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The reaction of the binuclear rhodium hydride complexes [ (R2PCH,CH,PR,)Rh]2(p-H), (R = Pri, la, 
[ (dippe)Rh],(p-H),; R = OPr’, lb,  [(dipope)RhI2(p-H),) with simple aldimines (RCH=NR’), the ketimine 
benzophenone imine (Ph,C=NH), and the cyclic imine isoquinoline are described. Amido-hydride products 
of the general formula [(R2PCH2CH,PR,)Rh],(p-NR’CH,R)(p-H) are produced. The mechanism of this 
reaction has been investigated by labeling studies and kinetic analysis. Intermediates have been detected 
and characterized spectroscopically that are consistent with the imine binding through the lone pair on 
nitrogen and through the *-system of the carbon-nitrogen double bond. On the basis of these studies it 
is proposed that a necessary condition for migratory insertion of a C=N double bond into a metal hydride 
is prior coordination through the C=N r-system. Iminium salts of the formula [PhCH=NHR’]+BF, react 
with the hydride dimer l a  to generate cationic complexes of the formula { [ (Pr’zPCH,CH2PPr’,)Rh]2(p- 
NR’=CHPh)(p-H)I+BF4- having the imine bound in the p-$-o-mode. Further reaction of this material 
with LiA1(OBut)3H generates the corresponding amido hydride. Attempts at using the hydride dimers 
la and l b  as catalyst precursors for the homogeneous hydrogenation of imines were only partially successful, 
resulting in at  best seven turnovers (1 atm, 16 h). 

Introduction 
Many homogeneous mononuclear organotransition- 

metal systems mediate the reduction of carbon-carbon 
multiple b0nds.l However there are very few examples 
of those that bring about the hydrogenation of carbon- 
nitrogen double (C=N) or triple (C=N) bonds under 
ambient conditions.24 This observation seems to parallel 
the known *-complexation chemistry of each type of 
functional group: for olefins and alkynes, this chemistry 
is vast: but for imines and nitriles the tendency to a-do- 
nate the lone pair on nitrogen to a metal almost always 
precludes *-coordination of the C=N or the C=N group 
to the metaLs Since it is generally accepted that P-co- 
ordination of olefins or alkynes to the metal precedes its 
reduction via migratory insertion of a metal-hydride bond, 
the lack of homogeneous systems for the hydrogenation 
of imines or nitriles appears to stem from the fact that this 
key step is prevented in a cycle involving C=N or C=N 
moieties, due to the stronger donating ability of the lone 
pair compared with that of the C=N or C=N *-system. 

The relatively few known imine transition-metal com- 
plexes exhibit a-bonding through the nitrogen lone pair, 
Le., type I. In fact, mononuclear complexes having side-on 
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*-bonding imine ligands (type 11) have only been reported 
for the early metals,8 generally as a result of migratory 
insertion reactions of isonitriles and metal hydrocarbyls. 
In systems which hydrogenate imines under ambient 
conditions, it has been proposed that the nitrogen lone pair 
is occupied in some manner other than bonding to the 
metal. For example, this feature is included in the 
mechanistic proposal for the hydrogenation of aldimines 
by a cationic rhodium triphenylphosphine complex,2a 
wherein an intermediate in which the imine C=N bond 
is *-coordinated forms when the lone pair a t  nitrogen 
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hydrogen-bonds with a coordinated alcohol solvent mole- 
cule. Hydrogenation with this catalyst system was effected 
under very mild conditions (25 "C, 1 atm of H2). In situ 
systems comprised of a Rh(1) starting material and a 
chelating diphosphine ligand have also been reportedM to 
be effective in the asymmetric hydrogenation of imines in 
alcohol solvent mixtures; however, while mechanistic de- 
tails have not yet been reported, higher pressures than for 
the Rh/PPh, system previously mentioned are required 
for any activity. Other homogeneous catalyst systems that 
bring about the hydrogenation of imines utilize metal 
carbonyls (M = Fe,4 C O , ~  and Cr, Mo, or W6) as catalyst 
precursors but require strongly polar solvents, elevated 
temperatures, and high pressures of H2. Under these 
conditions, the nature of the imine-transition-metal in- 
teraction is unclear, but there is evidence that the reduc- 
tion proceeds via an initial protonation of the nitrogen lone 
pair by the acidic HM(CO), catalyst, followed by H 
transfer to the imine moiety. 

