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Abstract: The Co(III) carbene complexes [Co(DMGH)»(L.)2][PF¢] and [Co(CH3)(DMGH)»(L)] (DMGH = dimethyigly-
oximato, L = :C(NHCH3),) and the isomeric formamidine complexes (L = :N(CH3;)CH(NHCH3)) have been prepared
and characterized. These systems are viewed as acyclic analogues of C- and N-coordinated imidazole complexes. Proton
magnetic resonance ('H NMR) spectra indicate that the carbene and amidine ligands both contain planar, conjugated
N-C-N units similar to those observed in amidinium ions. Specific assignments of the ligand conformations have been made
on the basis of "TH NMR parameters. The effects of internal steric interactions and solvents on the observed conformer distri-
butions are discussed. [Co(CH3;){DMGH),(C(NHCH3),)] undergoes irreversible themal isomerization in solution to form
the isomeric formamidine complex. Possible mechanisms for this novel linkage isomerization are considered. Protic acids in-
duce rapid solvolysis of the formamidine ligands in both types of complexes. Under similar conditions the carbene complexes
remain intact but undergo rapid proton exchange at the carbene nitrogens.

Recent studies of ruthenium complexes of imidazole have
revealed the existence of complexes containing imidazole
coordinated through a ruthenium carbon bond, 1, as well as
the more common coordination through nitrogen, 2.!2
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Under acidic conditions it has been shown that some com-
plexes of type 2 undergo isomerization to species of type 1.
At present this novel type of linkage isomerism appears to
be limited to a few complexes of ruthenium. However, the
C-bound linkage isomer is related to a number of other
ylide or carbene complexes which have been prepared by
other routes.>* Other complexes containing bonds from a
metal to C-2 of various imidazole derivatives have been pre-
pared, but in these cases the positioning of substituents on
both of the imidazole nitrogen atoms has effectively blocked
these atoms as potential coordination sites.>*

Because of the frequent occurrence of imidazole units at
the metal binding sites of naturally occurring macromole-
cules, it has been suggested! that this form of linkage isom-
erism may have considerable biological significance. An im-
portant question which arises in this context concerns the
ability of more common metal ions to engage in binding im-
idazole through C-2. Since the stability of such species with
biologically important metals like iron, cobalt, and copper is
not established, it is not certain whether failure to observe
C-bound imidazole complexes of these metals is due to their
instability or to the lack of a facile synthetic route to the
C-bound linkage isomer. In order to explore these questions
a rational route to the preparation of similar linkage iso-
mers has been devised. Acyclic carbene complexes 3 are
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readily available through the reaction of amines with coor-
dinated isocyanides. Complexes containing this unit offer a
convenient analogue to the C-bound imidazole 1. Amidine
complexes 4, which are acyclic analogues of 2, may be pre-
pared by either the reaction of an amine with a coordinated
nitrile3¢ or, as reported here, by the direct reaction of an
amidine with a metal ion.

Herein, the synthesis of low spin cobalt(III) complexes of
types 3 and 4 are reported. Such complexes are of potential
relevance to the chemistry of coenzyme B> which contains
a benzimidazole function that acts as one of the axial li-
gands of the central cobalt.” This work, along with previous
preparations of low spin iron(11) carbene complexes ®-'? in-
dicates that at least two common metals have the potential
for forming complexes with imidazole through C-2. Al-
though the structural similarities between carbene com-
plexes and free amidinium ions have been emphasized in
previous studies,®!! few comparisons between amidine li-
gands and carbene ligands have been made. In addition to
the structural relationships between coordinated carbenes
and amidines, these moieties are related in another way.
When carbene ligands are separated from a metal, they
isomerize into the corresponding formamidine. Consequent-
ly, it appears that carbene complexes are intermediates in
the metal catalyzed synthesis of formamidines via the a-
addition of amines to isocyanides.'? In addition to the syn-
theses of these carbene and amidine complexes, an investi-
gation of the conformation of both types of ligands, the be-
havior of both types of ligands upon protonation, and an ex-
ample of the isomerization 3 — 4 is reported.

Experimental Section

Preparation of Compounds. Methyl isocyanide'? (caution,
toxic), N,N’-dimethyiformamidine,'* methylatobis(dimethylgly-
oximato)cobalt(111) dimer,'> and bis{di(methylamino)carbene}-
gold(1) hexafluorophosphate (14)'2 were prepared by the reported
procedures.

