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Summary: A benzene soluble dimeric rhodium(I0 salen 
derivative, [(ttbs)Rh/z, with a weak Rh-Rh bond (13 kcal 
mol-') reacts with Hz and CO to produce hydride, 
metalloketone, and formyl complexes, but reaction of 
(ttbs)Rh-H with CO also induces migration of H+ from 
rhodium to the salen ligand to form a rhodium(I) 
dicarbonyl complex, (Httbs)Rh(CO)z. 

Rhodium(I1) porphyrin complexes manifest an unusu- 
ally diverse reaction chemistry with Hz, CO, and 
hydrocarbons which include formation of metalloformyl 
complexes,' CO reductive coupling,laS2 and methane 
a~tivation.~ Our objectives in this area have encom- 
passed defining the scope of rhodium(I1) complexes that 
can accomplish these thermodynamically difficult sub- 
strate reactions and extending this chemistry to flexible 
nonmacrocyclic ligand arrays which have the potential 
to manifest reaction pathways more versatile than those 
available to rigid tetradentate macrocyclic complexes. 
Several rhodium(I1) salen derivatives that dimerize by 
RhII-Rh'I bonding have been previously reported4 and 
would be good candidates for investigation; however the 
solubility characteristics for these complexes have pre- 
cluded evaluation of substrate reactions in weakly 
interacting hydrocarbon solvents. This article reports 
on a benzene soluble rhodium(I1) salen derivative, [N,N'- 
ethylenebis( 3,5-di-tert-butylsalicylaldiminato)l- 
rhodium(I1) dimer, [(ttbs)Rhlz (11, thermodynamics for 
dissociation of 1 in benzene, and the reactivity patterns 
of 1 with a series of substrates including Hz, CO, CH2- 
CH2, and CH4. 

Toluene solutions of [(ttbs)Rhlz, 1,5 have relatively 
narrow lH NMR spectra associated with a diamagnetic 
dimer at temperatures below 233 K, which broaden and 
shift as the temperature is elevated (243-393 K), 
indicative of dissociation to form a paramagnetic mono- 
mer, (ttbs)RhI' (2) (eq 1). The limiting fast exchange 

[(ttbs)RhI, =+ 2(ttbs)Rh (1) 

averaged chemical shifts for the 'H NMR resonances 
were used in determining thermodynamic values for the 
dissociation of 1 in benzene (AH'" = 13.4 zk 0.4 kcal 
mol-', MI" = 26.3 z t  1.3 cal K-I mol-').6 EPR param- 
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Figure 1. (a) EPR spectrum of (ttbs)Rh" in a powder 
sample of UttbslRhI~ (90 K): gl  = 3.246, g2 = 1.833, g3 = 
1.755. (b) EPR spectrum of (ttbsIRh.PPh3 (toluene, 90 K): 
gl = 2.209, A(31P)g, = 835 MHz; g2 = 2.118, A(31P)g, = 835 
MHz; g3 = 1.991, A(31P)g3 = 975 MHz, A(Io3Rh),, = 49 MHz. 

eters from spectra of powder samples of 1 (90 K) (gl = 
3.246, gz = 1.833, g3 = 1.755) (Figure 1) are ascribed to 
the trapped (ttbs)Rh'I monomer and are used in placing 
the unpaired electron in a d~r(dJ*~ orbital like that 

(5) (a) The free ligand, (ttbs)Hz, is synthesized by the Schiff-base 
condensation of ethylenediamine with 3,5-di-tert-butylsalicylaldehyde 
in ethanol. lH NMR of (ttbs)Hz (CeD6): 6 14.02 (8, 2H, -OH), 7.78 (s, 
2H, H-C=N), 7.55 (d, 2H, phenyl), 6.96 (d, 2H, phenyl), 4 J ~ - ~  = 2.3 

(Nujol mull), VC-N: 1630 cm-1. LR FABMS: mle 493 (calc 493.38). 
Anal. Calc for C&I&J202:  C, 78.00; H, 9.82; N, 5.69. Found: C, 78.36; 
H, 9.98; N, 5.76. (b) [(ttbs)Rh]z, 1, is prepared by gently refluxing the 
rhodium acetate dimer and the free ligand, (ttbs)Hz, with sodium 
ethoxide as the base in ehanol for 6 h under nitrogen gas. Photolysis 
of (ttbs)RhCHs (I 4 350 nm) in benzene is an alternate method to 
obtain 1. lH NMR of 1 (toluene-&, 230 K): 6 7.74 (br, 4H, phenyl), 
6.95 (br, 4H, H-C-N), 6.83 (br, 4H, phenyl), 4.65 (m, 4H, --CH&H2-), 
2.64 (m, 4H, -CH2CH2-), 1.99 (s,36H, t-Bu), 1.49 (8, 36H, t-Bu). FAB 
MS: mle 1186 (calc 1186.5). 