The possibility that polynuclear complexes can mediate 
transformations not possible by mononuclear species is well 
rec~gnized.~ The success of heterogeneous catalysts in the 
hydrogenation of imines'O suggests that  multiple metal 
binding sites may provide pathways for the reduction of 
imines and that polynuclear homogeneous catalysts may 
be effective moderators of this process. Although u-co- 
ordination of the C=N lone pair may be preferred, the 
presence of an additional metal center nearby could induce 
x-donation to that center from the C=N bond since the 
lone pair is already occupied with the other metal center, 
as in type 111. Indeed, x-donation to adjacent metal centers 
by the C=N double bonds of g-coordinated diimines 
(1,4-azadienes) has been observed in many polynuclear 
complexes;" however, similar bonding modes for simple 
imines are unprecedented. 

In this report, the reactions of the binuclear rhodium 
dihydrides la12 and lb13 with simple aldimines (RCH= 
N R ) ,  the ketimine benzophenone imine (Ph2C=NH), and 
the cyclic imine isoquinoline are described. The products 
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Experimental  Section 
General Procedures. General techniques and procedures have 

been described in detail elsewhere.', The syntheses of the di- 
hydride dimers la,', lb,l3 and ld5 have been previously described. 
N-Benzylideneaniline was prepared via a literature procedure;lB 
its 13C-labeled isotopomer (C6H5)N='3CH(C6H5) was prepared 
in the same manner by using l3C-1abeled benzaldehyde obtained 
from MSD Isotopes. N-Phenylbenzylamine, N-benzylidene- 
methylamine, N-benzylidenebenzylamine, benzophenone imine, 
and the cyclic imine isoquinoline were all purchased from the 
Aldrich Chemical Co., distilled under argon prior to use, and stored 
in the glovebox. Lithium tri-tert-butoxyaluminohydride was also 
purchased from Aldrich. The tetrafluoroborate iminium salts 
[ (C6H5)HN=CH(C6H5)]BF4 and [ (CH,)HN==CH(C6H5)]BF4 were 
prepared via protonation of the corresponding imine with HBF4 
(Aldrich, 85% in EtzO) in diethyl ether. The iminium salts 
precipitated immediately upon addition of HBF, and, after 
washing twice with 50-mL portions of Et,O, were dried under 
vacuum and stored in a glovebox. Purity was found to be >98% 
via 'H NMR spectroscopy. 

Synthesis of [ (~~P~~)R~]~[~-(C,H,)N(CH,C,H~)](~-H) @a). 
To a stirred solution of [(dippe)Rh],(p-H), (la; 0.164 g, 0.22 "01) 
in toluene (15 mL) was added solid N-benzylideneaniline (0.081 
g, 0.44 mmol). Within 5 min, the deep green to orange color 
change was complete. The toluene was removed in vacuo, and 
the orange solid remaining was recrystallized from the minimum 
amount of toluene-hexane (1:2), yielding 0.167 g (82%) of orange 
crystalline [(dippe)Rh]z[ll-(C6H,)N(CHzCH6H5)](ll-H) (2a). 'H 
NMR (CsDs, ppm): 

3 

R = Pr' l a  [(dippe)Rh],(p-H), 
R = OPI' l b  [(dipope)Rh],(p-H), 

are binuclear amido hydrides in which the p-amido ligand 
has arisen from an apparent migratory insertion of the 
imine substrate into a Rh-H bond of the dihydride. In- 
termediates observed by low-temperature NMR studies 
indicate that x-coordination of the imine is involved as part 
of a complex process wherein both metal centers act con- 
gruently. Additional support for this proposal is based on 
kinetic studies and synthetic work on the characterization 
of analogues of proposed intermediates in the reaction. A 
preliminary report of this work has appeared.14 A sub- 
sequent paper will describe the related reactions of these 
dihydrides with simple organic nitriles. 

(9)  Burch, R. R.; Shusterman, A. J.; Muetterties, E. L.; Teller, R. G.; 
Williams, J. M. J .  Am. Chem. SOC. 1983,105, 3546 and references therein. 
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(12) Fryzuk, M. D.; Einstein, F. W. B.; Jones, T. Organometallics 1984, 
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(14) Fryzuk, M. D.; Piers, W. E. Organometallics 1988, 7, 2062. 

3, 185. 