[(CH3NC);Co(DMGH);][PFg]. A solution containing 928 mg
(8.00 mmol) of dimethyiglyoxime in 50 ml of ethanol was added to
a solution of 952 mg (4.00 mmol) of cobalt chloride hexahydrate in
5 ml of water. Methyl isocyanide (0.6 mi, 10 mmol) was added to
the blue-green solution. An air stream was bubbled through the so-
lution for 20 min. After filtration, 648 mg (4.00 mmol) of ammo-
nium hexafluorophosphate dissolved in 10 ml of water was added
to the filtrate. The brown crystalline product was collected by fil-
tration. Purification was achieved by recrystallization from nitro-
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methane-acetone (yield 750 mg, 41%): conductivity, A = 96 cm?
mol~' ohm™';ir 2270 cm™' (vc=n); 'H NMR in dimethyl-de sulf-
oxide, 7 7.76 (methyl groups of DMGH), 6.62 (CH3NC), —6.95
(O-H«0). Anal. Caled for Ci3H3CoF¢NgO4P: C, 27.92; H,
3.91; N, 16.28. Found: C, 28.15; H, 3.74; N, 16.40.

[{(CH3NH),C},Co(DMGH),][PF¢]. An ethanol-water solution
containing [(CH3NC),Co(DMGH),]* was prepared via the above
procedure. Methylamine (1.0 ml of a 40% aqueous solution) was
added to the mixture and aeration was continued for an additional
20 min. The mixture was filtered and a solution of 1.0 g (6.1
mmol) of ammonium hexafluorophosphate in 10 ml of water was
added to the red-orange filtrate. The crude solid product was col-
lected and recrystallized from nitromethane to give 1.0 g (49%) of
light yellow crystals: conductivity, A = 95 cm? mol™! ohm™'; ir
3365 (vn_H), 1575 (vN-0O, ¥Nwc..N). Anal, Caled for Ci4H30Co-
FeN3O4P: C, 29.08; H, 5.23; N, 19.38. Found: C, 28.77; H, 4.76;
N, 19.37.

[(CH3NH;),Co(DMGH);][PFg]. Methylamine (2 ml of 40%
aqueous) was added to a solution prepared by adding 928 mg of di-
methylglyoxime dissolved in 50 ml of ethanol to a solution of 952
mg of cobalt chloride hexahydrate in 5 ml of water. The solution
was aerated for 30 min and filtered. Addition of 648 mg of ammo-
nium hexafluorophosphate to the filtrate produced orange crystals.
Purification was achieved by recrystallization from nitromethane
(yield 1.9 g, 96%): conductivity, A = 92 cm? mol™! ohm™'; ir
3300, 3220, 3140 (vN_n), 1595, 1570, 1560 sh (vn-0, 6n-H); 'H
NMR in acetone-dg, 7 8.40 (CH;3N, triplet, *Ju-y = 6.5 Hz), 7.86
(methyl groups of DMGH), 7.28 (H,-N, broad, 3Jy_y not re-
solved). Anal. Caled for C1gH24CoFgNgO4P: C, 27.92; H, 3.91; N,
16.28. Found: C, 28.15; H, 3.74; N, 16.40.

[(CH3NH);C},Co(DMGBF,)][BF4). Boron trifluoride etherate
(2.0 ml) was added to a suspension of 200 mg (0.346 mmol) of
[{(CH3NH)>C},Co(DMGH);][PFg] in 20 ml of ether. The mix-
ture was stirred at room temperature for 72 h. The solid was then
collected, washed with ether, and recrystallized from acetonitrile-
1-propanol to give 210 mg (96%) of product: ir 3415 (vNn_n), 1615,
1585, 1569, 1550 (vn-0, YN..C-N, ON_H), 1065, 1012 (vg_g). Anal.
Caled for Ci4H3B3CoFgNgOy4: C, 27.31; H, 4.58; N, 18.20.
Found: C, 27.53;, H, 4.81; N, 18.02.