(6) The 'H NMR peak positions at  a fixed temperature in the range 
295-370 K result from the limiting fast exchange mole fraction 
averaged positions of [(ttbs)Rh]~ and the paramagnetic monomer, (ttbs)- 
Rh. The temperature dependence of the shift positions results from 
both the temperature dependence of K1 and the contact shift of (ttbs)- 
Rhn. An expression derived for this case assuming Curie behavior uses 
the observed lH NMR shih at a series of temperatures to give the 
best fit MI", A&", and the slope of the contact shift by nonlinear least 
squares curve fitting. Three sets of 'H NMR resonances were inde- 
pendently used in solving for Ml"(12.94-13.77 kcal mol-'); MI"- 
(25.26-27.93 cal K-' mol-'). 

(7) (a) McGarvey, B. R. Can. J. Chem. 1975, 53, 2498. (b) Lin, W. 
C. Inorg. Chem. 1976,15, 114. 

Hz, 3.26 (a, 4H, -CH2-), 1.63 (8, 18H, t-Bu), 1.30 (8, 18H, t-Bu). IR 
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previously reported for (salen)Cox1,8 but different from 
rhodium(I1) porphyrins where the odd electron is in a 
da(d9) 0rbita1.~ Donor molecules like PPh3 elevate the 
d,z of (ttbs)Rh'I above the dyz and yield EPR parameters 
associated with the (drydJ,,#(422)1 ground configuration 
((ttbdRh.PPh3 (toluene, 90 K): gl = 2.209, A(31P)gl = 
835 MHz; gz = 2.118, A(31P)gz = 835 MHz; g3 = 1.991, 
A(31P)g8 = 975 MHz, A(103Rh)g3 = 49 MHz) (Figure 1). 

Benzene solutions of 1 react with Hz, CO, and ethene 
to  form (ttbs)Rh-H (3), (ttbs)Rh-C(0)-Rh(ttbs) (4), 
and (ttbs)Rh-CHzCHz-Rh(ttbs) (5),1° a-c respectively 
(Figure 2) in a manner that parallels the reactivity of 
rhodium(I1) p~rphyrins ' l -~~ (eqs 2-41, but 1 fails to 

(2) [(ttbs)Rh], + H, * 2(ttbs)Rh-H 
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[(ttb~)Rh], + CO * (ttbs)Rh-C(0)-Rh(ttbs) (3) 

[(ttbs)RhI, + CH,=CH, - 
(ttbs)Rh-CH,CH,-Rh( ttbs) (4) 

react to an observable extent with methane ( P c ~  = 0.9 
atm, T = 298 K) or neat toluene which are prominent 
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(10) (a) 1H NMR of 3 (C.&, PH, = 0.8 atm, T = 298 K): 6 7.82 (s, 
2H, phenyl), 7.15 (8, 2H, H-C=N), 7.08 ( 8 ,  2H, phenyl), 2.79 (br, 4H, 
-CHzCHz-), 1.99 (8, 18H, t-Bu), 1.45 (8, 18H, t-Bu), -25.2 (br, lH, 

Hz), 7.02 (d, 4H, phenyl, 4 J ~ - ~  = 2.4 Hz), 6.98 (d, 4H, H-C-N, '&-H 
= 2.2 Hz), 3.75 (m, 4H, -CHZCHZ-), 2.55 (m, 4H, -CHZCHZ-), 1.85 
(8, 36H, t-Bu), 1.39 (8, 36H, t-Bu). l3C NMR (13C0 derivative, CsDe): 
6 144.5 (t. 'JlO3nh-13r = 46 Hz). (c) lH NMR of 6 (CGDI~ 6 7.63 (d. 4H. 