C-H,, 8.74 (d, 2 H, ,JH2 = 8.0 Hz); C-H4 or C-H6, 8.58 (d, 1 H, 
3JH = 8.4 Hz); C-H,, C-H,, C-H,, or C-HI and C-H4 or C-H,, 
7.14-7.30 (overlapping multiplets, 5 H); c-H6 or C-HI, 7.00 (m, 
1 H, ,JH = 7.2 Hz); c-H,, 6.75 (m, 1 H, 3JH = 7.6 Hz); NCH2C6H,, 
5.32 (br t, 2 H, 4Jp = 2.0-3.0 Hz); CH(CH3),, 2.32, 2.26, 1.78, 1.68 

1.13, 1.06,0.88,0.85,0.64, 0.57 (overlapping dd, 3Jp = 12.8-14.4 
Hz); CH,CH2 (resonances buried underneath signals for the methyl 
groups); Rh-H-Rh, -9.41 (ttt, 2Jp = 56.4 Hz, ,JPoi = 12.8 Hz, 
lJRh = 23.1 Hz). 13C{lH) NMR E D 6 ,  ppm): Cipso(N), 164.6; 
Cip,(C), 143.7; other aromatic carbons, 130.3, 128.8, 127.4, 126.3, 

(4 m); CH2CH2, 21.8-22.8 (m); CH(CH3),, 18.3-22.7 (8 9). 31P(1HJ 
NMR (C6D6, ppm; Pcis(N) = A, = B, Rh = X): b A  = 73.9; 

(dsp, 'Jp = 2.0-4.0 Hz, ,JH = 7.2-8.0 Hz); CH(CHJ2, 1.52, 1.50, 

126.1, 124.7, 117.8, 111.3; NCHzCeH,, 66.8; CH(CH3)2, 26.8-28.7 

bB = 105.5; J M ,  = 33.5 Hz; JAB = 30.3 Hz; JAB, = 2.9 Hz; J u  = 
191.3; Jmt = 5.8 Hz; JBB, = -0.9 Hz; J B ~  = 166.9 Hz; JBF = -1.2 
Hz; Jxx, = 5.6 Hz. Anal. Calcd for C4,HI5P4Rh,N: C, 54.01; H, 
8.29; N, 1.54. Found: C, 54.30; H, 8.52; N, 1.62. 

Synthesis of [ (dippe)Rhl2[p-(CH3)N(CH2C6H5)](p-H) (3a). 
To a stirred solution of [(dippe)Rh],(r-H), (la; 0.274 g, 0.37 "01) 
in toluene (20 mL) was added neat N-benzylidenemethylamine 
(0.088 g, 0.74 mmol), in one portion. A rapid green to orange color 
change ensued. The toluene was then removed under reduced 
pressure, and the resulting orange residue was recrystallized from 
toluene-hexane (1:5). The orange crystals were washed twice with 
cold hexane to remove excess imine: vield 0.262 e (82%). 'H NMR 

3.80 (br t, 3 H, 4Jp = 1.5-50 Hzj; CH(CHd2, 1.8-2.2 (4 overlapping 

1.35, 1.33, 1.08, 1.06, 0.88, 0.83 (overlapping dd, 48 H, ,JP = 
dsp, 8 H, 3JH = 6.9-7.7 Hz, 'Jp = 3.7-4.0 Hz); CH(CH3)2, 1.37, 

(15) Fryzuk, M. D.; Piers, W. E.; Einstein, F. W. B.; Jones, T. Can. J .  
Chem. 1989, 67, 883. 

New York, 1941; Collect. Vol. 1, p 80. 
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12.8-14.4 Hz); PCH,CH,P, 1.15-1.25 (m, 8 H); Rh-H-Rh, -8.92 

NMR (ti%& ppm): CIpso, 143.8; other aromatic carbons 129.3, 
126.2, 125.8; NCH,, 75.6; NCH,(C,H,), 56.2; phosphine ligand 
resonances, 18-28. 31P(1HJ NMR (CsD6, ppm): Ptrans(w, 101.1 (dm, 

for C36Hi5P4Rh,N: C, 50.77; H, 8.88; N, 1.64. Found: C, 50.67; 
H, 9.10; N, 1.59. 

