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Abstract

The kinetics of the following 1,3-dipolar cyclo-
addition reactions have been studied by infrared
spectroscopy

LCo(DH),N,; + CH3; CO,C=CCO,CH;—
/N=C—-CO2CH3

LCoPH:N\ ¢ co,c
- 2 3

where L is a variety of nitrogen and phosphorus
ligands and one arsenic ligand. For all ligands except
parasubstituted triarylphosphines and tricylohexyl-
phosphine the reaction rates are second order and are
virtually unaffected by the nature of the ligand, L.
For the para-substituted triarylphosphine and tri-
cyclohexylphosphine complexes, the reactions are
biphasic and autocatalytic. The slow step in the
autocatalytic reactions is found to be an associative
second order process that occurs at a rate comparable
to the cycloadditions of the other LCo(DH),N;
complexes. This slow step is followed by a faster
zero order process that is independent of the LCo-
(DH);N3 concentration. The rates of both steps in
the autocatalytic reactions are linearly related to
Hammett constants and increase with decreasing
basicity of the triarylphosphine. The rates are also
linearly related to the reduction potentials of the
(Ar3P)Co(DH),;N; complexes and increase with in-
creasing ease of reduction. It is shown that auto-
catalysis probably involves cobalt(II) species and a
mechanism is proposed for the autocatalysis.
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Introduction

The cycloaddition of 1,3-dipoles to dipolarophiles
has been extensively studied [1] because of its wide-
spread synthetic utility. We have recently reported
[2] our results regarding the cycloadditions of various
dipolarophiles to cobalt chelate azide complexes of
the type LCo(chelate)N;. This work forms part of
an overall effort [3, 4] to find catalysts for reaction
(1) and is based on the observations that the rates of
the cycloadditions of azide ligands with various di-
polarophiles depend on the metal center (Pd, Pt or
Co) and both the steric and electronic properties of
the other ancillary ligands [5]. We are interested in
catalyzing reaction (1) because of the manifold uses
of tetrazoles [6—8] in medicine, biology, agriculture,

R-C=EN + R'X 4+ NaN; —_—
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the manufacture of polymeric materials and as ex-
plosives and propellants. The traditional synthesis
of tetrazoles involve 1,3-dipolar cycloadditions of
nitriles to azides [6—8]. The syntheses [9] of 1,5-
disubstituted tetrazoles (1) generally involve alkyla-
tions of the tetrazolate anion, which is formed by
deprotonation of the parent tetrazole with strong
base. These alkylations usually produce mixtures
containing the desired 1,5-disubstituted tetrazole
and substantial amounts of the isomeric 2,5-disub-
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stituted tetrazole [9]. Separation of the more useful
1,5-disubstituted tetrazole from the 2,5-disubstituted
tetrazole often requires tedius column chromato-
graphy, an industrially undesirable process. We have
shown, however, that if the tetrazolate ion is coor-
dinated to a sterically encumbered metal center,
that coordination of the ambidentate tetrazolate
occurs at N, specifically [3], and that alkylation of
this N, coordinated tetrazolate results in the specific
formation of 1,5-disubstituted tetrazoles [3,4].
However, these same sterically encumbered transition
metal centers render an azide coordinated to them
so unreactive that cycloaddition to nitriles occurs
only [2] with very electron deficient nitriles (e.g.
CF3;CN). In contrast, cycloaddition of nitriles to
coordinatively unsaturated azide complexes of
palladium(II) and platinum(II) occurs under relative-
ly mild conditions [5]. In an effort to elucidate
those factors which are responsible for activation
of the coordinated azide towards 1,3-dipolar cyclo-
addition, we have investigated the kinetics of the
reactions [2] of a series [10] of LCo(DH),N; com-
plexes (DH is the monoanion of dimethylglyoxime)
with CH3CO,C=CCO,CH; (DAD). The results of
these studies are described herein,

Experimental

Materials

Commercially available reagents were reagent
grade and were used as received if they contained no
NMR or IR detectable contaminants. Otherwise
they were purified by standard procedures. The
chloroform used for kinetic measurements was acid
washed to remove the ethanol stabilizer, doubly
distilled over calcium chloride, checked by 'H NMR
spectroscopy for purity, kept in the dark and used
the same day it was distilled. Dimethylacetylene-
dicarboxylate (Aldrich) was distilled under reduced
pressure (boiling point (b.p.) 90°C, 15 mm) just
prior to kinetic studies. The LCo(DH),N; complexes
were prepared as previously described [2,10],
recrystallized three times and vacuum dried overnight
at ambient temperature. Their purity was checked
by infrared spectroscopy, 'H and, where appropriate,
3p{'H} NMR spectroscopy and elemental analyses
(Galbraith Laboratories, Knoxville, Tenn. 37921).
All complexes gave satisfactory carbon and hydrogen
analyses. Phenyl azide was synthesized by the method
of Lindsay and Allen [11].

Spectroscopic Measurements

Infrared spectra were recorded on a Perkin-Elmer
599 spectrophotometer as KBr pellets and as chloro-
form solutions in 0.1 mm sealed NaCl cells. The 'H
and *'P{'H} NMR spectra were recorded at 99.54
and 40.26 MHz, respectively, on a JEOL-FX-100

B. T. Hsieh et al,

spectrometer in the FT mode. Proton chemical
shifts are downfield relative to internal Me,Si, while
the phosphorus chemical shifts were measured rel-
ative to external PPh; (6 = —6.0 ppm) and corrected
to 85% H3PO,. A positive sign on the phosphorus
chemical shift indicates a downfield position relative
to H3PO,.

