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The paramagnetic rhodium phthalocyanine complex (RPc)gRRle 4) (RPc= dianion of 1,4,8,11,15,18,22,25-
octan-pentylphthalocyanine) has been prepared by the reaction of trimethylphosphing) (Rithe hydride-
bridged and nonbridged rhodium phthalocyanine dimers. The reaction afhigdrido complex (RPcH)R¢
H)Rh(RPc) b) (RPcH = RPc with one of its meso nitrogens protonated) with BMée—10 °C produces
(RPc)(PMg)RhH (6), which further reacts with PMgdo produce4 and H at higher temperatures. If the solution
of 6 is allowed to warm in the absence of free PjVid; is also liberated an@ is converted to an equal number
of moles of4 and [(RPc)Rh(PMe;) (7). In contrast, the reaction & with pyridine (py) produces (RPc)(py)-
RhH (11), which does not react with additional pyridine. Alternativelyis generated by the reaction of the
Rh—Rh bonded dimer [(RPc)Rh[1) with PMe;. In this reaction, the formation af as an intermediate may be
shown by the titration ofl with PMe;. Complex1 reacts with4 to produce (RPc)Rh(10) and (RPc)(PMg.-

Rh* (9). A redox exchange betweehand9 ensues. The cobalt analoguedpf.e., (RPc)(PMg).Co (12), was
generated reversibly by the reaction of (RPc)T8) vith PMe; at low temperatures. THél NMR and the ESR
spectra of4, 12, and13 indicate that whilel3 is a metal-centered radical,and12 are best described as ligand-
centered radicals. Thereforé,and 12 are formulated as Rh(lll) and Co(lll) complexes of the singly reduced
mr-radical anion RPc, generated by metal-to-ligand charge-transfer reactions induced by phosphines. Consistent
with formulation of 4 as a Rh(lll) complex, it is only slowly oxidized in air and its PMigand is slow to
exchange with the free phosphine.

Introduction stability of the planar [[MNT)Rh]Z=% and (RNCS),RNh has
o ] ) ) ) to be attributed to electronic factors only, since protective bulky
The coordination chemistry of rhodium is dominated by |igands are not present in these complexes. Apparently, the
mononuclear Rh(l) and Rh(lll) complexes. Only a few mon- presence of the soft sulfur atom and the conjugatémnds in
omeric Rh(ll) complexes have been prepared and isolated. Thethese ligands so effectively stabilizes these Rh(Il) complexes
scarcity of mononuclear Rh(ll) complexes, in contrast to the that dimerization does not occur. With the exception of-(C
abundance of mononuclear Co(ll) complexes, is the result of HPhy),Rh, all of the isolated Rh(ll) complexes are either 15-
the more favorable energetics for their dimerization. As aresult, electron or 17-electron complexes. To our knowledge; (C
most of the reported mononuclear Rh(Il) complexes have beenHPh);Rh is the only 19-electron Rh(Il) complex that has been
characterized by their ESR spectra at low temperature or inferredisolated. Another class of “Rh(ll)” complexes, as exemplified
from electrochemical studies only. In recent years, more by (OETAP)(py}Rhg (PPh)(NO)CkLRh? and (Pc)(CNyRH?~,10
mononuclear Rh(ll) complexes have been isolated and charac-is the six-coordinate 19-electron or 18 6 complexe$' that
terized. Dimerization of these complexes is prevented by the have the odd electrons residing primarily on a ligand-centered
presence of sterically demanding ligands or electron-withdraw- orbital. Thed indicates the residual odd electron density on
ing ligands that can effectively reduce the unpaired electron the metal center. This class of compounds is best described as
density on rhodium. Steric constraint is definitely the most Rh(lll) complexes of singly reduced radical anions of the
important factor for the stability of the following Rh(ll) ~ ligands. A comprehensive review on mononuclear Rh(ll)
complexes: (TMP)RA(TTEPP)RIR (CsHPhy),Rh3 [P(i-Pr)]»- complexes has recently been published by DeWit.
ClbRh# and [(TMPP)Rh](BR)2°> On the other hand, the
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Figure 1. Molecular structure of (RPcH)Rh{H)Rh(RPc) b). The Senn
pentyl groups are omitted for clarity.
Our interest in mononuclear Rh(ll) complexes began with @ ! 21
our study of using the RhRh bonded dimer [(RPc)Rh)1) Ww i
(RPc= dianion of 1,4,8,11,15,18,22,25-oatgpentylphthalo- 200 220 240 ppm -31.0 -38.0

cyanine) as a catalyst for hydrocarbon activaﬁ%r\/\/e fpund Figure 2. *H NMR spectra for the reaction of (RPcH)RAK)Rh-
that the results ofl-catalyzed hydrocarbon activation are (RPc) 6) with PMe; to generate (RPc)(PMeRh (4), with (RPc)-
consistent with a radical mechanism, in which the reaction is (PMe;)RhH (6) as an intermediate: (a) 0.9dmol of (RPcH)Rhg-
initiated by homolysis ol to generate the (RPc)RRB)(radical. H)Rh(RPc) in 0.50 mL of toluends; (b) PMe from 1.6 umol of
This highly reactive radical then abstracts a hydrogen atom from Ag(PMe:)sl added to the frozen solution, and the solution warmed to
a C—H bond of the substrate. In this report, we describe our —10 °C; (c—e) recorded over 2-h period at different temperatures.
study of the reactions of phosphines with hydride-bridged and ]

