12.8Q10) - . 16.4(26)

2'Ref. 7. % Ref. 8.
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Since steric factors are roughly equal in Mo(CO)e and W(CO)s .(for which
the metal atoms have roughly the same covalent radii) [15], the variations in
rate for these substrates in their reactions with other nucleophiles provide evi- -
dence as to the site of attack by tetrabutylammonium halides. The observed.
relative rates (Mo > W) are similar to those observed for these metals in reactions
with Lewis bases [7], but are substantially different from those observed where
nucleophilic attack at a carbonyl carbon is the preferred reaction pathway (W >
Mo) [8]. On this basis attack by the halides at the Mo or W atom is the favored -
mechanism. However, reactivity of Cr(CO)¢ is substantially less than might be
expected based on kinetic data for attack at the metal atom [7]. This is under-
standable in terms of the smaller covalent radius of Cr than of Mo or W, and the
greater steric demands of the halide ions relative to phosphines. The diminuition
or lack of reactivity via an associative path for first row cctahedral metal car- -
bonyls relative to the analogous second or third row complexes has been noted
[16], and has been attributed to such a steric influence. It is relevant to cite
the non-polar covalent radius of P (1.06 A) and the apparent ionic radii of Cl-,
Br and I (1.81, 1.95, and 2.16 A, respectively) [17] in support of a decreased
reactivity of the halides relative to phosphines with Cr(CO)¢ . A consideration
of the relative molecular geometries of the phosphires and halides confirms the
greater steric demands of the latter in their interactions at the chromium atom.

Should attack in Cr(CO), occur at the metal atom, a greater discrimina-
tion in rate between Br™ and T" for Cr(CO)¢ than for W(CO), is to be anticipated.
However, the observation is (Table 2) that W(CO), rather than Cr(CO)s is more
sensitive to nucleophile size effects. Tentatively it may be suggested that in
Cr(CO), , steric effects preclude reaction via path b (Fig. 2) and that the halide-
dependent rate observed for Cr(CO)¢ may be attributable to path a (Fig. 2).

Should this indeed be the case, it is not unreasonable to expect facile for-
mation of haloacyl intermediates from [Fe(CO)s X] X as proposed by Noack
(eqn. 2) [9] in view of the expected smaller size of the unipositive Fe atom,
which should inhibit attack at the metal; increased positive charge at a carbonyl
carbon in the Fe substrate should facilitate halide attack at that site.

For a given metal atom, rates of reaction vary Cl1~ > Br~ > I". While it has
been observed that the relative nucleophilicities of the halides are strongly
dependent on the nature of the solvent and that in less polar solvents (such as
chlorobenzene) reactivities are more likely to parallel substrate—halide bond
strengths [18], information with regard to those strengths is lacking. Hieber
and Wollmann have studied the exchange of halides in Mn(CO); X and cis-
Fe(CO)4 X, complexes (X = Cl, Br, I) with the corresponding radioactive
halogens which proceed via a halogen-independent rate law [19], but the results
reveal little about relative M—X bond strengths, particularly in view of the wide-
ly divergent (and, in some instances, highly negative) entropies of activation
calculated from their data [20], and the lack of reactivity trends as a function
of X from metal to metal. Thus, at the present time, detailed discussion of the
observed trends would be premature, save to note that the observed order is
consistent wit] the steric properties of the halides.
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