Cyclic Voltammetry

All cyclic voltammograms were recorded at
25+0.1°C in acetonitrile containing 0.1 M tetra-
ethylammonium perchlorate (TEAP) using an EG&G
PAR electrochemistry apparatus consisting of a
model RE 0073 recorder, a model 173 potentiostat
and a model 175 universal programmer. A three
electrode system with instrumental IR compensation
was used throughout. The working electrode and
auxiliary electrode were a platinum disk and wire,
respectively. The reference electrode was a saturated
calomel electrode, separated from the test solution
by a salt bridge containing a Vycor plug and filled
with 0.1 M TEAP in acetonitrile. Temperature
regulation was achieved with a Brinkman Lauda
K-2/R temperature controller with the electrochem-
ical cell immersed in the constant temperature bath.
As recommended by the IUPAC [12] for electro-
chemistry in non aqueous solvents, the ferricinium
ion (Fc*)/ferrocene (Fc) couple was employed as
the reference, and all potentials reported herein are
given versus this couple. As suggested by Gagné
et al. [13], ferrocene was used whenever possible
as an internal standard to compensate for the junc-
tion potential variability among experiments. TEAP
(fluka, purum) was recrystallized from ethanol/water
and dried under vacuum at 100 °C overnight. Aceto-
nitrile (Aldrich, gold label, spectrophotometric grade)
was dried over Linde 4 A molecular sieves.

Kinetic Studies

Solutions containing 3.75 X 10™* mol of the
azide complex and 3.75 X 107% mol of dimethyl-
acetylenedicarboxylate in 30 ml freshly distilled
chloroform were contained in a 50 ml two-necked
round bottom flask. The center neck of the flask
was surmounted with a water-cooled condenser
and a calcium chloride drying tube and the side
neck was closed with a rubber syringe septum. The
flask was immersed in a Brinkman Lauda K-2/R
temperature bath maintained (7°20.1°C) at the
desired temperature. Aliquots were withdrawn
periodically from this flask by syringe and the v(Nj)-
(asym) absorbance at about 2010 cm™! measured
as a function of time in 0.1 mm sealed NaCl cells.
Three repetitive scans were made between 2100 and
2001 cm™! with a 5X chart expansion and an ordi-
nate expansion of 3. The lower energy limit was set
at 2001 c¢cm™! in order to avoid a lengthy grating
change at 2000 cm™'. All kinetic data are the average
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of at least three such experiments. Beer’s Law behav-
ior was verified for the »(Nj)(asym) vibration for
each complex over the concentration range studied.
The reactions were followed for at least three half
lives and in most cases until the reaction was 95%
complete. The kinetic data were plotted and analyzed
by a linear least-squares regression curve fitting com-
puter program [14]. Plots of In k/T versus T~' were
treated by least-squares analyses [14] to obtain AH*
and AS* which have uncertainties of about +0.5
kcal/mol and £1.0 e.u., respectively.

Activation Volume Measurements

Activation volumes were obtained by studying
the effects of pressure (1-1360 bar) on the reaction
rates using either 1,2-dichloroethane or chloroform
as solvent at 45.1 °C. The high pressure pump, gage,
valves, tubing, fittings and microseries reactor were
obtained from the American Instrument Co., Silver
Springs, Md. The temperature of the reactor was
controlled by a 100 kg aluminum ingot which was
bored to fit the reactor body snugly. A thin oil
film was used to improve thermal contact. The
temperature of the ingot was controlled within 0.1
°C. Samples were contained in an inverted miniature
glass bell which was sealed with mercury in contact
with the pressure transmitting fluid (glycol). After
reaction for a measured time, usually several hours,
the sample was removed and placed directly in the
IR liquid cell for analysis within two minutes. Activa-
tion volumes were calculated from the slope of a
plot of In k versus P according to the equation

8lnk) _—AV*
8P Jp RT

and have uncertainties of about to +1 ml.

Results and Discussion

1. General Observations
A series of cobaloxime azide complexes, LCo-
(DH),Nj; (2), has previously been shown [2] to react

TABLE 1. Dependence of the Rate of Reaction (2) on the
Concentrations of the Reactants®

Lk 103[LCo(DH),N1] 102[DAD]  10%kgpe (57N
DBP 6.25 125 1.84 * 0.05
DBP 125 12.5 1.47 * 0.05
DBP 125 25.0 3.01 + 0.05
pip 6.25 125 0.83  0.05
pip 12.5 125 1.01 + 0.05
pip 12.5 25.0 1.92 ¢ 0.05
PhzAs  6.25 125 0.59 + 0.05
PhAs 12.5 125 0.68 + 0.05
PhiAs 12.5 25.0 1.30 = 0.05

2In CHCl; at 27 °C. bppp = 1-phenyldibenzophosphole,

pip = piperidine.
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cleanly with dimethylacetylenedicarboxylate to pro-
duce cobaloxime triazolate complexes (4), as shown
in reaction (2). The rates of these reactions depend
upon the nature of the ligand L.
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Although 3 is probably the first-formed product of
these 1,3-dipolar cycloadditions, no spectroscopic
evidence for this species could be obtained. In each
case, the isolated product is 4. The crystal structures
of PPh3Co(DH); N3 and

/N=(|:C02CH3

“N=CCO,CH;

have previously been reported elsewhere [15]. These
confirm the general structural drawings 2 and 4 with
L ="PPh,.