nonbridged rhodium phthalocyanine dimers to generate mon- Paramagnetic (RPc)(PMeRh (4) (9%; Har ato —24.4 ppm),
omeric Rh(Il) complexes of phthalocyanine radical anions. We Which was isolated from the reaction of [(RPc)Rhjth PMe;
have succeeded in breaking the-Rkh bond of1, which is in a separate experiment. The compl#NMR resonances
estimated to be about 22 kcal/mol from the kinetics of its Of 4 are presented in Table 1. CompouBidvas found to be
reaction with toluend® with phosphine ligands at ambient duite stable in the presence of PMat low temperatures.
temperature. However, instead of generating the five-coordinateHowever, it reacted with PMeto produce4 and H as the
(RPc)(PMe)Rh (3), the reaction ofl with PMe; leads to solgtlon was aIIovyed to warm to room temperature over a 2-h
formation of six-coordinate 18 o (RPc)(PMe),Rh @), even period, as shown in Figure 2fe. These reactions are depicted
in solutions in which the mole ratio of PM&h is 1. The'H by egs 1 and 2.

NMR and ESR spectra @ along with its chemical reactivities,

indicate that it is best described as a Rh(lll) complex of the (RPcH)Rh{-H)Rh(RPc)+ 2PMe,—

singly reducedr-radical anion RPc. The cobalt analogue of 2(RPc)(PMgRhH (1)

4, i.e., (RPc)(PMg.Co, has also been prepared. The prepara-

tion and characterization of these paramagnetic complexes,z(RpC)(ng)RhH_|_ 2PMe, —
together with some related Rh(lHhydride and Rh(l) com-

plexes, are described.

Results

(RPc)(PMe;)RhH (6) and (RPc)(PMey)2Rh (4) from the
Reaction of (RPcH)Rh-H)Rh(RPc) (5) with PMes. The
change in the high-field region of tH&l NMR spectrum that
accompanies the reaction of (RPcH)R#{)Rh(RPc) b, Figure
1) (RPcH= RPc with one of its meso nitrogens protonatéd)
with trimethylphosphine is shown in Figure 2. Figure 2a shows
the hydride resonance 6&fin tolueneds ato —38.1 ppm, which
appears as a broad resonance because of the dynamic exchan
among its four isomers at room temperatures. Addition of
excess PMgat low temperatures led to immediate formation
of six-coordinate (RPc)(PMERhH (6) in 91% yield, as revealed
by its hydride resonance at—21.03 ppm (Figure 2b) (ddp_4

_ — (13) (a) Chen, M. J.; Rathke, J. W. Chem. Soc., Chem. Comm@892
340.0 Hz andian- = 19.6 Hz) and the methyl resonance of 308. (b) Chen, M. J.; Rathke, J. rganometallicsL994 13, 4875.
PMe; at 6 —2.71 ppm (ddJp-n = 6.8 Hz andJrn-n = 1.6 (c) Chen, M. J.; Niiez, L.; Rathke, J. W.; Rogers, R. Drganome-

Hz). The only other product observed was the six-coordinate tallics 1996 15, 2338.

2(RPc)(PMg),Rh+ H, (2)

All the 'H NMR resonances of are broad and temperature
dependent, as expected of a paramagnetic complex. The
resonance for the aromatic H’s is shifted upfield-629 ppm,
while the ot H’'s of the pentyl group are shifted downfield by
~8 ppm from those of diamagnetic Rh(lll) complexes. Unlike
typical Rh(ll) complexe3? this paramagnetic rhodium complex
is inert toward ligand substitution reactions. Its exchange with
free trimethylphosphine is slow on the NMR scale even at 80
g&’ and it is only slowly oxidized in air to give a complicated
product mixture. These results suggest thais more ap-
propriately formulated as a Rh(Ill) complex of theradical
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Table 1. 'H NMR Spectra of Rhodium and Cobalt Complexes of 1,4,8,11,15,18,22,25nchztatylphthalocyanine

temp,
compound °C solvent Har, ppm other resonances, ppm

(RPC)(PM@)RhH  —40  GDsCDs 7.78(s,8H)  —20.81 (knn, dd, 1H,dp_n = 347 Hz,Jxn-n = 19.6 Hz);—2.79 (b, d, OH,

Jp1 = 6.8 HZ,Jgn-n = 1.6 Hz); 4.78 (K, mult, 16H); 2.38 (H, q, 16H); 1.73
(H, , mult, 16H); 1.41 (H, mult, 16H); 0.93 (hhe, t, 24H,J4-1 = 7.4 Hz)