Rh-H). (b) 'H NMR of 4 (CeDs): 6 7.69 (d, 4H, phenyl, 4JH-H = 2.4 

. I  , 
phenyl, 4dH-H =-2.4Hz), 7.28 (d, 4H, H-c=N, 3J&-,-i = 1.8 Hz), 6.97 
(d, 4H, phenyl, 4JH-H = 2.4 Hz), 2.50 (br, 8H, -CHzCHz), 1.68 (s,36H, 
t-Bu), 1.46 (s,36H, t-Bu), 2.62 (br, 4H, Rh-CHz-CHz-Rh). lSC NMR 
(I3CHz1WH2 derivative of 6, parameters that simulate the 'H decoupled 
13C NMR spectrum): 6 34.58 (AAXX'; JM, = 'Jc-c = 34.40 Hz, Jm = 

FAB MS: 594, (ttbs)Rh fragment (calc for (ttbs)Rh-CHzCHz-Rh(ttbs) 

H-C-N), 7.66 (d, lH, phenyl, 45H-H = 2.5 Hz), 7.56 (d of d, lH, 

3Jm-m = 0 Hz, J m  = 'Jm-c = 32.30 Hz, Jm = 'Jm-c = -7.06 Hz). 

1211.5). (d) 'H NMR of 6 (Cas):  6 13.67 (8, lH, -OH), 7.69 (8 ,  lH, 

H-C=N-Rh, 3 J m - ~  = 1.7 Hz, 4J13c-~ = 3.6 Hz), 7.52 (d, lH, phenyl, 
4 J ~ - ~  = 2.5 Hz), 6.98 (d, lH, phenyl, 4 J ~ - ~  = 2.5 Hz), 6.80 (d, IH, 
phenyl, 4 J ~ - ~  = 2.5 HZ), 3.58 (t, 2H, -CHz-CHz-, 35H-H = 5.7 HZ), 
3.45 (t, 2H, -CHz--CH2--, 3 J ~ - ~  = 5.7 Hz), 1.64 (8,  9H, t-Bu), 1.60 (8, 
9H, t-Bu), 1.30 (s,9H, t-Bu), 1.24 (s,9H, t-Bu). 13C NMR ('H decoupled, 
CaD6): 6 184.66 (d of d, -CO trans to H-C=N, lJiosm-is~ = 68 Hz, 
zJisc-isc = 10 Hz), 187.75 (d of d, -CO cis to  H-C-N, V I O ~ ~ - I ~ C  = 68 
Hz, 2J13c-13c = 10 Hz). 13C NMR ('H coupled, c a s ) :  as above, but 
additionally a four bond coupling from the imine proton 4J1~-13c = 3.6 
Hz is observed on the trans carbonyl (6  = 184.66 resonance). FAB 
MS: mle 651 (calc mle 650.26). (e) 'H NMR of 7 (CsDe): 6 11.46 (d of 
d, lH, -WHO, 'J13c-a = 197.8 Hz. 2 J l ~ m - ~  =3.5 Hz), 7.80 (d, 2H, 
phenyl, 4 J ~ - ~  = 2.3 Hz), 7.56 (d, 2H, H-C=N, 3 J 1 ~ m - ~  = 2.2 Hz) 6.98 
(d, 2H, phenyl, 4 J ~ - ~  = 2.3 Hz), 3.09 (m, 2H, -cHz-CHz-), 2.47 (m, 
2H, -CHz-CHz-), 1.91 (s, 18H, t-Bu), 1.41 (8, 18H, t-Bu). 13C NMR 
6 214.6 (d, 'J103&-13c = 33.7H2, Rh-13CHO). (0 'H NMR of 8 (CrjDe): 
6 7.78 (d, 2H, phenyl, 4&-H = 2.5 Hz), 7.36 (d, 2H, H-C-N, 3Jlo3m-~ 
= 1.8 Hz), 7.01 (d, 2H, phenyl, 45H-H = 2.5 Hz), 3.51 (m, 2H, -CH2- 
CHz-), 2.86 (m, 2H, -CH2CH2-), 1.96 (8, 18H, t-Bu), 1.38 (s, 18H, 
t-Bu), 3.95 (d of q,W(O)OCH2CHs, 3 J ~ - ~  = 7.3 Hz, 3J13c-~ = 2.9 Hz), 
0.71 (t, 3H, CHzCH3, 3 J ~ - ~  = 7.3 Hz). NMR: 6 168 (1J10Sm-13c = 
48 Hz). FAB MS (mle): 666 (calc 666.29). (g) 'H NMR of 9 (CsDs): 6 
7.76 (d, 2H, phenyl, 4JH-H = 2.0 Hz), 7.45 (2H, H-C=N), 7.05 (d, 2H, 
phenyl, 45H-H = 2.0 Hz), 2.96 (m, 2H, --CH&H2-), 2.73 (m, 2H, -C&- 
CH2-), 1.91 (s, 18H, t-Bu), 1.42 (8, 18H, t-Bu), 0.5-1.5 (m, n-C4Hg). 
HR FAB MS (mle): 884.3762 (calc 884.3749). (h) (ttbs)Rh-CHa: 'H 
NMR (CeD6): 6 7.80 (d, 2H, phenyl, 4&-H = 2.4 Hz), 7.28 (d, 2H, 
H-C=N, 3 J m - ~  = 2.0 Hz), 7.05 (d, 2H, phenyl, 4 J ~ - ~  = 2.4 HZ), 2.45 
(br, 4H, -CHz--CHz-), 1.96 (s, 18H, t-Bu), 1.44 (s, 18H, t-Bu), 1.68 
(d, 3H, Rh-CH3, V ~ - H  = 2.8 Hz). FAB MS: m le 609 (calculated m/e 
608.3). 
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Figure 2. (a) Proton decoupled 13C NMR of the formyl 
group in the (ttbs)Rh-13CH0 complex (C6D6): (6(13C) 
214.6, lJq+lsc = 33.7 Hz). Insert: 'H NMR of the formyl 
hydrogen (6(1H) 11.46, 1Ji3cC-~~ = 197.8 Hz, ' J 1 0 3 a - ~  = 3.5 
Hz). (b) 13C NMR of the carbonyl group in (ttbs)Rh-13C- 
(0)-Rh(ttbs) (C6D6) (6 144.5, 1 J 1 0 a a - 1 3 ~  = 46 Hz). (c) lH 
decoupled 13C NMR of the ethylene bridge in the (ttbs)Rh- 
13CHz13CHz-Rh(ttbs) complex (C6D6) (parameters that 
simulate the observed IH decoupled 13C NMR): 6 34.58 
(Mxx'; 1 J i a ~ - ~ 3 ~  = 34.40 HZ, 3 J ~ h - ~ h  = 0 HZ, ' J 1 0 3 ~ h - 1 3 ~  = 
32.30 Hz, ' J 1 0 a ~ h - 1 3 ~  = -7.06 Hz). 
reactions of rhodium  porphyrin^.^ An unusual feature 
in the reactivity pattern of 3 is that CO (PCO = 0.8 atm) 
reacts rapidly and quantitatively with 3 to reduce the 
rhodium center (Rh(II1) - Rh(1)) by migration of a 
proton from rhodium to a phenolate oxygen to form 
(Httbs)Rh(CO)z (6) (eq 5).lod Reaction 5 contrasts with 