The rates of reaction (2) have been investigated
under pseudo first order conditions. Infrared
spectroscopic monitoring was used to follow the
decrease in intensity of the ¥(N;)(asym) vibration for
the LCo(DH),N; complexes in the presence of a
ten to one molar ratio of DAD to complex. The data
of Table I show that the reactions are first order
in DAD; thus the reactions are overall second order,
first order in each reactant. Similar behavior was
found for all the complexes listed in Table II. The
data conform to the rate law: rate = ks [LCo(DH),-
N3] where ks = k' [DAD]. Figure 1 shows a typical
pseudo first order plot of In[LCo(DH),N3] (mea-
sured as In A/4Aw(N3)asym) versus time. As the
data in Table II show, the rates of these reactions
are not very sensitive to the nature of the ligand
trans to the azide. The fastest reaction (L = Me,PPh)
is only 3.5 times as fast as the slowest (L= (CgHs)3-

PPh;Co(DH),N
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TABLE II. Rate Data for the Reactions: LCo(DH);Nj+
CH3C0,C=CCO,CH3 ~+ LCo(DH),triazolate in Chloroform
at 27 °C®?

L 105kopg 1
Me,PPh 2.38 + 0.05
(C,H50)3P 1.77 + 0.05
1-methylimidazole 1.56 £ 0.05
DBP 1.47 £ 0.05
MePPh, 1.32 £ 0.05
P(n-Bu)s 1.30 £ 0.05
(PhCH,)3P 1.21 £ 0.05
(C¢Hs50)3P 1.11 £ 0.05
Piperidine 1.01 £ 0.05
Pyridine 0.734 + 0.005
(CeHs)3As 0.680 + 0.005

8 [LCo(DH);N3] = 0.0125 M; [CH3CO,C=CCO,CHj] =
0.125 M; k' =k ops/ [DAD] = 0.69/, 5.

As) and the half lives only span the range of 8.1 to
28.3 hat 27 °C.

The activation parameters for the reactions of
PyCo(DH);N; (AH*=119 kcal/mol, AS*=-38
e.u.) and [(PhCH,)sP]Co(DH),N; (AH™ = 13.4 kcal/
mol, AS* = —33 e.u.) are consistent with what would
be expected for an associative process and are similar
to those previously found [16] for the reaction of
phenyl azide with DAD (AH* =17.4 kcal/mol,
AS* = _26 eu). Similar activation parameters
have also been reported for cycloaddition reactions
of azidoplatinum(II) complexes with nitriles [5b].

In contrast to the reactions discussed above, the
reactions of the complexes LCo(DH),N;, where L
is a triarylphosphine, are biphasic and autocatalytic,
increasing in rate with time as illustrated in Fig. 2.
As the data in Table III show, the initial stage in
these reactions is second order overall, first order
in each reactant, with an associated second order
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Fig. 1. Pseudo first order rate plot for the reaction of (Ph-
CH,)3PCo(DH),N; (0.0125 M) with CH3;CO,C=CCO,CHj4
(0.125 M) in CHCl4 at 27 °C. Similar data were obtained for
all the complexes listed in Table II.
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Fig. 2. Biphasic kinetic plot for the reaction of PPh;Co-
(DH),N3 with CH3C0,C=CCO,CHj in CHClj3 at 22 °C. Open
circles represent the pseudo first order slow step (kg) and
solid circles represent the zero order fast step (kg). Similar
data were obtained for all the complexes listed in Table IV.

rate constant k' = k,/[DAD] that is comparable
to the rate constants found for the other LCo-
(DH);N; reactions discussed above. Compare Ky,

TABLE III. Dependence of the Rate of Reaction (2) on the Concentrations of the Reactants where L is a Triarylphosphine

(p-XCgHg)3P or Tricyclohexylphosphine, Cy 3P, in CHCl; at 27 °C

X 103[LCo(DH),N3] 102[DAD] 105k (s™Y 10%k; (M s™h
H 6.25 125 6.95 + 0.05 1.89 + 0.05

H 12.5 12.5 6.94 + 0.05 2.23 £ 0.05

H 25.0 25.0 14.1: 05 4.16 + 0.05
CHj, 6.25 125 2.29 +0.05 0.352 + 0.005
CH,4 12.5 12.5 1.88 + 0.05 0.948 + 0.005
CH;3 25.0 25.0 4.40 + 0.05 2.47 £ 0.05
CH;0 6.25 125 1.03 + 0.05 0.211 + 0.005
CH30 12.5 12.5 1.18 £ 0.05 0.231 + 0.005
CH50 25.0 25.0 2.22 £ 0.05 0.48 £ 0.05

10% ops 571

CysP 6.25 12.5 2.83 + 0.05

CysP 12.5 125 2.86 £ 0.05

CysP 25.0 25.0 4.87 £ 0.05
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TABLE IV. Rate Data for the Reactions: (p-XCgH4)3PCo(DH);N3 + CH3CO,C=CCO,CHj3 — (p-XCgHy) 3PCo(DH),triazolate

in Chloroform at 27 °C2

X LopP 105k, (s7He 107ke (M s~ Hd Completion time (min)®
Cl 0.69 56705 66.8 £ 0.5 31

H 0 6.94 + 0.05 22.30 £ 0.5 120

CH; -0.51 1.88 + 0.05 9.48 + 0.05 334

CH30 ~0.81 1.18 + 0.05 2.31£0.05 966

3[|LCo(DH);N3} = 0.0125 M; [CH3CO,C=CCO,CH3] = 0.125 M.  PRef.36.  Clog(kX/kH) = pZo p;p = +1.14; pseudo first

order rate constants (r2 = 0.99).
extrapolating the experimental rate plots to zero concentration.

in Table Il with kg given in Table IIL. Also, the
activation parameters found for the initial stage
in the reaction of (PPh;)Co(DH),N; (AH*=9.9
kcal/mol, AS* = —41 e.u.) are similar to those found
for the reactions of the pyCo(DH),N; and [(Ph-
CH,)3P]Co(DH),;N; complexes. The initial stage is
followed by a faster zero order process wich is in-
dependent of [LCo(DH),Nj;].