(RPc)(PMeg).Rh room GDs —20.98 (brs, 8H) 0.250 (e, br s, 18H); 13.19 (K br s, 16H); 7.21 (i, br s, 16H); 1.35 (K,
mult, 16H); 1.08 (H, mult, 16H); 0.99 (ke, t, 24H,J4-n = 7.4 Hz)
[(RPc)RhE(PMe) room  GDs 8.03 (s, 8H) —4.68 (Hbmey, d, 9H,Jp-1 = 13.2 Hz); 4.83 (K1 + Hor , mult, 16H); 3.93 (H,,
8.14 (s, 8H) mult, 8H); 3.74 (&, mult, 8H); 2.40 (H1, mult, 16H); 2.33 (H2, mult, 16H);

1.80 (H, + H,,, mult, 32H); 1.57 (H + Hy, mult, 32H); 1.03 (hhe, t,
Jn-n = 7.4 Hz, 24H); 0.99 (e, t, Ju—n = 7.2 Hz, 24H)

[(RPc)(PMg)Rh]; room  GDs 8.09 (s, 16H)  4.84 (kt, mult, 16H); 3.84 (K2, mult, 16H); 2.41 (i1, mult, 16H); 2.33
(Hgz, mult, 16H); 1.78 (K, mult, 32H); 1.56 (H, mult, 32H); 1.00 (hte, t,
- = 7.2 HZ, 48H)

(RPC)RIT room  GDe 7.67 (s, 8H) 4.59 (b t, Ju_n = 7.2 Hz, 16H)

(RPc)(py)RhH —-75 GDsCDs 7.80 (s, 8H) —28.73 (Hkn-n, d, 1H,Jrn-n = 24.8 Hz); 2.82 (K, br s, 2H); 4.06 (K, br s, 2H);
4.72 (Ha, brs, 8H); 4.84 (K, br s, 8H); 2.40 (W, br s, 16H); 1.72 (K brs,
16H); 1.39 (K, br s, 16H); 0.98 (Ie, t, 24H,J—n = 6.4 Hz)

(RPc)Co room  @DsCDs 10.17 (brs, 8H) 8.04 (K brs, 16H); 4.54 (i, br s, 16H); 3.06 (ki br s, 16H); 1.89 (K, br s,
16H); 0.99 (Hye, br's, 24H)

(RPc)(PMg),Co  —80  GDsCD; —36.76 (brs, 8H)  0.724 (bie, brs, 18H); 18.47 (K br s, 16H); 9.94 (K br s, 16H); 2.09
(H,, brs, 16H); 1.29 (K, br s); 1.19 (Khe, br s)

anion RPt. Results from ESR studies, which are presented [(RPc)Rh], + PMe; — [(RPc)RhL(PMey) (6)
later, are also consistent with as a ligand-centered radical
complex. Figure 3 shows théH and the3P{'H} spectra of a solution

The hydride resonance 6fin Figure 2b-d shifted upfield  prepared by the reaction of nearly equimolar amounts of£Me
and became broader as the temperature was raised. Since thgnd 1 in C¢Dg, with 1 in a slight excess. All of théH
methyl resonances of free Pbland the PMeligand of6in  resonances of the aromatic and the pentyl H's can be easily
these spectra also exhibited line broadening and shifting, it is assigned to the two nonequivalent (RPc)Rh macrocyclés of
concluded that the PMdigand of 6 is labile and that eq 3is  However, the two doublets at—4.66 ppm Jp_y = 13.2 Hz)
responsible for the line-shape change of the hydride resonanceand —4.80 ppm {p_y = 12.8 Hz) in the ratio of 90:10 in the

in Figure 2b-d. region of coordinated PMesuggest the presence of two isomers
of 7, which are designated && and 7b. Our deduction of

(RPc)(PMg)RhH== (RPc)RhH+ PMe; 3) having two isomers o7 in the product solution is also supported

by the3P{1H} spectrum in inset A of Figure 3, which shows
Reductive Elimination of H, from (RPc)(PMeg)RhH (6). two sets of doublets of doublets &t—54.28 ppm ¢ 0.00 for

We have shown that reacts with excess PMeto give HaPOy; Jrhip = 89.0 Hz; Jrnz_p = 75.0 Hz) andd —50.01
(RPc)(PMe).Rh (4) and H according to eq 2. To test the  ppm (Jrpy—p = 82.0 Hz;Jrna2-p = 71.2 Hz) in the ratio of 93:7.
stability of 6 in the absence of free phosphine, a solution was Thjs ratio of 90:10 (determined bjH NMR) was always
similarly prepared from 0.8Bmol of (RPcH)Rh{-H)Rh(RPc) obtained wherfaand7b were generated from eq 6. However,
(5) and 2.0umol of PMe. The 'H NMR spectrum of the  the ratio varied with reaction conditions wh@a and 7b were

solution at 0°C showed that it contained 1.48nol of 6 and obtained from the reaction @f and6 (described later), and as
0.25 umol of 4. After the solution was allowed to stand much as 25% o¥b was obtained.

overnight at room temperature,,Hvas produced and the The expanded spectrum for the aromatic H's in inset B of
solution contained 0.6&mol of 4 and 0.53umol of [(RPc)- Figure 3 reveals a shoulder for the higher field resonance of

Rh](PMe) (7). The characterization of is described in the the two singlets fo7a. We assign the shoulder to an aromatic
following section. This composition is in reasonable agreement resonance of the minor isomeb, since its relative intensity to
with the calculated composition of 0.78nol of 4 and 0.48 73 changes with the relative intensities of the two RMe

umol of 7, if we assume thab decomposes to produce, ind resonances dfaand7b. The other aromatic resonance &if

an equal number of moles dfand7 according to eq 4, possibly s assumed to be buried under the other aromatic resonance of

with formation of (RPc)(PMgRh (3) as an intermediate. 7a The ratio of7ato 7b remained unchanged, and there was
no dynamic exchange between these two isomers even at 105

6(RPc)(PMgRhH— °C, indicating a considerable barrier for their interconversion.