[{CH3NH)CHN(CH3)}2Co(DMGH),][PF,]. N,N'-Dimethyl-
formamidine (2.0 ml, 20 mmol) was added to a solution prepared
by mixing a solution of 952 mg of cobalt chloride hexahydrate in §
ml of water with a solution of 928 mg of dimethylglyoxime in 50
ml of ethanol. Air was bubbled through the solution for 45 min.
After filtration 3 ml of 65% aqueous hexafluorophosphoric acid
was added to the filtrate. The mixture was stored at —10 °C for 1
h and then filtered to collect the yellow-brown crystalline product.
Recrystallization from nitromethane~ether gave 350 mg (19%) of
pure material: conductivity, A = 100 cm? mol~! ohm™!; ir 3650 sh,
3570, 3350 (vN-n), 1670, 1560 (vN...c..N, ¥N-0, ON-H). Anal. Calcd
for C14H30CoFgNgO4P: C, 29.08; H, 5.23; N, 19.38. Found: C,
28.64; H, 5.38; N. 19.27.

(CH3NC)CH3)Co(DMGH),. This compound was prepared from
[CH3Co(DMGH),]; and methyl isocyanide as described pre-
viously:'6 ir 2202 (ve=N), 1535 (vn—o); 'H NMR in dimethyl-d¢
sulfoxide = 9.27 (CH3-Co), 7.92 (methyl groups of DMGH), 6.61
(CNCH,;, triplet, 2Jn.g = 2.5 Hz), ~8.40(0-H--0).

(CH3NH2)Co(CH3DMGH);. Anhydrous methylamine was bub-
bled through a suspension of 0.3 g (0.5 mmol) of
[CH3Co(DMGH),]; in 10 ml of dichloromethane. The solids dis-
solved within 1 min to give a clear yellow solution. The product
was precipitated by addition of ether (15 ml). Following recrystal-
lization from dichloromethane-ether 310 mg (92%) of dark yellow
crystals was obtained: ir 3280 sh, 3240, 3160 (vn_g), 1560 (vN-0,
dN-n); 'H NMR in dimethyi-de sulfoxide 7 9.76 (CH3-Co), 8.24
(CH;3N, triplet, 3Jy_g = 6.5 Hz), 7.91 (methyl groups of
DMGH), 7.20 (H;N, broad quartet, 3Jy.y = 6.5 Hz), —8.45
(O-H Q). Anal. Calcd for C1gH22CoNsQy4: C, 35.83; H, 6.61; N,
20.89. Found: C, 36.31; H, 6.50; N, 21.12.

{(CH3NH)2CiCo(CH3¥XDMGH);. Anhydrous methylamine was
passed through a solution of 345 mg of [(CH3NC)-
(CH3)Co(DMGH),] in 10 ml of CH»Cly. The solution color
changed from light yellow to orange after 1 min. Addition of me-
thylamine was discontinued and three drops of methyl isocyanide
were added. The solution was allowed to stand, protected from
light, for 48 h. The light yellow solution was evaporated to dryness

under vacuum, The residue was recrystallized from chloroform-
hexane to give 330 mg (90%) of yellow crystals: ir 3390, 3290,
3170 (vN-H), 1565 (YN_O, VNwCwN, ON-H). Anal. Caled for
C12H25CoNgO4: C, 38.30; H, 6.70; N, 22.33. Found: C, 38.36; H,
6.81; N, 22.44.

{(CH3NH)CHN(CH3)}Co(CH3XDMGH)2. N,V -Dimethylforma-
midine (0.10 ml, 1.4 mmol) was added dropwise to a stirred sus-
pension of 0.4 g (0.66 mmol) of [CH3Co(DMGH),] in 15 mi of
dichloromethane. Hexane (25 ml) was added to the resulting yel-
low solution to precipitate the product. Recrystallization from di-
chloromethane~hexane yielded 0.42 g (77%) of yellow crystals: ir
3330 sh, 3280 (vN-m), 1665, 1560 (¥N-0, YNe-C-N, ON-H). Anal.
Calced for C13H25CoNgOy4: C, 38.30; H, 6.70; N, 22.33. Found: C,
38.52; H, 6.78; N, 22.15.

Physical Measurements. These were performed as outlined pre-
viously.!® Infrared spectra were recorded for powdered solids in
fluorocarbon (4000-1300 cm™') or mineral oil (1300-600 cm™!)
mulls.

Thermal Isomerization Reactions. Solutions of the complexes in
NMR tubes were degassed on a vacuum line and the tubes were
then sealed under vacuum. A Kontes NMR tube heater served as a
constant (£0.5°) temperature bath. 'TH NMR spectra were record-
ed periodically at ambient temperatures (ca. 30°). The samples
underwent no perceptible change in compostion during the times
required to obtain the spectra.