2. Autocatalysis

Several experiments have been conducted to gain
some understanding of the nature of the autocatalysis
responsible for the fast step in these reactions. The
rates of both the slow initial stage and the faster
second stage are both linearly related to Hammett
substituent parameters (Table IV). In both cases the
rate increases with a decrease in the basicity of the
phosphine and p is slightly greater for the initial
stage. Since these reactions are autocatalytic, the
Ar;PCo(DH),triazolate product could be the source
of the catalyst. The crystallographic data [15] for
PPh;Co(DH);N; and PPh;Co(DH),triazolate show
that the triazolate has a greater trans influence [17—
19] than does azide. The cobalt—phosphorus bond
is longer (2.333(1) wersus 2.311(1) A) and the
cobalt—nitrogen bond is shorter (1.953(3) versus
2.014(4) A) in the triazolate complex than in the
azide complex. We have previously shown [2] that
PPh; readily dissociates from the triazolate complex
and isolation of PPh;Co(DH),triazolate requires
addition of excess PPh;. It is known [20—22] that
triphenylphosphine and some other phosphines react
rapidly and irreversibly with DAD according to
reaction (3) to form transient carbenoid species
which ultimately yield dimeric and polymeric prod-
ucts. This carbenoid species could reduce the LCo'™-
(DH);N; complex to the cobalt(II) analog by an

RyP:  + CH3CO2C=CCOpCHy ——+

®©
R3P CO2CH; R3P CO2CH3
\ / /
C=Cgq -— c—c,

/
CH0C

——+ products (3)

CH309C

d1og(kX/kH) = pZo p; p = +0.91; zero order rate constants (2 = 0.94).

€Calculated by

ZERO ORDER

SLOPE = k = 4,03 +10* M/SEC
52 MIN. TO COMPLE TION

10 20 30 40 50
TIME (MIN)
Fig. 3. Kinetic plot for the reaction of PPh3Co(DH),N3 with
CH3CO,C=CCO,CH3 in the presence of PPh3Co(DH),tri-
azolate in CHCl; at 27 °C. Zero order plot.

inner sphere electron transfer [23]*. It is not possible
to prepare the cobalt(Il) triazolate complex. Thus,
in order to establish that the catalyst was derived
from the R3PCo(DH),triazolate, it was added to the
reaction solution and the kinetics followed in its
presence. A solution containing 0.0125 M PPh;-
Co(DH);N3; 0.125 M DAD and 0.0125 M PPh;-
Co(DH),triazolate had zero order kinetic behavior
(Fig. 3). The zero order rate constant was 4.03 X
107 m s™! (¢f. Table V); the time to completion
was 52 min compared to a completion time of 120
min in the absence of the triazolate complex. Thus
the triazolate complex catalyzes the reaction. In
order to show that the reaction is catalyzed by
cobalt(Il), as has been observed [24] for ligand ex-
change reactions of cobalt(Ill) oxime complexes,
we added the cobalt(Il) complex (PPhj),Co(DH),
[25] to the reaction. A solution containing 0.0125 M
PPh;Co(DH),Ns; 0.125 M DAD and 0.0125 M.
(PPh3),Co(DH), showed zero order rate behavior
with zero order rate constant of 4.32 X 107® m s~

*Usually, the bridging ligand transfers from oxidant to
reductant during an inner sphere redox reaction. However,
there is no bridging ligand transfer in the inner sphere elec-
tron exchange mechanism proposed here.
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TABLE V. Rate Data for the Reactions: (PPh3)Co(DH),N3 + CH3CO,C=CCO,CHj —+ PPh3Co(DH),triazolate in Chloroform at
27°C2

Solvent Catalyst 105ks s 106kf Ms™h Completion time (min)®
CHCl3 none 6.94¢ + 0.05 2.23 £ 0.05 120

CHCl3 0.0125 M PPh3Co(DH),TRI 4.03 + 0.05 52

CHCl, 0.0125 M (PPh3),Co(DH), 432 £0.05 48

CHCl3? 0.0125 M (PPh3),Co(DH), 3.26 £ 0.05 32

95% CHCl3 and 5% CBrCls none 1.419 £ 0.05

2 [PPh3Co(DH);N3] = 0.0125 M; [CH3C0,C=CCO,CH;] = 0.125 M.
€t1,2 = 2.8 h; but because K is also contributing #,,, = 1 h.

CHj3] = 0.125 M.
ing the experimental rate plots to zero concentration.

Under otherwise identical conditions the zero order
rate constant was lowered to 326 X107 M s™!
when the (PPhj),Co(DH), concentration was reduced
to 625X 107® M. These rate constants are not
directly proportional to the (PPhj),Co(DH), con-
centration because PPh; must first dissociate from
the cobalt(I) complex before the latter may enter
into sphere electron transfer with PPh;Co(DH),N,;
the fraction of (PPh;)Co(DH), present depends
upon the initial concentration of (PPhj);Co(DH)s,.
Furthermore, the liberated PPhy can react with
DAD according to reaction (3) and can also serve to
decrease the extent of dissociation of PPh; from
the reaction product PPhi;Co(DH),triazolate. An
additional test for cobalt(II) catalysis may be ob-
tained from a rate retardation by the mild oxidizing
agent CBrCly [24]. Thus, we find (Table V) that in
the presence of 5% CBrCly pseudo first order behav-
ior is exhibited throughout the reaction with a
pseudo first order rate constant of 1,41 X 1075 71,
Each of the kinetic infrared spectra of the auto-
catalytic reactions exhibit a new minor N; stretching
vibration which reaches a maximum intensity near
the midpoint of the reactions and decreases to zero
afterwards. This vibration is clearly due to some
intermediate species. The frequency of this new
vibration is approximately 25 ¢cm™' higher than the
v(Nj3)(asym) of the starting LCo(DH),N; complex.
This vibration could be due to either a cobalt(Il)
azide or a Co(IT)N,Co(IIT) bridged dimer. The above
results suggest that the autocatalysis involves a
cobalt(Il) species that is derived from the PPh;Co-
(DH),triazolate product.