2(RPc)(PMg),Rh + 2[(RPc)Rh}(PMe;) + 3H, (4) The fact that only one aromatic resonance was observed for
each of the two RPc ligands @& suggests that the two (RPc)-
[(RPc)Rh]2(PMeg), [(RPc)(PMes)Rh],, (RPc)(PMes),Rh, Rh macrocycles are either exactly eclipsed or arfestaggered.

and (RPc)Rh™. As mentioned earlier, (RPc)(PMeRh @) is Such a conclusion is also supported by the three multiplets in

also prepared by the reaction of [(RPc)R[i) with PMe; as the ratio of 2:1:1 (or partially resolved 1:1:1:1 multiplets) for

shown in eq 5. the a-methylene protons of the 16 pentyl groups. Twice as
many resonances for the H's would have been observed if

[(RPc)RN], + 4PMe, — 2(RPc)(PMg),Rh (5) the two pentyl groups on each (RPc)Rh macrocycle were not

equivalent.

If 1is titrated with PMg, the monophosphine adduct [(RPc)- Addition of PMe; beyond the 1:1 ratio led to broadening and

Rh];(PMey) (7) is obtained in the addition of the first equivalent shifting of the resonances afa and 7b, and this effect is

of PMe;, as depicted in eq 6. attributed to reversible formation of [(RPc)(PyRh]: (8). In
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Figure 3. H and3'P{*H} NMR spectra of [(RPc)RhB[PMe;) (7) in tolueneds. The solution was prepared by the reaction of nearly equimolar

amounts of [(RPc)Rh]and PMg, with a very slight excess of [(RPc)Rh]
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Figure 4. Reaction of (RPc)(PMgRh (4) with [(RPc)Rh} (1) in benzeneds, producing (RPc)(PMg.Rh" (9) and (RPc)Rh (10) as reaction

intermediates: (aH NMR of 4 and [(RPc)RhJ(PMe;) (7) generated from
(c) solution at 5C°C for 6 h, and 0.18:mol of 1 added; (d) 4 days later.

a much slower proces8,is converted ta}, presumably by the

homolysis of8 to generate3, which then takes up the second
PMe; ligand. These results are depicted in eqs 7 and 8.

)
[(RPc)(PMg)Rh], + 2PMe, — 2(RPc)(PMg),Rh  (8)

[(RPc)RNhL(PMey) + PMe, = [(RPc)(PMg)Rh],

Figure 4a shows théH NMR spectrum of a solution
containing4, 7a, and7b, which were produced by the reaction
of 0.74 umol of [(RPc)Rh} (1) and 1.93umol of PMe; for 4

0.74mol of 1 and 1.93umol of PMe; (b) 0.64umol of PMe; added:;

resonances of; however, the resonances o& and 7b were
replaced by a set of resonances that are consistent with a dimer
having two equivalent (RPc)Rh macrocycles and are assigned
to 8. The methyl resonance of PMato —1.20 ppm is broad
because of the dynamic exchange in eq 7 and is, therefore,
assigned to the weighted averagerpB, and free PMg The
solution was then heated to drive reaction 8 to completion,
resulting in a spectrum (not shown) similar to that in Figure
4a. The product solution, which containdcand7 in a mole
ratio of 8:1, was then reacted with 0.L&ol of 1 to give the
spectrum in Figure 4c. The spectrum indicates 4Has reacted

days at room temperature. The sharpness of these resonancdsut 7aand7b remained unchanged. The broadened and shifted
indicates that exchange reactions among these three compoundwsonances of are assigned to the weighted averagd ahd

are slow. Subsequent addition of 0.6¢ol of PMe; to the
solution yielded Figure 4b, which shows no change in the