Results and Discussion

Preparation and Characterization of Complexes. Two
pairs of linkage isomers have been prepared. Both involve
Co(III) and utilize two dimethylglyoxime monoanions
(DMGH) as in-plane donors. The first pair of isomers are
cations 5 and 6. The two axial sites, L and L’, are occupied

CH, o

=H; L=L=CNHCH,)y; z=1
H;, L =L"=N(CH,)CH(NHCH,); z=1
Fy; L=1L"=C(NHCH,)y; z=1
; L=CHy; L'=C(NHCH,); z=0
9, X=H; L=CH; L' =N(CH)CH(NHCH,); 2 =0

by di(methylamino)carbene ligands in 5 and isomeric
N,N’-dimethylformamidine ligands in 6. The carbene com-
plex 5 was prepared in a one-step synthesis which involved
the aerial oxidation of Co(II) in the presence of dimethyl-
glyoxime, methyl isocyanide, and methylamine. In the ab-
sence of methylamine this procedure gives the bisisocyanide
complex [(CH3NC)>Co(DMGH),]*. In the preparation of
5 the intermediate bisisocyanide complex has undergone
nucleophilic addition of methylamine to each isocyanide
donor carbon., Complex 6 was also prepared by oxidation of
Co(II) in the presence of dimethylglyoxime and, in this
case, N,N’'-dimethylformamidine. This procedure yielded
only ca. 20% of the desired product. Since a sufficient quan-
tity of 6 was available for characterization, no effort was
made to improve the yield. The complexes 5, 6,
[(CH3NC)2CO(DMGH)2]+, and [(CH3NH2)2CO-
(DMGH),]* were isolated as crystalline, analytically pure,
hexafluorophosphate salts. Conductivity data from nitro-
methane solutions indicate that each salt is a 1:1 electrolyte.
The infrared spectra of these cations are consistent with
their formulations and clearly indicate that the isomers §
and 6 are distinguishable. Both isomers show strong N-H
stretching vibrations in the 3500-3100 cm™! region and ab-
sorbtions due to én_y and yn..c..n in the 1600-1500 cm™!
region. The 'H NMR spectra of the complexes are also in
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Figure 1. Possible conformations of (A) di(methylamino)carbene and
(B) N,N’-dimethylformamidine ligands.

accord with their formulation and allow the conformation
of the axial ligand to be ascertained (vide infra).

The reaction of 5§ with boron trifluoride etherate results
in the introduction of BF, bridges between the glyoxime li-
gands to give 7. The carbene ligands remain intact during
this procedure although their conformations are altered.!”
Attempts to introduce BF, bridges into 6 have been unsuc-
cessful; 6 is decomposed by boron trifluoride etherate.

The second pair of linkage isomers are the neutral com-
plexes, 8 and 9, with L = methyl. The amidine complex 9
was prepared by addition of N,/V'-dimethylformamidine to
[CH3Co(DMGH);]2. The carbene complex 8 was prepared
by the addition of methylamine to
(CH3NC)CH3Co(DMGH);. Since methylamine also
caused ligand substitution of methyl isocyanide, this reac-
tion was performed with excess methyl isocyanide present.
The carbene ligand of 8 was resistant to replacement by
methylamine or methyl isocyanide. Analytical and infrared
data for 8 and 9 are given in the experimental section.
These complexes are nonelectrolytes with appreciable solu-
bility in chloroform and dichloromethane.

Conformation of Carbene and Amidine Ligands. A num-
ber of x-ray structures have established that the donor car-
bon and the two nitrogen atoms of diaminocarbene ligands
are trigonal planar. The length of the C-N bonds and the
observations of restricted rotation about these bonds indi-
cate that there is appreciable double bond character in
these bonds as would be anticipated for a three-center, four
7 electron system.3*!l Extensive structural data for ami-
dine complexes are not available. It is to be expected that
coordinated amidines will adopt a planar geometry with
partial double bond character in both C-N bonds. Proton
magnetic resonance studies of amidinium ions have been in-
terpreted in terms of a planar, conjugated N-C-N unit
with restricted rotation about the C-N bonds.!® Similar
structural features should occur when a metal ion, rather
than a proton, coordinates an amidine.

