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Abstract

Equilibrium constants, Kg;, for the solvent-
dependent, solution-phase disproportionation equilib-
ria of monosubstituted pentakis(arylisocyanide)-
cobalt(I) complexes:

2[Co(CNR),L]* = [Co(CNR);L,]* + [Co(CNR)s]*,

_ [CO(CNR),L,] [Co(CNR);]
dis = [Co(CNR),L]?

are measured by planimeter-integration of proton-
NMR spectra at ambient temperature. The com-
plexes, [Co(CNR),L]CIO,4, R = 2,6-Me,C¢H;, L =
P(Ce¢Hs)s, P(CsHaCl-p)s, P(OCeHs);, P(OCsH,Clp)s;
R = O-MeC6H4, L = P(C6H4C1-p)3, P(OC6H5)3,
P(OCsHsClp)s; R = 2,4,6-Me;CsH,, L = P(CgHs)s;
R = 26-Et,CsH;, L = P(C¢Hs)s; are investigated
in the deuterated solvents, CDCl;, CD;CN, (CDj3),-
CO, CsDsN, CD3NO,, and (CDs),SO. Dispropor-
tionation seems to occur in all [Co(CNR),L]*, but
NMR study is facilitated by utilizing equivalent
alkyl protons (i.e., Me-groups) on the RNC ligands.
Correlation of Kg; values with steric-hindrance
of the RNC in sets of complexes with the same
P-ligand is evident in all solvents: Kg, decreases
with increased steric-hindrance in RNC. The Ky
values for complexes with the same RNC and an-
alogous triarylphosphine, triarylphosphite ligands
(ie., PR3, P(OR);, same R) are approximately
equal. The Kg;, values for complexes of P-ligands
with Cl-substituent are significantly larger than
Kgis values for complexes with the corresponding
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unsubstituted P-ligands (e.g., [Co(CNR)4P(CsH,Cl-
p)3]C104 Vs. [CO(CNR)4P(C6H5)3]C104)111 (CD3)2-
CO and C;DsN solution, but are smaller in CDCl,
and CD,;CN, and approximately equal in CD;NO,
and (CD,),SO. Properties of the solvents are also
considered.

Introduction

Ligand substitution reactions in pentakis(aryliso-
cyanide)cobalt(I) complexes with triarylphosphines
and triarylphosphites produce monosubstituted, [Co-
(CNR),;L] X, and disubstituted, [Co(CNR);L,]X, L=
P(C6H5)3, P(C6H4C1-p)3, P(0C6H5)3, P(0C6H4C1-p)3,
X = ClQ4, BF,; derivatives [1, 2]. These mixed-
ligand Co(I) complexes are also prepared in a variety
of reduction/ligand substitution reactions [3-—5].
With Muetterties’ NMR study [6] of the solution-
phase formation reaction, [Co(CNCMe;)s]* + [Co-
(CNCMe3)3 {P(CeHaMep)s},]* = 2[Co(CNCMes)s-
P(CcHsMe-p);]* (K(40°C) =~ 3) and solution
stability/synthesis feasibility of [Co(CNCMej;)sAs-
(C¢Hs)3]* [7], the chemical purity/integrity of the
reported [Co(CNR),L]X [1, 2] appeared challenged,
so detailed NMR investigation was in order.