(RPc)(PMeg),Rh* (9). There is also a new set of sharp
resonances, some of which sit on top of the resonancés of
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This set of resonances does not have a corresponding resonance 12, 4,
for a coordinated PMgand is assigned to (RPc)RIL0). These 12, \ e
spectral assignments may be explained in terms of the following 12, \\ PMe,
two reactions, the reduction afby 4 to producelO and9 (eq 02 /
9) and the ensuing redox exchange betwéemnd9 (eq 10): L _ A‘ mm
L il o
®
[(RPc)RN], + 2(RPc)(PMg),Rh— o]
2(RPc)Rh + 2(RPc)(PMg),Rh" (9) Jﬂ
(RPc)(PMg),Rh* + (RPc)(PMg),Rh" = © ) QW\
[(RPc)(PM@)ZRh*]+ + (RPc)(PMg),Rh (10) r
In support of these conclusions, it was observed that all the (d J\J\ L
resonances assigned to the weighted averagd ahd 9, —
including the omitted aromatic resonance, gradually evolved into
those of4 as the resonances & continued to decrease over
the course of 4 days. ©
In another experiment, a solution of 0.Zénol of [(RPc)- B SIS L'““*
Rh], and 1.66umol of (RPc)(PMeg),Rh in 0.60 mL of GDg ‘
was prepared under vacuum. Immediate formation of a
spectrum similar to that of Figure 4c was observed. The solution ®) /\J\J
was then heated at 8C for 5 h toachieve complete reaction. At A NEW
The product solution contained 52% of (RPc)(RMRh and / /H:c‘;
48% of [(RPc)Rhj(PMe;). The overall results are consistent 1318s
with the reaction of [(RPc)Rhwith an excess of (RPc)(PMe- @ 13, /13, /0 13/ "l |
Rh according to eq 11. M_JL}L

T T T T T T T
190 16.0 130 100 7.0 4.0 1.0 ppm

3[(RPc)RN}, + 2(RPc)(PMg),Rh— Figure 5. Low-temperaturédH NMR spectra for the reaction of (RPc)-
4[(RPc)Rh}(PMe;) (11) Co (13) with excess PMgto generate (RPc)(PMeRh (11) in toluene-
ds: (a) 0.66umol of (RPc)Co in 0.60 mL of toluends, 20°C; (b) 6.3
(RPc)(py)RhH. In contrast to PMg pyridine reacts with /inggloc(’:f PMe; added, 20C; (c) ~40°C; (d) =60°C; (¢) =70°C; (f)
(RPcH)Rhg-H)Rh(RPc) B) in tolueneds to give (RPc)(py)- ’
RhH (11), which does not react with excess pyridine. Complex
5is regenerated if the solution is pumped to dryness. Therefore,

the formation ofl1 is reversible, as depicted in eq 12.

sion that the unpaired electron is located primarily in an
antibondingz-orbital of the RPc ligand. Similar assignments
of the odd electron to a ligand orbital have also been made for

(RPCH)RhG-H)RA(RPc)+ 2py (RPE)(py) (12) following section, the ESR spectrum of the cobalt analogue of

(Rpc)(py)RhH gave a broad hydnde resonanab_a2933 ppm 4, i.e., (RPC)(PM@ZCO, a|SO ha@ Va|ueS (?|Ose to 20023, in
(HHW = 62 Hz) at 21°C. The Rh-H splitting became great contrast to that of the four-coordinate metal-centered

discernible at-30°C, and the well-resolved hydride resonance radical (RPc)Co.

appeared ab —28.73 ppm Jrn-+H = 24.8 Hz) at—75°C. These H and ESR Studies of (RPc)(PMg).Co (12). The *H
results are consistent with reversible dissociation of pyridine NMR spectrum of the paramagnetic (RPc)A@)(in toluene-
from (RPc)(py)RhH shown in eq 13. ds in Figure 5a shows that all of the resonances of the RPc
ligand are broad at room temperature. These resonances appear
(RPc)(py)RhH= (RPC)RhH+ py (13) not more than 2 ppm downfield of the corresponding resonances

of diamagnetic (RPc)Rh(IIl) complexes, indicating that the
contact shifts are small for these protons. Addition of RMe
causes all the resonancesl@to shift upfield, as is shown in
igure 5b. These shifts may be attributed to coordination of
Me; to 13. As the temperature of the solution was lowered,
Hwe spectrum went through complicated changes, leading to the

There were also two resonances)a?.82 andd 4.06 ppm,
which started to appear at30 °C and grew sharper as the
temperature was lowered. Both of these resonances have twic
the intensity of the hydride resonance and are assigned to theP
ortho and the meta hydrogens of the coordinated pyridine. We
have not been able to locate the resonance for the para hydroge o ST o
of pyridine, which is presumably obscured by a resonance of spectrum in Flgurg 5f, which is very similar to that of (R,PC)'
the pentyl group. (F_’Meg)er_] @) and is, therefore, aSS|gned1Q. Not showr_1 in

ESR of (RPc)(PMe),Rh (4). The ESR spectrum of Figure 5 is the resonance for the aromatl_c H’s1@f which
(RPc)(PMe),Rh was recorded at263°C. Because of the fast ~appeared ab —21.5,—31.6, and—36.8 ppm in parts d, e, and
relaxation of the electron spin, low temperature was required f of Figure 5, respectively. Consistent with the assignment, the
to record the spectrum. It was barely observed-a5 °C. integration also shows that two PMEgands were added to
Simulation of the spectrum givess = 1.9993,9, = 1.9925, each (RPc)Co macrocycle. Therefore, it is concluded that two
andgs = 1.9880, respectively. The fact that thepealues, in PMe; ligands were added tb3 as the temperature was lowered
contrast to those of metal-centered Rh(ll) compléxésire very to —60 °C, presumably through formation of the five-coordinate
close to the free-electron value of 2.0023 supports our conclu- (RPc)(PMeg)Co, as depicted in eq 14.