As a result of these considerations, several conformations
are possible for amidine and carbene ligands. These are
shown in Figure 1. For the carbene ligands under consider-
ation three configurations are possible while for the isomer-
ic amidine ligand four configurations must be considered. A
number of carbene ligands and the N,N’-dimethylacetam-
idinium ion adopt the EZ or amphi configuration.3:11.18

The 'H NMR spectra of the complexes 5 through 9 allow
the ligand conformations to be identified. The relevant 'H
NMR data are presented in Figure 2 where the resonance
positions and coupling constants are assigned to particular
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Figure 2. 'H NMR parameters for di(methylamino)carbene complexes
(5, 7, and 8), N,N’-dimethylformamidine complexes (6 and 9), and the
N,N’-dimethylformamidinium ion (10). Data are obtained for solu-
tions of 5, 6, and 7 in acetonitrile-d3, 8 and 9 in chloroform-d, and 10
in dimethyl-d¢ sulfoxide. In these solvents the conformer distributions
of 5, 8, and 9 are as follows: 5(EZ):5(ZZ or EE) =~ 1:2.3; 8(EZ):
8(ZZ or EE) = 1:1; 9(EZ):9(EE) = 1:2. Chemical shifts are in 7
units. Coupling constants are in hertz and are represented here be-
tween arrows which connect the coupled protons. The dimethylglyoxi-
mato (DMGH) ligands of the cobalt complexes have been omitted for
clarity. The DMGH methyl resonances are conformation independent
and occur at 7.84 (85), 7.65 (6), 7.56 (7), 7.86 (8), and 7.83 (9).

conformers. All coupling assignments have been verified by
double resonance techniques. '"H NMR data are included
for the N, N-dimethylformamidinium ion, 10. This ion
adopts the EZ conformation and its 'H NMR spectrum
forms part of the basis for the following conformational
analysis. The two 3Jycny of 6.3 and 13.9 Hz in 10 are as-
signed as cis and trans coupling constants, respectively. This
assignment results in associating the inner methyl group
with the high field doublet centered at 7 7.15. Others have
assigned the higher field methyl resonances of N-methyl-
ated amidines and amides to interior, rather than exterior,
resonances on the basis of a variety of arguments.'8!9

The spectra of the isomeric complexes 8 and 9 in chloro-
form-d solution indicate that two conformers of each com-
plex are present. Here, as is generally the case in this series
of compounds, the resonances of the axial ligands, including
the cobalt bound methyl groups, are sensitive to conforma-
tion, but the resonances of the dimethylglyoxime ligands do
not reveal the presence of different conformers. Only one
resonance due to all the dimethylglyoxime methyl groups is
seen. The O-H protons of the dimethylglyoxime ligands
have, in general, not been examined since they occur at in-
conveniently low fields and are not expected to produce any
additional information. Of the two isomers of 8 that are de-
tected, one possesses two different carbene methyl groups
and must be the EZ isomer. Assignment of the second con-
former is more difficult. Since the methyl group of this con-
former appears at a resonance position closer to the position
of the exterior methyl group of 8EZ than that of the interior
methyl group, this isomer may have the ZZ conformation.
In chloroform solution the abundances of the two conform-
ers of 8 are 50% EZ, 50% ZZ. This distribution is, however,
solvent dependent. In acetonitrile solution, the same two
conformers are present but the ratio is 85% EZ, 15% ZZ,
while in dimethyl sulfoxide the distribution is ca. 95% EZ,
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Figure 3. 'H NMR spectra of methylcobaloxime complexes
Co(CH;3)(DMGH)»(L) in dimethyl-d¢ sulfoxide solution: (A) L =
:C(NHCH3;)3, ~95% EZ; (B) L = :N(CH3;)CH(NHCH;), EE;
(C) mixture obtained by heating sample (A) for 21 h at 70°, (D) L =
:NH2CHj; (E) L = :CNCHjs. The recurring multiplet at + 7.52 is due
to residual undeuterated solvent. Resonances occurring at  >9.25 are
due to the cobalt bound methyl group while the other resonances shown
belong to methyl groups on the other axial ligands and to the NH pro-
tons of the methylamine ligand.

5% ZZ. For 9 two of the four possible conformers are de-
tectable. Both exhibit 2/yncu of about 14 Hz so the N-H
and C-H protons of the amidine ligand are trans. Conse-
quently the two conformers present are EE and EZ. The
specific assignments shown in the figure were based on the
observation of /un of 1.5 Hz in one conformer (assigned
as EE) but no detectable, analogous coupling in the other
conformer (assigned as EZ). This assignment again rests on
the assumption that trans coupling will be greater than cis
coupling. This is in part verified: the trans coupling con-
stant in N,N-dimethylformamide is 1.12 Hz, while the cis
coupling constant is 0.56 Hz.'% In chloroform the distribu-
tion of conformations of 9 is 67% EE and 33% EZ. As is the
case with the carbene complex, the conformer population of
the amidine complex is solvent dependent. In acetonitrile
the EE conformer is the most prominent (>90%) although
a second isomer is detectable in the '"H NMR spectrum. It
has not been possible to obtain sufficient data to identify
this conformer. In dimethyl sulfoxide solutions of 9 the EE
conformer is observed exclusively.