(ttbs)Rh-H + 2CO + (Httbs)Rh(CO), ( 5 )  

rhodium porphyrin hydrides ((por)Rh-H) which have 
a net reaction with CO that exclusively produces met- 
alloformyl complexes, ((por)Rh-CHO).l 

When [(ttbs)RhIz is reacted with CO in the presence 
of a near stoichiometric quantity of HzO, the metalloke- 
tone 4 rapidly forms and subsequently reacts away to 
produce both 6 and a formyl complex, (ttbs)Rh-CHO 
(7)loe (Figure 2). When 13C0 is used in this reaction, 
concomitant formation of 13C02, 6, and 7 with disap- 
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pearance of 4 is observed in the 13C NMR. The stoichi- 
ometry for this reaction corresponds to formation of the 
hydride 3 by a water gas shift type reaction14 (eq 6) and 
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(ttbs)Rh-C(O)-Rh(ttbs) + H20 A 
2(ttbs)Rh-H + CO, (6) 

(ttbdRh 
(ttbs)Rh-H + CO (ttbs)Rh-CHO (7) 

(ttbs)Rh-CHO + CO (Httbs)Rh(CO), (8) 

subsequent reaction of 3 with free or complexed CO to 
form 6 (eq 5 )  and the formyl complex 7 (eq 71, which 
then slowly reacts away to form 6 (eq 8) as the 
thermodynamic product. 