Metal-to-Ligand Charge Transfer Induced by Phosphines

(RPc)Co+ 2PMe, = [(RPc)(PMg)Co + PMej] =
(RPc)(PMg),Co (14)

The distinctive difference in the spectra of parts ¢ and d of
Figure 5 and in the shift patterns of Figure-5aand Figure
5d—f suggests that the first PMédigand was added until the
temperature reached abot60 °C, below which the second
PMe; ligand was added.

By extension of the similarity of théH NMR spectrum of
12 to that of4, the ESR resonance &P in the frozen toluene
glass at—258 °C is also close to 2.0023. Simulation of the
spectrum giveg); = 1.983 @, = 19.5 G) andyg = 1.994. The
hyperfine coupling constant fo?®Co in the perpendicular
direction @An) was not observed but is estimated to bé G.
Both theg values and the small hyperfine coupling constants
indicate that the odd electron d2 resides primarily on a ligand
orbital and thatl2, like 4, is best formulated as a Co(lll)
complex of ther-radical anion RPc.

ESR Study of (RPc)Co (13). For comparison witi2, the
ESR spectrum of (RPc)Co in a toluene glass-268 °C was

also recorded. The spectrum, which is very similar to previously
reported spectra of Co(ll) complexes of phthalocyanines and

porphyrinst416 exhibits higherg values and much larger
hyperfine couplings t8°Co nuclei. Simulation of the spectrum
givesg, = 1.982 @&\ = 175 G) andyn = 2.627 A; = 148 G).

Discussion

The six-coordinate (RPc)(PMeRh has been shown to be
an 18+ ¢ ligand-centered Rh(lll) complex of the-radical
anion RPt, i.e., (RP¢)(PMe&s),Rh. In the analogous cobalt
system, we have observed that PMenverts the planar 15-
electron metal-centered (RPc)Co radical to thet18 ligand-
centered (RPc)(PMgCo radical via 17-electron (RPc)(PlJe
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hydrocarbons, even though the five-coordinate (RPc)LRh may
be less reactive than (RPc)Rh.

We have postulated the bimolecular elimination offtbm
two molecules of (RPc)(PMERhH to generate (RPc)(PMe
Rh followed by coordination of PMeas the mechanism for
the formation of (RPc)(PMg:Rh from (RPc)(PMgRhH. This
mechanism is attractive, since;Hhas been shown to react
reversibly with two (TMP)Rh (TMP= dianion of tetramesi-
tylporphyrin) radicals to form (TMP)RhH in a termolecular
reaction?’ A variation of this process is the migration of a
proton from Rh to one of the meso nitrogens to form (RPcH)-
(PMe&3)Rh, which then reacts with (RPc)(PKRhH to produce
H,. This alternative is possible, since we have previously
observed the reversible proton migration between Rh and the
meso nitrogen atoms in (RPcH)RAH)Rh(RPc)3¢

The reductive elimination of Hfrom (RPc)(PMeg)RhH is
unusual among mononucleaans-phosphine-Rh(Ill)—H com-
plexes. The failure of (RPc)(py)RhH to eliminate khay be
taken as an indication that pyridine is less effective in reducing
the Rh—H bond energy in these complexes. The higher stability
of the pyridine hydride complex is in keeping with the lower
trans-labilizing effect of pyridine.

The 'H and 3P{'H} NMR spectra in Figure 3 strongly
support our conclusion of the existence of two isomers of the
monophosphine adduct [(RPc)R{Me;). We assume thata
and 7b are rotational isomers and are formed because of the
barrier created by the 16 pentyl groups for rotation around the
Rh—Rh bond. Rotational isomerisms have also been suggested
for the Rh—Rh bonded (RPcH)RhRh(RPC)FF, the hydride-
bridged (RPcH)Rh(-H)Rh(RPc)!3¢ and the oxo-bridged
(phthalocyaninato)Si dimer3. The barrier betweeiiaand7b
appears to be substantial, since equilibration between the two
isomers does not occur even at 1@ As mentioned earlier,
the 'TH NMR spectrum in Figure 3 indicates that all 16 pentyl

Co, presumably also a metal-centered radical. Similar metal- groups of 7a are equivalent. Therefore, the two (RPc)Rh
to-ligand charge-transfer chemistry induced by a base has alsanacrocycles of7a are either exactly eclipsed or exactly°45

been observed in the reactions of pyridine with (OETAP)Rh-
(1) to form (OETAP™)(py):Rh(l11)® (OETAP = dianion of
octaethyltetraazaporphyrin) and with [(oebOx)Cof(ilfpeb=
trianion of octaethylbilindione and oebOX doubly oxidized
oeb) to form [(0ebOx)(py)Co(lll)] .27 On the other hand,

staggered. However, the exactly eclipsed isomer can be ruled
out if we assume that the RIRh bond length of is close to

that of [(Pc)(py)Rh], i.e., 2.74 A28 Such a short distance
between the two (RPc)Rh macrocycles results in repulsion
between ther-electrons of the two (RPc)Rh macrocycles and

such charge-transfer reactions were not observed in the studiegrecludes the formation of the exactly eclipsed isomer. We,

of various amines with some Co(Il) complexes of porphytths,
phthalocyanined? and dimethylglyoximeg? In these systems,