With the complexes 5, 6, and 7, the presence of two axial
ligands, which may independently assume the conforma-
tions shown in Figure 1, increases the complexity of the
conformational analysis. If each axial ligand can indepen-
dently assume the conformations shown in Figure 1, then
there are six conformers possible for the carbene complexes
5 and 7 and ten conformers possible for the amidine com-
plex 6. The 'H NMR spectrum of § reveals the presence of
several conformers. The carbene ligands are present in at
least two conformations: one, with two types of methyl
groups, must be the £Z conformer; the second is assigned
as the ZZ conformer on the basis of the low field methyl

group resonance position. All of the carbene methyl reso-
nances of § are unusually broad. It appears that not only
are the carbene ligands present in two conformations but
that the ligand trans to a particular conformation of the
carbene ligand may be either the EZ or ZZ conformer.
Thus it appears that at least three—(EZ,EZ), (EZ,ZZ),
and (ZZ,ZZ)—of the possible six conformers of 5 are
present. In distinct contrast in 7 only one conformer is
present, one with identical methyl groups on the carbene li-
gands. This is probably the EE conformer. The conforma-
tional change induced by the transformation of § into 7 may
result from an increase in the bulk of the in-plane ligand.
Examination of space filling models (Corey, Pauling, Kolt-
um) indicates that 7 is appreciably more crowded than 5
and that some of this crowding may be alleviated by folding
the carbene ligands into the EE conformation.

Complex 6 also appears to exist as only a single conform-
er in acetonitrile-ds solution. The conformational assign-
ment is based on the observation of a 13 Hz coupling be-
tween the C-H and N-H protons and on the observation of
only a 0.5 Hz coupling along the CH3~-N-CH unit.

These data clearly demonstrate that both carbene and
amidine ligands possess a planar 4x electron system extend-
ing over a CNj unit. Previous discussions of carbene confor-
mations have stressed the importance of steric interactions
within the carbene ligand itself. The data for these cobalt
complexes indicates that internal steric effects, solvent ef-
fects and interactions with other ligands are all important in
determining the conformational preferences of carbene and
amidine ligands. Similar effects of solvent on carbene li-
gand conformation have been reported once previously.?0

Interconversion of Isomers. A number of comparative
studies of the chemical stability of the carbene and amidine
ligands have been made. Upon heating in dimethyl sulfox-
ide solution, 8 undergoes both isomerization to the N-bound
form 9 (eq 1) and separate decomposition (eq 2) to produce
amidine and isocyanide complexes.

CH3Co(DMGH)»{C(NHCH3), —
CH3Co(DMGH)2{N(CH;)CH(NHCH3)} (1)

CH;Co(DMGH)2{C(NHCH3)5} —
CH;Co(DMGH),CNCH3 + NH;CH:  (2)

it
CH;3Co(DMGH);NH,CH; + CH3;NC

This thermal reaction has been monitored by 'H NMR
spectroscopy. Representative data are shown in Figure 3.
Traces A and C of the figure show the same solution of 8
before and after heating. The components giving rise to
spectrum C may be readily identified by comparison with
traces B, D, and E which are respectively the spectra of the
complexes with N,/V'-dimethylformamidine, methylamine,
and methyl isocyanide as one axial ligand.?! Disappearance
of the carbene complex was complete when a 0.15 M solu-
tion of 8 was heated for 21 h at 70°. Under these conditions
the formamidine complex is formed in 80% yield, the bal-
ance of the cobaloxime material being converted to roughly
equal amounts of Co(CH;3)(DMGH);(CNCH3) and
Co(CH3)(DMGH)»(NH,CH3). No other products were
detected and no further reaction occurred during an addi-
tional 24-h heating period. When the same reaction was
carried out at 130° the carbene complex was consumed
within 1 h, but the yield of formamidine complex was re-
duced to 64% while production of the methylamine and
methyl isocyanide complexes increased proportionately.
Under identical heating conditions solutions of complex 9
remained unchanged. In contrast, it was not possible to ef-
fect thermal interconversion between § and 6. These cation-
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ic complexes gradually decomposed to yield unidentified
products when dimethyl sulfoxide solutions were heated at
70° for several hours.