Benzene solutions of the 13C0 derivative of 4 in the 
absence of excess 13C0 react with CH3CH20H (eq 9) and 
HSnBu3 (eq 10) to  form the hydride 3 and an ester 
complex (ttbs)Rh-13C(0)OCH2CH3 (Wof (eq 9) and the 

(ttb~)Rh-'~C(O)-Rh(ttbs) + CH3CH20H 
(ttbs)Rh-H + ( ~ ~ ~ S ) R ~ - ~ ~ C ( O ) O C H ~ C H ,  (9) 

(ttbs)Rh-l3C(0)-Rh(ttbs) + HSnBu, - 
(ttbs)Rh-l3CH0 + (ttbs)Rh-SnBu, (10) 

formyl complex (ttbs)Rh-13CH0 and (ttbs)Rh-SnBus 
(9)'Og (eq lo), respectively. Reaction 9 provides support 
for the formation of the hydride complex 3 by reaction 
6, and reaction 10 illustrates a potential role of rhodium 
carbonyl species in producing the formyl complex 7 by 
reaction 7. The preformed hydride complex 3 reacts 
with CO to form (Httbs)Rh(CO)z as the only observed 
product, but when 3 is formed in the presence of excess 
(ttbs)Rh-C(0)-Rh(ttbs), the formyl complex 7 is pro- 
duced in competition with 6. Using a related rhodium 
salophen derivative, Eisenberg has observed that the 
rhodium hydride complex reacts with CO to produce a 
formyl c0mp1ex.l~ Rhodium porphyrin formyl complexes 
are known to form by reaction of a hydride, (por)Rh-H, 
with a rhodium carbonyl complex,12 and the conditions 

(14) (a) Baker, F. C.; Hendriksen, D. E.; Eisenberg, R. J.  Am. Chem. 
SOC. 1980, 102, 1020. (b) Ford, P. C. ACC. Chem. Res. 1981,14, 31. ( c )  
Yoshida, T.; Okano, T.; Fuda, Y.; Otsuka, S. J .  Am. Chem. SOC. 1981, 
103,3411. 

(15) Anderson, J.; Eisenberg, R. J. Chem. SOC., Chem. Commun. 
submitted for publication. 

where (ttbs)Rh-CHO is produced suggests that a 
related pathway may be operative in the rhodium salen 
system. 

The (ttbs)Rh'I monomer has a (drldxydzz)6(dyz)1 ground 
configuration which contrasts with rhodium(I1) porphy- 
rins where (dzydudyz)6(dzz)1 ground configurations are 
~bserved.~ The reorganization energy associated with 
using the rhodium dzz in forming normal covalent bonds 
should provide an unfavorable contribution to the 
Rh-Rh, Rh-H, and Rh-C bond dissociation enthalpies 
for (ttbs)Rh complexes relative to the rhodium porphyrin 
systems. The observed reactions of H2 and CO with 
[(ttbs)Rhl~ indicate that the (dyzl - dzzl) reorganization 
energy ( A H y z - Z 2 )  cannot be large (<8  kcal mol-l), but 
even a small contribution (-3-6 kcal) from this factor 
could be responsible for the small dissociation enthalpy 
observed for 1 (13 kcal mol-l) and the inability to detect 
reactions of 1 with methane and toluene which are the 
most thermodynamically difficult transformations stud- 
ied. 

Reactivity studies of [(ttbs)Rh]z illustrate that a 
rhodium complex with a nonmacrocyclic ligand that 
uses two nitrogen and two phenolate oxygen donors has 
the thermodynamic capability to accomplish many of the 
substrate reactions associated with rhodium porphyrins. 
Observation of the metalloformyl complex (7) is par- 
ticularly significant in substantially extending the range 
of donor site arrays for rhodium which are candidates 
for promoting a key initial step in CO hydrogenation.16 
However, (ttbs)Rh-CHO in the presence of excess CO 
is thermodynamically unstable relative to the rhodium- 
(I) dicarbonyl complex, (Httbs)Rh(CO)z, and the flexible 
nonmacrocyclic ligand structure provides a pathway for 
a CO induced hydrogen migration from rhodium to a 
phenolate oxygen. The thermodynamic capability of 
several classes of rhodium(I1) complexes to produce 
metalloformyl species from reactions with H2 and CO 
could have significant applications in the hydrogenation 
of CO if stable ligand arrays can be identified which 
permit mechanistic pathways for the subsequent hy- 
drogenation of the formyl species. 
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