Other cobalt chelate complexes of the type
PPh;Co(chelate)N,, show an increasing tendency
to dissociate the ligand PPh; to form the ligand free
complexes as the donor strength of the chelate sys-
tem increases [26,27]. Parallel to this, one finds
greatly increased cycloaddition rates [28] for these
complexes. Though P(OPh); and AsPhj; also dissoci-
ate from the LCo(DH),triazolate complexes [2],
the reactions of these two complexes are not auto-
catalytic. This may be explained by the fact that

b [PPh3Co(DH),N3] = 0.00625 M; [CH3C0,C=CCO,-
d7,2=137h.  ©Calculated by extrapolat-

P(OPh); and AsPh; are not good enough nucleo-
philes to react with DAD and generate carbenoid
species by reaction (3).

We were unable to verify phosphine dissociation
from any of the triazolate complexes by *'P NMR
spectroscopy. The 3'P NMR spectra showed only
a very small change in chemical shifts for these com-
plexes in the presence of excess phosphine. This is
probably because the line widths are very broad
(ca. 100 Hz) due to cobalt quadrupole broadening
[3]. together with ligand exchange effects.

For the autocatalytic reactions, the autocatalysis
commences as soon as some product is formed. Thus,
there is some contribution of both the slow initial
and faster follow up stages throughout the reaction.
As a result, we probably overestimated k4 and under-
estimated k;. We believe that these errors are small;
we have not attempted a more rigorous data analysis.
The above results suggest that excess phosphine
should affect the rates of these reactions.

Thus, the reaction of the PPh;Co(DH),N; com-
plex was studied in the presence of varying concen-
trations of excess PPh,. It was found (Table VI)
that addition of phosphine increased the rate of the
slow pseudo first order process. At present, we have
no good explanation for this observation. Perhaps
there is an increased contribution of the fast step
in the early part of the reaction in the presence of
excess PPhs. The rate of the following fast step was
also increased by excess PPh;. The fast step seems to
involve dissociation of PPhy from the product, PPhs-
Co(DH),triazolate, and subsequent formation of
[PPh;Co(DH); N3]~ by inner sphere electron transfer,
For it, added PPh; first increased the rate up to a
ratio of 1:2 PPhjz:complex, but then with increasing
PPh; concentration the reaction rate decreased. This
is probably due to two compensating effects. Addi-
tional PPhj increases the amount of the carbenoid
species (reducing agent) by reaction (3) but also
reduces the extent of PPhj dissociation from the
product PPh3Co(DH),triazolate. The effect is small,
which is consistent with a large value for the equilib-
rium constant for PPh, dissociation,
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TABLE VI. Influence of Added PPh; on the Rate of the Reaction: PPhyCo(DH),Nj; + CH3C0,C=CCO,CH3 ~ PPh3Co(DH),-

triazolate in Chloroform at 31 °C?

10% [PPhs] {PPh;] 105k, (s"HP 106k¢ (M s7h)°
[PPh3Co(DH),N3]
0 0 5.01 £ 0.05 2.84 + 0.05
6.25 0.5 7.39 + 0.05 4.30 £ 0.05
125 1 17.1 0.5 5.00 £ 0.05
25.0 2 38.0 £ 0.5 4.70 + 0.05
50.0 4 27.6 £ 0.5 3.60 £ 0.05

2 [PPh3Co(DH),N3] = 0.00833 M; [CH3C0,C=CCO,CH;3] = 0.0833 M,  PPseudo first order rate constant.  ©Zero order 1ate

constant.

TABLE VII. Rate Data for the Reactions: (PhCH;)3PCo
Chloroform at 31 °C®

(DH),N3 + CH3CO,C=CCO,CH3 — (PhCH;)3PCo(DH),triazolate in

Solvent Catalyst 105k, (s7HP 108k (M s™HC t,,,(h)  Completion time (min)
CHCl,4 none 1.99 £ 0.05 9.7

95%CHCIl3 and 5%CBrCl; none 1.59 +£ 0.0 12.1

CHCl3 0.00125 M (PhCH,)5P 1.35 £ 0.05 14.3

CHCl, 0.0125 M (PPh3),Co(DH), 3.73 £ 0.05 56

CHCl;4 0.0125 M (PPh3),Co(DH), 3.83 + 0.05 28

8 [(PhCH3)3PCo(DH),N3] = 0.0125 M; {CH3C0O,C=CCO,CH
rate constant.  9[(PhCH,)3PCo(DH),N;3] = 0.00625 M.