The conversion of 8 to 9 is the first example of this type
of isomerization. A reasonable mechanism for this reaction
would involve dissociation of the carbene ligand followed by
isomerization to the free amidine and recapture by the li-
gand-deficient cobalt center. Such a dissociative process
would be consistent with the established mode of axial li-
gand exchange in a number of methyl cobaloxime com-
plexes.?223 1t is also known that when diaminocarbene li-
gands are liberated from metal complexes, either by heating
or by ligand displacement, they are converted to the isomer-
ic amidine.!? However, preliminary kinetic investigations of
the isomerization indicate that the reaction is more complex
than outlined above. The isomerization 8 — 9 is autocatal-
ytic; the rate of disappearance of 8 increases during the
course of the reaction. Additionally it has been possible to
detect, in the reaction mixture after isomerization, small
amounts of paramagnetic Co(Il) species by electron spin
resonance measurements. It is not known whether the
Co(II) species influences the kinetics of isomerization. The
second thermal reaction of 8 (eq 2) is just the reverse of the
reaction which was used to form 8. Such a decomposition of
a carbene ligand has been observed previously for iron?*
and gold'? complexes.

The reactions of the carbene ligand in 8 may be com-
pared to the thermal reaction of the chelated carbene found
in 11.25 Upon heating 11 does not isomerize to give 12 al-

H,C H
N
]_\|]' CH;; 2+
C'\ J H
\\ /N\C/
(CHSNC),;Fe\ NCH; 7L>(CH3NC)4Fe\ l
l'/ "3/ cH,
] .
! N
N PN
HJC/ \H H,.C H
1 AW 12
B NCH, 7
CH,
(CH‘iNC)4F< IL
?/ \H
L H/ \CH,. B
13

though the five-membered chelate ligand present in 12 has
been prepared?6 and this conversion would appear to relieve
ring strain present within the four-membered ring of 11.
Rather 11 undergoes reactions which have been ascribed to
opening of the C-N bonds of the chelate ring. The nonche-
lated form 13 has been implicated as an intermediate in
these reactions.?’

Behavior toward Acids. The carbene complexes described
here, and other carbene complexes as well, appear to retain
their integrity upon treatment with protic acids. In contrast
the amidine complexes 6 and 9 are decomposed by treat-
ment with acid. Treatment of 6 in acetonitrile or dimethyl
sulfoxide solution and 9 in chloroform solution with trifluo-
roacetic acid results in rupture of the Co-N (amidine)
bonds and the formation of N,N’-dimethylformamidinium
ion. This reaction is due to protonation of the amidine li-
gand. Experimental evidence has been presented which
demonstrates that analogous amidinium ions may be pro-
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tonated.'® Both nitrogen atoms of an amidine ligand would
be expected to be subject to protonation. Protonation of the
cobalt-bound nitrogen would be expected to weaken that
Co-N bond and facilitate the departure of the completely
formed amidinium ion.

The nitrogen atoms of carbene ligands are also subject to
protonation. In this case, however, the cobalt-carbon bond
is not appreciably weakened since protonation does not
occur at the cobalt bound carbon. Consequently the greater
stability of carbene complexes over amidine complexes may
be explained. However, protic acids do facilitate proton ex-
change at the carbene nitrogen atoms. The '"H NMR spec-
tra of 5 and 7 show a loss of the coupling between the N-H
and the methyl protons when trifluoroacetic acid is added.
A more extensive examination of this protonation has been
made with the less complicated carbene compound 14. The