Triarylphosphine substitution in pentakis(aryl-
isocyanide)cobalt(I) complexes produces 'H-NMR
spectra as pictured in Fig. 1. Aliphatic-proton signals
(6 2.16; 2.81, 1.75) for [Co(CNCesHsMe;-2,6)s-
P(C¢H;5);]Cl0, (Fig. 1B) demonstrate the dis-
proportionation: 2[Co(CNC¢H;3Me,-2,6)4P(CsHs)s]*
= [CO(CNC6H3MC2-2,6)5] o+ [CO(CNC6H3M82-
2,6)3{P(CsHs)3}2]*. The strong signal (8§ 2.16)
is attributed to [Co(CNCeHsMe,-2,6)4P(CeHs)s]?,
the upfield weak signal (8§ 1.75) is recognized as
coming from [Co(CNCgHsMe,;-2,6)3{P(CsHs)s},]"
(ie., 5 1.74; Fig. 1A) and the downfield weak signal
(8 2.81), from [Co(CNC¢H;Me,-2,6)s]* (i.e., 5 2.80;
Fig. 1C). All three bands must be integrated for
agreement with 4:1 ligand-composition (ie., 4.00:
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Fig. 1. The H-NMR spectra (in 99.8% CDCly with CH,Cl, as secondary internal rcference) for corresponding examples of a
disubstituted, monosubstituted, and unsubstituted pentakis(arylisocyanide)cobalt(I) complex. A. [Co(CNCgH3Me,-2,6)3{P-
(C¢Hs)3 }2]C104; B. [Co(CNCgH3Me,-2,6)4P(CgHs)3]Cl10,; C. [Co(CNCgH3Me,-2,6)5]1C10,.
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1.05) established by elemental analysis [1]. Sugges-
tion that the monosubstituted complex contains
a fortuitous mixture of disubstituted and un-
substituted compound can be disregarded from
solubilities and solvent dependence of the dispro-
portionation equilibrium constants. Solubility in
general follows: [Co(CNR);ClO, > [Co(CNR),-
L]C104 > [Co(CNR);L,]Cl0, [1], so equal amounts
of the two extremes remaining after one or more
re-crystallizations (80—-90% recovery) is highly
improbable. Furthermore, if amounts of the same
sample are used for NMR spectra in different
solvents, the Ky calculated as [Co(CNR);L,]-
[Co(CNR);][Co(CNR),L]™? from the integrated
areas are significantly solvent dependent [1]. This
behavior is not that expected for a physical mixture
of [Co(CNR)4L]ClO, contaminated with small
amounts of both [Co(CNR);1,]CIO, and [Co-
(CNR);|Cl0,, but is that expected for pure
[Co(CNR),L]ClO, establishing a solution-phase
equilibrium.

Triarylphosphite substitution in pentakis(aryl-
isocyanide)cobalt(I) complexes has produced only
monosubstituted derivatives (except for [Co(CNCs-
H;);{P(OC¢H;)5},]C10,) [2], so NMR spectra
of [Co(CNR),P(OR);]* can only be compared to
[Co(CNR);s]*, as pictured in Fig. 2. The 'H-NMR
for [Co(CNC¢H4Me-0),P(OC4H;);]CI0, (Fig. 2A)
exhibits three aliphatic-proton signals: § 2.30 flanked
by 6 2.15 and & 2.50. Again all three bands must
be integrated for agreement with the 4:1 composi-
tion (i.e., 4.00:1.00) established by elemental analysis
[2]. The [Co(CNCgH4Me-0);]ClO, (Fig. 2C) has
frequencies at & 2.50 and § 7.37. The minor band
at & 2.50 and one at § 7.38 for [Co(CNCsHsMe-
0)4P(OC4Hs)3]* are attributed to a small amount
of [Co(CNC¢H;Me-0)s]* present in solution, and
the 6 2.15 spike is assigned to [Co(CNC¢H;Me-
0)3{P(OC¢Hs)3},]* that must be formed in solution.
Analogous interpretation is possible for [Co(CNC-
HyMe-0),P(OC¢H,Cl-p);]C10, (Fig. 2B); aliphatic-
proton signals § 2.36; 2.52; 2.22; 'H-integration
CNR:P(OR); = 4.00:0.99 [2].

These solution-phase disproportionation con-
stants, Kg;q, should show normal equilibrium con-
stant behavior; that is the subject of this investiga-
tion. Temperature is held constant (ie., 37 °C),
so Kgis dependence may be expected for change
in RNC, L, and solvent.

Experimental

The complexes, [Co(CNR)4L]ClO,;, L = P(Cq¢-
H5)3, P(C6H4C1-p)3, P(OC6H5)3, and P(OC6H4C1'
pP)s were prepared as previously described [1,2].
Commercial deuterated solvents 99.8% chloroform-
d, (Merck), 99% acetonitrile-d; (Stohler), 99.8%
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acetone-dg (Merck), 99% pyridine-d; (BDH), 99%
nitromethane-d, (Alfa), and 99.5% dimethyl sulf-
oxide-d¢ (Diaprep-Aldrich) were used without further
purification. Proton-NMR spectra were recorded on
a Varian T-60, the aliphatic portion expanded both
horizontally and vertically for better integration.
Whereas some spectra were sufficiently resolved
for instrument integration, all integrations were
performed by planimeter tracing to insure unifor-
mity. Integration values for the main band were
taken as the average of ten tracings, while values
for the smaller bands were averaged from multiple
tracings (five to ten each, depending on size).