The reaction of Cy;PCo(DH),Nj; displayed slightly
different behavior. At 27 °C the reaction was pseudo
first order and monophasic from beginning to end.
In the presence of added oxidizing agent, 5% CBrCl,
in CHCl,, the reaction was slowed considerably and
was still pseudo first order. The pseudo first order
rate constants at 27 °C when [CyaPCo(DH),N;] =
0.0125 M, [DAD] =0.125 M are k=2.86X 107
s™! and 7.20 X 107¢ s7! respectively. At 22 °C the
reaction was perceptibly biphasic with k, = 1.07 X
107% s7! and k¢ =2.007* s7!; both steps are pseudo
first order. The activation parameters for the slow
step (AH* =17.7 kcal/mol, AS* =—12 e.u) are
similar to those for the reactions listed in Table II
suggesting that this reaction is also an associative
second order reaction consistent with the data given
in Table III.

The observation that the Ar,PCo(DH),N; reac-
tions are catalyzed by cobalt(Il) species suggested
that it should be possible to catalyze the other
reactions by cobalt(II) species as well. The results
of such a study are given in Table VII. These data
show that the mild oxidizing agent CBrCl, reduces
the rate of the cycloaddition of DAD to (PhCH,),-
PCo(DH),N; but by a much smaller amount than
was found for the PPhy;Co(DH),N; reaction (Table
V). In the former case, there is only a 20% decrease
in the reaction rate in the presence of the oxidizing
agent, whereas in the latter case the rate was reduced
by a factor of about five. Clearly there is little con-

3] =0.125 M. bPpseudo first order rate constant. €Zero order

tribution of the cobalt(Il) catalyzed pathway in the
former case. The rate change caused by CBrCl, is
probably due solely to a solvent effect [29]. The
rate is also decreased somewhat by the presence
of excess (PhCH,);P, but this is probably due to
the reaction of the good nucleophile (PhCH,);P
with DAD thereby reducing the concentration of
DAD by reaction (3). Because the reaction is first
order in [DAD], this reaction reduces the rate. In
the presence of the cobalt(ll) complex, (PPh;),Co-
(DH),, the reaction becomes zero order as was
found for the PPh3Co(DH);N; complex in the pres-
ence of added (PPh,),Co(DH),. The rate increases
only slightly with an increase in the cobalt(II) to
cobalt(IIT) complex ratio.

Activation volumes were determined for the
reaction of a representative complex in each category.
The data are given in Table VIII and Fig. 4. For
phenylazide AV* =—13 ml and for pyCo(DH),Nj;
AV* = —16 ml. For the reaction of PhN, with DAD
AV was found to be —19 ml. Thus, it appears that
the transition state is closer to the product than to
the reactant. The negative sign for AV'* is consistent
with an associative process. Interestingly, for PPh,-
Co(DH),Nj the fast (AV* = +15 ml) and slow (AV*
=—14 ml) steps have activation volumes that are
nearly equal in magnitude and opposite in sign and
at high pressure the reaction seems to be second
order throughout (Fig. 4). Here is a case where a
change in pressure affects the mechanism of the
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k
(1) R3PCOIII(DH)2N3 + CH3C02CQCO2CH3 —s’ R3PCOIII(DH)2TriaZOIHte

(2) R;PCo'I(DH), triazolate = R;P: + Co!!{(DH),triazolate
R\, ,CO:CH;

(3) R3P: + CH5CO,C=CCO,CH; — H3C02C/ e

RiPy, o CO:CH

_C— 4 Col'I(DH), triazolate
H;CO,C ”

4

[Col'(DH), triazolate]~ + CH;C0O,C=CCO,CH, + R3P-®

ky

v
(5) R3PCo™(DH),N; + [Co'l(DH), triazolate] - =
A C ky

k 3 inner sphere RDS
[R3PCo}(DH),N;Col(DH),triazolate] ™
AC

electron exchange

k
[R3PC0“(DH)2N3C0m(DH)2triazolate]‘—4>
[R3PCol(DH),;N;]~ + Col'I(DH),triazolate

(6) [R3PCol(DH),N;]~ + CH,C0,C=CCO,CH, — [R;PCol}(DH),triazolate]~

B. T. Hsieh et al.

(7) [R3PCo!'i(DH),triazolate]- == R,P: + [Co“‘»(DH():ztriazolate] -

(8) R3P: + Col'l(DH),triazolate == R3PCol(DH), triazolate

Scheme 1.

TABLE VIII. Effect of Pressure on Reaction Rate Constants?

Phenyl azide + DAD (0.28 M) in cyclohexane at 45.1 °C

P (MPa) 7 40 73 133
105 (s 2.14 2.53 2.65 3.70
PyCo(DH),N3 + DAD (0.14 M) in chloroform at 45,1 °C
P (MPa) 7 73 8 133
105k (s 4.52 6.90 7.78 9.78

8Average of 1-5 measurements at each pressure, k £ 5 X
1077,

'01 [ Pz 1 ATM
2
—2—= 4 P= 1,360 ATM
2157
N v
e
a2
3ls .8
a | Ao
£ 7 1.0
o a.
—
1.2
i
-
1.4
100 200 300
TIME (MIN)

Fig. 4. Kinetic plot for the reaction of PPh3Co(DH);N3 with
CH3CO,C=CCO,CH3 in 1,2-dichloroethane at 41°C as a
function of pressure (open circles, 1 bar; closed circles,
1, 360 bar).

reaction. The increase in pressure probably decreases
the extent of PhyP dissociation from PPh;Co(DH),-
triazolate inhibiting the autocatalysis.