14

hexafluorophosphate salt of this cation in acetonitrile-d3 so-
lution shows two methyl doublets at 7 7.36 CJy_y = 4 Hz)
and 6.85 (3Ju_n = 4 Hz). Upon addition of trifluoroacetic
acid to an acetonitrile solution of 14, the '"H NMR spec-
trum undergoes a series of changes. These changes are re-
versible upon dilution. Initial acid addition causes the meth-
yl doublets to broaden slightly. The upfield methyl doublet
collapses into a single line when the mole fraction of trifluo-
roacetic acid is in the range 0.29-0.36. The downfield dou-
blet undergoes similar collapse with the mole fraction of tri-
fluoroacetic acid in the range 0.36-0.48. With further in-
creases in the trifluoroacetic acid concentration the two
methyl resonances broaden and when the mole fraction of
trifluoroacetic acid reaches the range 0.63-0.66, these reso-
nances merge into a single broad resonance. Further in-
creases in the mole fraction of trifluoroacetic acid cause
only a narrowing of this resonance. Two separate processes
are responsible for these changes. The initial collapse of the
methyl doublets and loss of 3Jyy is due to rapid exchange
of the N-H protons. This occurs via protonation of the car-
bene nitrogens. Since the two nitrogen atoms are nonequiv-
alent, different rates of proton exchange at each nitrogen
are expected. The coalescence of the two methyl resonances
into a single resonance results from rapid rotation about the
CN bonds at increasing acid concentrations. Protonation of
the carbene nitrogens localizes the = electrons into a nitro-
gen-hydrogen bond and destroys the multiple bond charac-
ter of the C-N bond. Consequently rotation about the C-N
bonds is facilitated by high acid concentrations. Completely
analogous observations have been made for amidinium
ions.'* For the N,V -dimethylacetamidinium ion the col-
lapse of the high field, interior methyl doublet was found to
occur at lower acid concentrations than necessary for the
collapse of the low field, external methyl doublet.?® For this
ion higher acid concentrations caused the coalescence of
both methyl singlets.

The ability of boron trifluoride etherate to convert 8 into
7, while 6 undergoes decomposition under identical condi-
tions, may be understood in the context of the protonation
studies. Boron trifluoride may be expected to act as an acid
toward the nitrogens of either the carbene or amidine li-
gand. With the amidine ligand of 6, attack of the Lewis
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acid at the cobalt-bound nitrogen would result in weakening
of that cobalt-nitrogen bond and would facilitate loss of
amidine. Under similar reactions, however, the cobalt-car-
bon bond of § would remain largely unaffected.

Conclusions

This work demonstrates that carbene or ylide complexes
of Co(III) are stable, isolable species even in the presence of
a trans methyl group. However, a route for the conversion
of the amidine ligands into the isomeric carbene ligands has
not been found with these cobalt complexes. The transfor-
mation of N bound to C bound imidazole or formamidine
probably depends strongly on the activation of the C-H
bond involved. In the known cases in which this isomerism
occurs, it may be that a key isomerization step involves
transfer of a proton from the imidazole carbon to the filled
d orbitals of ruthenium. Evidence for electrophilic attack on
the filled d orbitals of ruthenium has been presented;?? sim-
ilar attack is expected to be much less significant for co-
balt(IIT) which would have a much reduced radial extention
for its filled d orbitals.
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Abstract: Homogeneous hydrogenation catalysts are prepared in situ by reductive elimination of a diene from a class of pre-
cursors of the type [Rh(diene)L,]*A~ (L = tertiary phosphine or arsine, or phosphite, # = 2 or 3; L, = chelating phosphine
or arsine; A~ = ClO4~, BF4™, or PF¢™), on reaction with molecular hydrogen in polar solvents (S = acetone, tetrahydrofu-
ran, or 2-methoxyethanol). We present evidence for two metal-hydride complexes, [RhH,L,S,]* and RhHL,S,, in solu-
tion. The equilibrium between the two is sensitive to the nature of L and S and can be shifted by addition of acid or base.
They are active catalysts in two of three basic catalytic cycles. The neutral monohydride is a powerful hydrogenation catalyst
but also concomitantly isomerizes olefins (path A). Path B involves the cationic dihydride, which is a moderately active hy-
drogenation catalyst but a poor isomerization catalyst. Path C involves the cationic complex [Rh(olefin)L,]* and probably
occupies a minor catalytic role for weakly coordinating olefins. This system may serve as a model for homogeneous hydroge-
nation with cationic catalysts in general. Elucidation of its essential features led to its use to selectively reduce alkynes to cis
olefins and chelating dienes to monoenes to be described in Parts IT and III, respectively.

Interest in catalytic hydrogenation using soluble transi-
tion metal complexes continues to be intense.?2 Unfortu-
nately, relatively few homogeneous hydrogenation cata-
lysts?® are commonly used by the practicing organic chem-
ist since most, if not all, suffer, to varying degrees, from one

or more of the following disadvantages: (i) they function
satisfactorily only under conditions too vigorous or inconve-
nient for practical, routine applications; (ii) they cannot be
greatly modified by altering the ligands to give, for exam-
ple, regio- or stereoselectivity; and (iii) they usually reduce
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