Since Kg;, is unitless; ie., K4 = [Co(CNR);-
L,][Co(CNR);s] [Co(CNR),L]~2; the proportionality
factor relating concentration and integrated area
cancels, and K g values are calculated directly from
any set of relative integration areas. Planimeter
parameters can thus be changed from one NMR
spectrum to another. Experimental error could not
be accurately determined, but is probably 10—15%
in well-resolved spectra (estimated by Ky, repro-
ducibility from independent spectra) and significant-
ly higher in poorly-resolved spectra. Thus only
major differences in Ky, should be considered
significant.

Results and Discussion

The Ky values for the nine monosubstituted
complexes, [Co(CNR)4L]CIO,, R = 2,6-Me,C¢H;,
L = P(C¢Hs)s, P(C¢H4aCl-p)s, P(OC¢Hs);, P(OCq-
H4C1-p)3; R = 0-MeC6H4, L= P(C6H4C1-p)3, P(OC6°
Hs)g, P(OC6H4C1-p)3, R = 2,4,6-MC3C6H2, L =
P(C6H5)3; R = 2,6-Et2C6H3, L = P(C5H5)3, in the
six deuterated solvents, CDCl;, CD3CN, (CDs),-
CO, C;DsN, CD3NO;,, (CD3),S0; are listed in Table
I. Three conditions prevented calculation of reliable
Kgis values in some measurements. Some spectra
were unresolved; ie., the signal for one but not
both of [Co(CNR);L,]* and [Co(CNR)s]* was
not resolved from that for [Co(CNR),L]* or was
insufficiently resolved for accurate integration even
by planimeter. Other spectra showed interference
from the solvent; ie., the signal from the 0.2—1%
non-deuterated solvent molecules interfered with
some part of the aliphatic portion of the [Co(CNR),-
L]* spectrum so that accurate integration was not
possible. In both of these cases there is evidence
that disproportionation occurs, but accurate Kg;,
values cannot be obtained. For [Co(CNCsH;Et,-
2,6)4P(CsH;5);3]C10, in all solvents, however, no
evidence of disproportionation is observed. Here
there is no solvent interference, and although the
CH; and CH, multiplets are harder to resolve than
singlets, some additional bands should be visible
if disproportionation takes place. The probable
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Fig. 2. The 'H-NMR spectra (in 99.8% CDCly) for examples of triarylphosphitemonosubstituted pentakis(arylisocyanide)cobalt(l)
complexes. A. [Co(CNCgH4Me-0)4P(0OC¢H;5)3]Cl04 (CH,Cly sccondary internal reference); B. [Co(CNCgHgMe-0)4P(OC gH4Cl-
P)3]Cl04 (CgH j, secondary internal reference); C. [Co(CNCgH4Me-0)5]C104 (CH,Cl, secondary internal reterence).
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TABLE L. Disproportionation Equilibrium Constants for [Co(CNR)4L]X in Deuterated Solvents.?

Complex CDC13 CD3CN (CD3)2CO CstN CD3N02 (CD3)2SO
L= P(C6H5)3

[Co(CNCgH3Me,-2,6)41.1C10,4 0.013 0.010 0.0035 0.0041 0.0032 0.0032

[Co(CNCgH,Me3-2,4,6)41.1C104 0.0017 0.0015 0.0013 0.0015 0.00075 Interfer

[Co(CNCgH3Et5-2,6)4L1C104 Not Obs Not Obs Not Obs Not Obs Not Obs Not Obs
L= P(C6H4C1-p)3

[Co(CNCgHaMe-0),1.1C104 0.038 0.046 0.092 0.060 0.032 0.030

[Co(CNCgH3Me,-2,6)4,L]C104 0.0035 0.0045 0.010 0.013 0.0047 0.0031
L= P(OC6H5)3

[Co(CNCgHaMe-0)4L]ClO4 0.029 0.012 0.0075 0.0060 0.0025 Interfer

[Co(CNCgH3Me,-2,6)4L]C104 0.019 Interfer 0.0028 Unresolv Interfer 0.0046
L = P)OCgH4Cl-p)3

[Co(CNCgHaMe-0)4L1C104 0.016 Unresolv 0.086 Unresolv Unresolv 0.036

[Co(CNCgHaMe,-2,6)4L]Cl04 0.0027 0.0021 0.0062 Unresolv 0.0014 Unresolv

aAbbreviations: Interfer = interference, the l1H-NMR signal from non-deuterated solvent molecules interferes with the signal being
measured; Unresolv = unresolved, the IH-NMR signal for one but not both of the [Co(CNR)3L,]* and [Co(CNR);]* species is
not resolved from that for [Co(CNR)4L]*; Not Obs = not observed, no 'H-NMR signal for the [Co{CNR)3L;]* or [Co(CNR);5]*

species is observed in the absence of solvent interference.

explanation, as developed later, is that the severe
steric hindrance of the CNC4H;Et;-2,6 causes the
K 4i values to be immeasurably small.