3. Autocatalysis Mechanism

At this point it is clear that the autocatalysis
mechanism involves a cobalt(II) species derived from
the Ar;PCo(DH),triazolate product. A possible
mechanism for the autocatalysis is given in Scheme 1.
If we assume that the rate determining step in the
reaction is the inner sphere electron transfer (step 5)
then

Rate = k3 [AC] -

If we further assume a steady state concentration of
[ACT] then

31O osa — [ACT)I[A] = (ks + ks)[ACI™
or
(ICluotm = [ACI)[A] _ ks +ks _

[AC] ki "
and
__ [ClowmlA]
A = Al
or
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_ K5 [Clua[Al
km + [A]

_ ks [Co™(DH), triazolate] e [R3PCo™(DH),N;]
km + [RsPCo™(DH),N;]

Now since K, < [R3PCOHI(DH)2N3], the rate is
independent of [RyPCo*(DH);N;] and depends
upon [Co'(DH),triazolate]™ or rate = k5 [Co'!-
(DH),triazolate] = k¢ which is in agreement with the
experimental observations.

Step (5) in Scheme 1 can be written in a simplified
form as follows:

ks
R3PCo'™(DH),N; + [Co"(DH),triazolate] - —>

[R3PCo"(DH),N;]™ + Co'™(DH),triazolate

This is because any bimolecular redox reaction of this
type may be broken up into a number of steps
beginning with adduct formation, k,, (substitution)
followed by electron transfer, k3, and terminating
with a substitution reaction, k,. Writing step (5)
in the simplified form we have the relation

ks=kiks/(ky +k3)
The simplified form, however, does not show as

clearly as does the more complicated form the nature
of the rate determining step.
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4. Electrochemistry

In order to obtain further support for the partici-
pation of cobalt(IT) in the autocatalysis, cyclic voltam-
metry experiments have been performed on all the
azide complexes and on several of the triazolate com-
plexes. The potentials corresponding to the redox
processes Co(IIl) = Co(IV) and Co(Ill) = Co(Il),
which were accessible with the solvent/electrolyte/
electrode system used, are summarized in Table IX.
The redox behavior of some similar cobalt(Il)—
bisdimethylglyoximato complexes has been investi-
gated earlier [27, 30—32].

The usual diagnostic criteria utilized in cyclic
voltammetry [33] point out that the mechanisms
of the oxidation and reduction of the Co(Ill) species,
when uncomplicated by the dissociation of the
ligand L from the starting Co(II) complex (vide
supra), are EC. The reversible or quasi-reversible
electron transfer is followed by an irreversible chem-
ical step*, which is probably the dissociation of the
ligand L. For some of these complexes, ligand disso-
ciation may be substantiated by the observation of
the irreversible anodic wave due to the oxidation of
the free ligand [L = (p-CH3CeHa)sP; (CeHs)sAs].
The same type of redox mechanism has been estab-
lished previously for some organometallic derivatives
of cabalt Schiff base complexes [34].

*This could mean that under the time domain of the elec-
trochemical experiment the back reaction is not significant.

TABLE IX. Oxidation and Reduction Potentials of the LCo(DH);N3 and LCo(DH),triazolate Complexes®

L Co(IIf) + Co(IV) Co(II) = Co(IT)
LCo(DH),N;  LCo(DH),triazolate LcO(DH);N;  LCo(DH),triazolate
Me,PPh 0.72(71) —1.36(60)
(C,Hs0)4P 0.71(70) —~154b
I-CH3lm 0.70(61) ~1.63P
DBP 0.75(68) —1.23(68)
MePPh, 0.74(61) 0.77(67) ~1.30(62) —1.39%
P(n-Bu); 0.70(66) 0.76(87) —~1.36(65) —~1.36(55)
(PhCH,) 4P 0.73(84) ~1.31(104)
(CgH50)3P 0.71(88) —1.55P
Piperidine 0.69(60) —1.54P
Pyridine 0.74(71) 0.77(80) —~1.55b —~1.93P
(CeHs)3As 0.72(86) 0.78(72) —1.40(92) —0.94b 1470 —1.77P
(p-CICgH 4) 3P 0.74¢ —~1.18(72)
PPhj 0.69¢ 0.56(65), 0.77(70), 0.996® —1.24(84) —0.48(148), —1.23(62), —1.82P
(p-CH3CgHa)3P 0.73(88) 0.61¢:4 —1.26(78) —1.03P, —1.25(102)¢
(p-CH30CgH,4) 3P 0.70(77) -1.2777)
{CgH1p3P 0.76 0.96¢ ~1.35(98) —1.73b.@

3In CH3CN containing 0.1 M TEAP at 25 °C, v = 200 mV s7}; data given as E |, (V) vs. Fc*/F; (Epa — Epe (mV)). bEpc

only, fast followup chemical reaction.
limit was observed.

®Epg only, fast followup chemical reaction.

4Broad. € A third wave very near the
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Fig. 5. Cyclic voltammograms for the oxidation of 1 X 1073
M solutions of (A) (CgHs)3PCo(DH),triazolate and (B) Me-
PPh,Co(DH),triazolate in CH3CN (0.1 M TEAP; scan rate
500 mV s71) at 25 °C.