therefore, propose thata and 7b are a 458-staggered isomer
and an isomer that has a torsion angle deviating frofn\Asth

five-coordinate 17-electron and six-coordinate 19-electron Co- such a torsion ang|e’ the two aromatic H’s of each RPc ||gand
(I) complexes were formed and high unpaired-electron spin of 7b are not equivalent and four resonances are expected for

densities for cobalt were demonstrated by the lgjghlues and
large hyperfine couplings of the unpaired electron spirfSGo

the aromatic H's. It appear that there are only two aromatic
resonances (only one observed) Ttx;, and we assume that the

nuclei. These results indicate that the distribution of the odd chemical shifts of the two kinds of aromatic H's on each (RPC)‘
electron-spin density between Co and the ligand can be easilyrh macrocycle of7b are too close to be resolved.

manipulated by the axial ligands. The square planar (RPc)Rh,
which has been postulated as an intermediate in the activation

of hydrocarbons by [(RPc)Rh}Bis very likely a metal-centered
radical like (RPc)Co but is much more reactive. As we have
shown that PMgreduces the RRRh bond energy in [(RPc)-

In contrast to7, which gives good evidence for rotational
isomerism in Figure 3, no evidence for rotational isomerism
was obtained for [[RPc)Rk] No change in the NMR spectrum
of [(RPc)Rh} was observed in the temperature range-@6—
110°C.2* On the basis of the facts that the less rigid hydride-

Rh], it is conceivable that addition of a base (L) may enhance bridged (RPcH)Rh(-H)Rh(RPc) forms rotational isomers at

the catalytic activity of [(RPc)RR] for the activation of

(14) Assour, J. M.; Kahn, W. KJ. Am. Chem. Sod.965 87, 207.

(15) Assour, J. MJ. Chem. Physl965 43, 2477.

(16) Griffith, J. S.Discuss. Faraday S0d.958 26, 81.

(17) Attar, S.; Ozarowski, A.; Van Calcar, P. M.; Winkler, K.; Balch, A.
L. J. Chem. Soc., Chem. Commu9897, 1115.

(18) Walker, F. AJ. Am. Chem. Sod.97Q 92, 4235.

(19) Assour, J. MJ. Am. Chem. Sod.965 87, 4701.

(20) Schnauzer, G. N.; Lee, L. B. Am. Chem. S0d.968 90, 6541.

—35 °C and that [(RPc)RR{PMe;) forms rotational isomers
that do not interconvert even at 106, it is very unlikely that

(21) Wayland, B. B.; Ba, S.; Sherry, A. Enorg. Chem.1992 31, 148.

(22) Kleinwihter, J.; Hanack, MJ. Am. Chem. Sod.997 119, 10684.

(23) Hickstalt, H.; Bruhn, C.; Homborg, Hl. Porph. Phthalocyarl997,
1, 367.

(24) Unpublished results. ThéH NMR spectrum of [(RPc)Rh] was
reported in ref 13b.
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[(RPc)RN} rotates freely in the temperature range-of5 to

110 °C. We, therefore, propose that [(RPc)RM$ a 45-
staggered isomer with rotational freedom within an angle smaller
than 90 and that coordination of one PNmolecule creates a
new barrier within this rotational coordinate, resulting in the
formation of 7a and 7b.

Experimental Section

General. All the chemicals were reagent grade and were used
without further purification. The preparation of [(RPc)RIfl) and

(RPcH)Rhg-H)Rh(RPc) b) has been described previousty. A Varian

Chen et al.

Reaction of [(RPc)RhL(PMes) (7) with PMes. A solution contain-
ing 0.74umol of [(RPc)Rh} and 1.93umol of PMe; in 0.50 mL of
CsDs under vacuum was allowed to react at the ambient temperature.
Figure 4a, recorded 4 days later, shows that the reaction was complete
and the solution contained [(RPc)R(HMe;) and (RPc)(PMg.Rh.
PMe; from 0.20 mg (0.64«mol) of (Agl-PMe;), was added, and the
spectrum in Figure 4b recorded.

Reaction of [(RPc)Rh}p with (RPc)(PMes).Rh. The solution
characterized in Figure 4b was heated at60for 6 h for reaction 8
to go to completion, as indicated by thé NMR spectra. The solution
was then frozen in a liquid Noath, and 0.42 mg (0.18mol) of [(RPc)-
Rh], was added. The frozen sample was put on the vacuum line and

Unity 400 NMR spectrometer and a Bruker ESP300E ESR spectrometerWas subjected to three freezpump-thaw processes. Figure 4c was

were used for spectral measurements. Most of the NMR experiments

were carried out in an NMR tube that was fitted with a J-Young valve
for transferring volatiles under vacuum. Simulation of the ESR spectra
was performed with the WIN-EPR SimFonia, version 1.0, of Bruker
Instruments, Inc.