Synthesis of [(dippe)Rh],[p-N(CH,C6H&](p-H) (4a). To 
a stirred solution of [(dippe)Rh],(p-H), (la; 0.045 g, 0.06 mmol) 
in toluene (10 mL) was added neat N-benzylidenebenzylamine 
(0.015 g, 0.08 mmol), in one portion. The reaction mixture was 
stirred until the green to orange color change was complete (10 
min), a t  which time the toluene was removed in vacuo. The 
remaining solid was recrystallized from toluene-hexane (1:2), 
yielding a crop of bright orange crystals (0.039 g, 69%) after 
washing with cold hexane. 'H NMR (C6D6, ppm): Hortho, 8.54 

Hpara, 7.13 (m, 2 HI; NCH,(C,H,), 5.44 (br t ,  4 H, vp = 3.5-4.0 

Hz); PCH,CH,P, 1.1 (br m, obscured by methyl groups); Rh-H- 

13C{1HI NMR (c$T ppm): Clpso, 144.3; other aromatic carbons, 
129.2, 125.9, 125.5; NCH,, 76.1; CH(CH3),, 26.4-28.7 (m); PC- 
H,CH,, 19.7-21.1 (m); CH(CH,),, 18.4, 19.0, 19.0, 19.6 (s). 31P(1HJ 

(dm, ' J R h  z 199 Hz). Anal. Calcd for C,,H,,P4Rh,N: c, 54.37; 
H,  8.58; N, 1.51. Found: C, 54.26; H, 8.80; N, 1.50. 

Synthesis of [ (dippe)RhlZ[p-HNCH(C6H5),](p-H) (5a). To 
a stirred solution of [(dippe)Rh],(p-H), (la; 0.060 g, 0.082 mmol) 
in toluene (10 mL) was added neat benzophenone imine (0.022 
g, 0.12 mmol), in one portion. The reaction mixture was stirred 
for an additional 10 min, after which the green to orange color 
change was complete. The solvent was removed in vacuo, and 
the remaining orange solid was recrystallized from toluene-hexane 
(1:3), yielding a crop of orange crystals of [(dippe)Rh],[p- 
HNCH(C,H,),](p-H) (0.052 g, 70%) after washing with cold 

Hz); Hmetar 7.20 (m, 4 H); H,,,, 7.13 (m, 2 H); NCH(C,ff&, 6.28 
(br t, 1 H,  ,JP = 5.2 Hz); H-N, 4.57 (br s, 1 H); CH(CH3)2, 2.45, 

CH(CH,),, 1.30, 1.21, 1.19, 1.06, 1.05, 1.02, 0.92, 0.92 (overlapping 
dd, 48 H, ,JP = 12.0-14.0 Hz); PCH,CH,P, 1.1-1.2 (m, obscured 
by methyl groups); Rh-H-Rh, -8.20 (ttt,  'JptrllM = 60.0 Hz, 'Jp,,, 

other aromatic carbons, 129.2, 127.2, 126.2; NCH(C6H5)2, 73.7; 
CH(CH,),, 27.8-28.9, CH,CH,, CH(CH3),, 17.1-25.2 (overlapping 
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( t t t ,  ' Jp  = 57.2 HZ, 'Jp,,. = 12.8 Hz, ' J R h  = 22.7 Hz). 13C(1HJ 

' J R h  152 HZ); Pcis(~),  75.1 (dm, ' J R h  195 HZ). Anal. Calcd 

(d, 4 H, 3J~,et ,  = 7.2 Hz); Hmeta, 7.21 (m, 4 H, 3 J ~  = 7.5 Hz); 

Hz); CH(CHJ2, 2.35, 1.85 (dsp, 8 H, 3 J ~  = 7.6-8.0 Hz, 'Jp = 3.C-4.0 
Hz); CH(CHJ2, 1.48, 1.06, 0.73, 0.72 (dd, 48 H,  'Jp = 12.0-14.0 

Rh, -9.40 (ttt,  ' Jp  = 57.2 Hz, 'Jp,. = 12.8 Hz, ' J R h  = 22.0 Hz). 

NMR (C&j, ppm): Ptrans(~), 98.8 (dm, 'Jm e 154 Hz); Pck(~) ,  74.7 

hexane. 'H NMR (C&,, ppm): Hortho, 7.78 (d, 4 H, 3 J ~  = 7.6 

1.90, 1.81, 1.67 (dsp, 8 H,  3 J ~  = 7.5-7.9 Hz, 'Jp = 2.0-4.0 Hz); 

= 12.4 Hz, 'Jm = 22.2 Hz). 13C{'H} NMR (C&, ppm): C,,, 147.2; 

signals). 31P{'H} NMR (C&, ppm): Ptrans(~), 104.3 (dm, 'JRh z 
159 Hz); Pcls(~j,  84.5 (dm, ' J R h  2 191 HZ). Anal. Calcd for 
C4,H7,P4Rh,N: C, 53.89; H,  8.49: N, 1.53. Found: C. 54.07; H,  
8.37; N, 1.60. 