It may be seen from the data in Table IX that the
ligand L in LCo(DH),N; has only a small influence
on the oxidation potentials; however, it has a relative-
ly much larger influence on the reduction potentials.
In each case where the comparison may be made,
it is more difficult to reduce the LCo(DH),triazolate
complex than the LCo(DH),Nj3 complex. This, in
concert with the fact that the azide ligand is a very
good bridging ligand for inner sphere electron trans-
fer reactions [35] lends support to the mechanism
proposed for the autocatalysis. Cyclic voltammetry
provides additional support for the autocatalysis
mechanism. Figure S illustrates different wave forms,

B. T. Hsieh et al.

7.0
Cl

6.0

Ke(Misec)«10°

1-0 CH,

CH,0

-1.26 -1.24 ~-1.22 -1.20 -1.18

Eqyp [Coliy ==Caoln] (Voits) vs Fre

Fig. 6. Correlation between E;, [Co(III)) = Co(ID)] vs.
Fc*/Fc in acetonitrile containing 0.1 M TEAP at 25 °C for
the (p-XC6H4)3PC0(DH)2N3, X=CH30, CH3, H, CI com-
plexes and k¢ for the reaction of (p-XCgHy)3PCo(DH),N3
with CH3CO0,C=CCO,CHj3 in CHCl; at 27 °C. k¢ = 7.17 X
1075 (£, ) + 9.13 X 1075 (2 = 0.999),

corresponding to Co(IIl) = Co(IV) processes, for
triazolate complexes which dissociate the ligand L
[e.g. L = (CsHs)sP) compared to those that do not
(e.g. L = MePPh;). For the (C¢Hs)sP complex, one
can see distinct waves corresponding to thret differ-
ent species, one of which is probably CH;CNCo-
(DH),triazolate (in such cases the redox potentials
are only approximate). The MePPh, complex shows
only one oxidation wave due to the single species
MePPh,Co(DH),triazolate. As may be seen from
Fig. 5, the anodic currents in both cases are ap-

TABLE X. Spectroscopic Properties of LCo(DH);N3; Complexes

L 62 v(N3)asym)  v(NjMasym)  uv(N3)sym)  &'H oxime? s31p §31pc As31pd
in KBr in CHCl3 in KBr in CDCl3 ligand complex
(em™) (cm™) (em™?) (ppm) (ppm)  (ppm)
Me,PPh 127 2017 2022 1289 2.08 —47.0 285 75.5
(C,Hs0) 3P 109 2019 2022 1294 2.35 137 97.5 -395
1-CH3Im® 2030 2026 1291 2.37
DBP® 2012 2020 1281 1.87 -10.7 307 41.4
MePPh, 136 2021 2021 1284 1.98 -28.0 163 44.3
P(n-Bu); 132 2014 2021 1287 2.33 -333 242 575
(PhCH,)4P 136 2009 2019 1288 2.17 -129 195 32.4
(CsH50) 4P 121 2012 2022 1283 2.10 125 90.8 —~34.2
Piperidine 2020 2022 1294 247
Pyridine 2019 2019 1281 2.33
(CgHs)3As 142 2006 2014 1283 2.08
(p-CICgH4) 3P 145 2009 2014 1283 2.05 -84 234 31.8
PPhj 145 2007 2016 1285 2.00 -6.0 229 28.9
(p-CH3CgHy)3P 145 2012 2017 1287 2.02 -8.0 227 30.7
(p-CH30CgH4) 3P 145 2015 2017 1285 2.02 -104 21.7 32.1
(CeHypsP 179 2005 2017 1290 2.37 ~10.7 1.6 12.3

8Tolman’s Cone Angle; see ref. 37.
ance 6 £ 1 ppm.
ref, 38.

BJ(PH) ~ 1 Hz for all R3P containing complexes.  ©Because of the breadth of the reason-
d A831p = §3!P(complex) — 63!P(ligand); a negative coordination chemical shift is normal for phosphites; see
¢DBP, 1-phenyldibenzophosphole; 1-CH3Im, 1-methylimidazole.
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proximately the same, indicating that several mono-
electronic processes for a single (C¢Hs);PCo(DH),-
triazolate species are not plausible.

If the rate determining step in the autocatalysis
mechanism is inner sphere electron exchange involv-
ing reduction of LCo''(DH),N; to [LCo''(DH),-
N3]~ then one might expect that the easier it is to
reduce the LCo(DH),N; species the faster will be
the reaction [35] (greater k¢ value). Indeed, there
is an excellent linear correlation (r? = 0.999) between
the k¢ values and the E,,, values (Fig. 6) of the
Co(III) = Co(IT) processes for the triarylphosphine
azido complexes. Cyclic voltammetry experiments
have also been performed on (CgHs);PCo(DH),N3
and (p-ClIC¢H,)sPCo(DH);N; in dichloromethane
using 0.1 M tetrabutylammonium perchlorate as the
supporting electrolyte. The order of both the oxida-
tion and reduction potentials is the same in this
solvent as in acetonitrile. Also, the rate of the chem-
ical step following the heterogeneous charge transfer
(dissociation of the ligand from the Co(IV) oxidized
species) is lower in dichloromethane than in aceto-
nitrile. Thus, the reverse reduction waves are seen
in dichloromethane.

5. Relation of Spectroscopic Data to Reaction Rates

Spectrosocpic data and Tolman’s Cone Angles
(a measure of the steric size of the ligands L) for
the complexes LCo(DH),N; are listed in Table X.
Tolman’s Cone Angle, the phosphorus coordination
chemical shift and the value of v(N;)(asym) may be
used as guides for separating these compleces into
the two categories of reaction. All complexes with
cone angles for L less than 142°, phosphorus coordi-
nation chemical shifts greater than 32.1 ppm and
v(N;Xasym) in the vicinity of 2022 c¢cm™! react by
an overall second order rate law of the form: rate =
k [LCo(DH),N3][DAD]. In contrast, those complexes
with Tolman’s Cone Angles greater than 142°, A§3'P
less than 32.1 ppm, and »(N;)(asym) in the vicinity
of 2015 cm ! react by an autocatalytic process.
Thus, the larger the ligand, the weaker the cobalt
ligand bond strength and the easier the dissociation
of the ligand, the greater is the probability of the
autocatalytic process if the dissociated ligand is a
good enough nucleophile to react with DAD to form
the cabenoid species.
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