(RPc)(PMey).Rh. (RPcH)Rh{-H)Rh(RPc) (126 mg) in 10 mL of
toluene was freeze-pumped, and excess $Mbptained by thermal
decomposition of 75 mg of [Ag(PMH]s, was transferred under

vacuum. The solution was then thawed. The solvent and the excess

PMe; were removed by vacuum transfer, and the product residue was
recrystallized from 3.0 mL of toluene at 8. The crystals were
collected by filtration, washed with cold isooctane, and dried in a
vacuum to give 54 mg of the product. Anal. Found: C, 69.37; H,
8.93; N, 8.27; P, 4.56; Rh, 7.22. Calcd fofgB114NsP.Rh: C, 70.51;
H, 8.65; N, 8.43; P, 4.66; Rh, 7.74.

(RPc)(PMe&y)RhH from Reaction of (RPcH)Rh(u-H)Rh(RPc) with
PMe;s. A solution of 2.15 mg (0.9Lmol) of (RPcH)Rhg-H)Rh(RPc)
in 0.50 mL of tolueneds was prepared in an NMR tube with a J-Young
valve under M. The solution was frozen with liquid )Nand PMe,
obtained by thermal decomposition of 2.0 mg (l@ol) of (Agl-
PMey)s, was vacuum-transferred. The solution was then put into the
NMR probe at—10 °C. The!H NMR spectrum shows that (RPc)-
(PMe)RhH (6) (91%) and (RPc)(PM#gRh (4) (9%), as well as kK
were produced. The reaction was followed by recording the spectra at

various temperatures as the solution was warmed to room temperature,

over a 2-h period.

Reductive Elimination of H, from (RPc)(PMe3z)RhH. A solution
of (RPcH)Rh{-H)Rh(RPc) (0.85tmol) in tolueneds (0.50 mL) was
prepared under vacuum, and trimethylphosphine from thermal decom-
position of 0.50umol of (Agl-PMes), was transferred under vacuum.

recorded after the solution was thawed.
In a separate experiment, a solution of 1.8 mg (@T®l) of [(RPc)-
Rh], and 2.2 mg (1.6&mol) of (RPc)(PMeg).Rh in 0.60 mL of GDs
was prepared under vacuum in an NMR tube fitted with a J-Young
valve. Immediate appearance of a spectrum similar to that shown in
Figure 4c was observed. The solution was then heated A€ 80r 2
h for the reaction to proceed to completion. The product solution
contained 52% of (RPc)(PMeRh and 48% of [(RPc)RhIPMes).
Reaction of (RPcH)Rhu-H)Rh(RPc) with Pyridine. (RPcH)Rh-
(u-H)Rh(RPc) (1.0 mg) in an NMR tube with a J-Young valve was
pumped, and 1.@L of pyridine in 0.50 mL of tolueneals was then
transferred under vacuum. Hydrogen at 1 atm was then introduced,
and the solution was heated in an oil bath at 200to convert the
small amount of [(RPc)Rh]n the sample to (RPcH)Ri{H)Rh(RPc).
The'H NMR spectra of the sample at low temperatures were recorded.
Preparation of (RPc)Co. A solution of 300 mg of RPckland 75
mg of anhydrous CoGlin 10 mL of 1-pentanol was refluxed for 80
min. The solvent was removed. The dark-blue residue was washed
with water and methanol and dried under vacuum. The crude product
(300 mg) in 8.0 mL of toluene and 20 mL of 2,2,4-trimethylpentane
was heated to boiling, and more 2,2,4-trimethylpentarE)(mL) was
added until the solution turned turbid. The solution was then allowed
to cool in the oil bath. The dark-blue needle crystals were collected
on a fritted glass filter, washed with 2,2,4-trimethylpentane, and dried.
Yield: 180 mg. Anal. Found: C, 75.84; H, 8.63; N, 9.82; Co, 6.07.
Calcd for G2HgegNsCo: C, 76.36; H, 8.54; N, 9.89; Co, 5.20.
Reaction of (RPc)Co with PMe. A solution of 0.75 mg of (RPc)-
Co in 0.60 mL of toluenals was prepared in an NMR tube fitted with
a J-Young valve, and th#H NMR spectrum was recorded. Trimeth-
ylphosphine from thermal decomposition of 1.95 mg of (&iVe;)4
was then added, and the reversible reaction between (RPc)Co and PMe

The solution was then thawed. Care was taken to keep the solution atyas studied by recording the NMR spectra at low temperatures (Figure

low temperatures. The first spectrum, recorded &pshowed that

the solution contained 84% of (RPc)(PMEhH and 16% of

(RPc)(PMeg).Rh. After being allowed to stand overnight, the solution

contained 55% of (RPc)(PMpRh and 45% of [(RPc)Rh|PMe;).

Production of H was also revealed by its resonance)a.601 ppm.
[(RPc)Rh]x(PMes) (7) from Reaction of [(RPc)Rh}L with PMes.

A solution of 30.0 mg (12.&mol) of [(RPc)Rh} and PMg from 3.75

mg (3.02umol) of (Agl-PMe;)s in 2.50 mL of GDg¢ was prepared in

a 10-mm NMR tube for recording th&P{'H} spectrum of7, with

external HPQO, at o 0.00 ppm as the reference. A sample of the same

composition, but at lower concentrations, was prepared in a 5-mm NMR

tube for recording itdH NMR spectrum. These spectra are shown in

Figure 3.
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