The solution-phase disproportionation probably
takes place in all monosubstituted complexes, but
is easily measured for the complexes listed in Table
I. An alkyl group (preferably methyl) on the RNC
is practically a necessity for NMR resolution. In
[Co(CNCgH, X-p),P(OC4H;)3]C10,, X = H, F,
Cl, Br, I; the triphenylphosphite so dominates the
aromatic region that evidence for disproportionation
was not observed [2]. For [Co(CNCgH,l-p)sP(Cg-
H5)3]C104 and [CO(CNC6H4C1-p)4P(C6H5)3]C104
(impure) disproportionation was observed, but the
weak AB patterns from [Co(CNR);L,]* and/or
[Co(CNR)s|* suffered interference from coordinated
P(C¢Hs)a [1]. The [Co(CNCgH,Me-p),P(CsH,Cl-
P)3]Cl0, spectra are unresolved [1], and pure
SaInpleS of [CO(CNR)4P(C6H5)3]C104, R = C6H4Me-
0, C¢HaMe-p; could not be obtained.

The K g4 values in CDClzand CD3CN are smaller
than reciprocal formation-constants reported for
[Co(CNCMes3),P(C4HyMep)s]* (e, K™' = Ky
=~ 0.33 [6]) and [Co(CNCgHsMe-p)sP(CsHs)s]*
(K™! ~ 0.05 [3]), compounds whose purity was
questioned [6, 1]. Dichloromethane principally,
but chioroform and acetonitrile occasionally, were
solvents of re-crystallization for these complexes
[1, 2]. From the Kg;s values, re-crystallization of
some of these complexes from other solvents (e.g.,
[Co(CNCgHsMe0),L]CI10,, L = P(CeHsClp),,
P(OCgH,Cl-p);; from acetone) may lead to decom-
position in the sense of producing free [Co(CNR)j;-

L[;]Cl0, in the solid. This was the difficulty in
preparing monosubstituted complexes with tri-
phenylphosphine; the monosubstituted derivative
could always be observed, but often the less-soluble
disubstituted complex could not be completely
removed [1].

Correlation of K 4, with RNC Steric Hindrance

Of several possible interdependencies, the most ex-
pected numerically obvious from Table I is correla-
tion of K4 values with steric hindrance of the aryl-
isocyanide. Ease of preparation of monosubstituted
triphenylphosphine complexes parallels RNC steric
hindrance [1]: p-MeCcH4 NC < o-MeCcH4NC <
2,6-Me, C¢H3NC = 2.4,6-MesCgH,NC < 2,6-Et,-
C¢H3NC; so Ky should behave analogously. In
all instances for each solvent where comparison is
possible for [Co(CNR)4L]CIO; same L, K(R =
CsHsMe-0) > KfR = C¢HzMe,-2,6) > K(R = Ce-
H,Me;-2,4,6) > K(R = CgH3Et;-2,6). The Ky,
values reflect substantially greater apparent steric
hindrance in 2,4,6-Me;C¢H,NC over 2,6-Me,Cs-
H;NC than observed in reactivity [1], however, and
RNC steric hindrance appears less important for
triarylphosphite complexes than triarylphosphine.

Since [CO(CNC6H3 Et2-2,6)3 {P(C6H5 )3}2] C104
can be made in Co(Il) reduction/substitution reac-
tion [9], the equilibrium, 2[Co(CNCgH;Et;-2,6)s-
P(C¢Hs)s]® = [Co(CNCeH;3Et;-2,6)3{P(CsHs)3}2]"
+ [Co(CNCg¢H;Et,-2,6)s]* should not be totally
absent, but Ky should be very small due to the
severe steric hindrance of 2,6-Et,C¢H3NC. The
K i is possibly too small to measure or even observe
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TABLE II. Some Physical Properties of the Solvents.2 b

C. A. L. Becker et al.

Solvent € m K K

CHCl, 4.806 1.15 <1x10710

CH3CN 37.5 3.44 6 x10710 K =3.2x107%7

CsHsN 12.4 2.37 40x10°8 Ky(ag HCI) = 1.8 x 107°
(CH3),CO 20.70 2.69 49x107? Ky (aq HySO0q) = 6.3 X 10722
CH3NO, 35.87 3.56 5%x1077 K ,(ag NaOH) = 6.15 x 1071
(CH3),S0 46.68 3.9 2x107? Ks=50x10"18

aSymbols: €, dielectric constant; u, dipole moment in Debye units; «, electrical conductivity in ohm™1; K, autoprotolysis con-
stant, 2HR = H,R* + R™, K = y[H,R*]7v[R7] =[H,R*][R™]; K;, ionization constant, usually K ,(acid) or Ky, (base) dissociation

constants, for ionization in another solvent (often water).

by this method. Unlike reactions with other aryl-
isocyanides, disubstituted triarylphosphine com-
plexes with 2,6-Et,C¢H3NC have never been ob-
served as minor products in [Co(CNR);]X substi-
tution reaction [1, 8], so there may be little tendency
for [Co(CNCgH;3Et,-2,6); {PR3},]* formation.

Correlation of Kyis with Triarylphosphine vs. Tri-
arylphosphite Ligand

Since monosubstitution is the almost-exclusive
reaction in triarylphosphite substitution [2], while
P(C¢Hs)s, if not the less reactive P(C¢H,Clp),,
favors disubstitution except with sterically-hindered
RNC [1], K4 for complexes of the same RNC
and analogous triarylphosphine, triarylphosphite
ligand are expected: K([Co(CNR),P(C¢Hs);]Cl0,)
>  K([Co(CNR)4P(OC¢H;5)3]Cl0,) and K([Co-
H,Cl-p);]C10,). This behavior is not apparent from
Table I. The Kg; values for the ten pairs of com-
plexes where comparion is possible are almost
remarkably similar; no correlation between Kg,
and substitution preference in triarylphosphine
vs. triarylphosphite reactions is observed.

Why there is no correlation is not immediately
evident, other than possible intrinsic difficulty of
comparing complexes with tertiary phosphine and
phosphite ligands; these are dissimilar types of
ligands. Similar problem was encountered in com-
parisonfinterpretation of the first d, - 7*(eq)
charge transfer band in the [Co(CNR);L,]" elec-
tronic spectra [9].

Correlation of K g, with Cl-Substituted vs. Unsub-
stituted P-Ligand

Triphenylphosphine favors disubstitution while
P(C¢H4Clp); favors monosubstitution in  [Co-
(CNR)s]* [1, 8], so for the same RNC, K([Co-
(CNR)4P(C¢H5)31C104) > K([Co(CNR),P(CgH,Cl-
p)3]Cl0,), if not also K([Co(CNR);P(OC¢Hs);]-
ClO4) > K([Co(CNR)4P(OCsH4Cl-p)3]ClO,), would
be expected. Table 1 gives different results. Com-
parison is incomplete because of numerous instances

bValues obtained from ref. 10.

of solvent interference or partial resolution, but a
trend seems to emerge. The Kg;, values for Cl-sub-
stituted P-ligands are larger than K4, for analogous
complexes with unsubstituted P-ligands in (CD;),CO
and CsDsN solution, are smaller in CDCi; and CDs-
CN, and are approximately equal in CD3NO, and
(CD3),80. The [Co(CNCgHsMe,-2,6)4P(CsH;)s]-
Cl04, [Co(CNCzH3Me,-2,6),P(CsH4Cl-p)3]Cl0, pair
is best for comparison, with values 0.013, 0.0035;
0.010, 0.0045,0.0035,0.010; 0.0041,0.013;0.0032,
0.0047; 0.0032, 0.0031; in CDCl3, CD3CN, (CDj3),-
CO, CsDsN, CD3NO,, (CD3),S0, respectively. Not
only do these pairs of solvents show the same trend,
but also show similar Kg;; absolute values. This
behavior is apparently a function of the solvent,
not the RNC or P-ligand.

Physical properties of deuterated solvents are
not readily available, so possibly-relevant properties
of the non-deuterated solvents are listed in Table
II [10]. From these data CsHsN and (CH3),CO,
and CH3;NO, and (CH;3),S0, could be analogous
solvents, but similarity of CHClz3 and CH;CN is
not obvious. The electrical conductivities (k) are
somewhat similar, but dielectric constant (e) and
dipole moment (u), the quantitative aspects from
which the more useful but qualitative solvent
property, polarity, is usually assessed, place CH;CN
with CH3NO, and (CH,3),SO, very polar solvents,
and far from the semi-polar CHCl;. At present
there is really no satisfactory explanation for this
solvent behavior.
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