Synthesis of [ (dippe)Rh],(p-C,H,N)(p-H) (6a). To a stirred 
solution of [(dippe)Rh],(p-H), (la; 0.140 g, 0.19 mmol) in hexane 
(15 mL) was added dropwise a solution of isoquinoline (0.074 g, 
0.57 mmol) in hexane (5 mL). The green solution of l a  turned 
to a red-brown color within 10 min, and hexane was removed in 
vacuo, leaving a dark red-brown solid. Recrystallization from 
hexane yielded a crop of red crystals (0.112 g, 68%) after washing 
with cold hexane. 'H NMR (C&, ppm): 

Fryzuk a n d  Piers 

signals); Rh-H-Rh, -9.31 (ttt, 2Jp = 59.2 Hz, 2Jp. = 13.6 Hz, 

(bridgehead carbons), 136.1,128.7; other aromatic carbons, 125.0, 

25.5 (m); CH,CH,, 20.3 (m); CH(CH3),, 21.0, 20.7, 20.6, 19.5, 19.4, 
17.9, 17.5, 17.4. 31P{1H} NMR (CCD12, ppm, major regioisomer): 

HZ). ( J~P(~HJ  NMR (C&, ppm, minor regioisomer): P-,, 115.7 
(dm, lJRh = 175 Hz); P,,,, 96.7 (dm, 'JRh -- 188 Hz). Anal. Calcd 
for C,,H,,P,Rh,N: C, 51.57; H,  8.54; N, 1.63. Found: C, 51.53; 
H, 8.50; N, 1.62. 

Synthesis  of [ ( dipope)Rh],[ p- (C6H5)N(CH,C6H5)] (p-H) 
(2b). To a stirred solution of [(dipope)Rh],(p-H), (lb; 0.150 g, 
0.17 mmol) in toluene (10 mL) was added solid N-benzylidene- 
aniline (0.063 g, 0.35 mmol), in one portion. The reaction mixture 
was stirred for 3&45 min, during which a slow red to yellow-brown 
color change was observed. The toluene was removed under 
reduced pressure and the oily yellow-brown residue recrystallized 
from hexane (<1 mL). After a quick wash with 0.5 mL of cold 
hexane, 0.152 g (84%) of yellow crystals of [(dipope)Rh],[p- 
(C,H,)N(CH,C,H,)](p-H) was obtained. 'H NMR (C7D8, ppm): 

' J R h  = 22.9 Hz). 13C{'HJ NMR (CiElZ, ppm): NCK148.7; c-c 
123.2, 121.5, 119.8, 95.9; NCH2, 62.2; CH(CH3)2, 27.4, 27.3, 26.6, 

P,,,,, N), 110.5 (dm, ' J R h  162 HZ); Pcis(~), 84.1 (dm, ' J R h  z 185 

C-H, or C-H,, 6.83 (m, 1 H,  3 J H  = 6.4 Hz); C-H, or C-H, and 
C-H3 or C-H,, 6.71 (m, 2 H); C-H,, 6.52 (d, 1 H, 'JH2 = 7.6); C-H1, 
4.98 (d, 1 H); NCH2, 5.66 (br t, 2 H, , Jp  = 2.2 Hz); CH(CHJ2, 
2.07, 2.05, 1.97, 1.85 (overlapping dsp, 8 H, 3 5 H  = 7.5-8.0 Hz, * J p  
= 2.0-4.0 Hz); CH(CH3)Z and PCH,CH,P, 0.9-1.3 (overlapping 

C-H,, 8.42 (dd, 2 H, 3JH = 7.4 Hz, ,JH = 1.9 Hz); C-H,, 7.61 (d, 
2 H, 3JHs = 8.0 Hz); C - d  and C-H3 or &-He, 7.01 (m, 3 H); C-H5, 
6.89 (m, 2 H); C-H3 or c-H,, 6.58 (m, 1 H); NCH2C6H5, 5.01 (br 
t, 2 H, , J p  = 4.5 Hz); OCH(CH3)2, 5.07, 4.43, 4.40, 3.71 (dsp, 8 
H, 3JH = 5.8-6.6 Hz, 3Jp = 2.0-4.0 Hz); OCH(CHJ2, 1.39, 1.37, 

8 H); Rh-H-Rh, -8.32 (ttt, 'JpVM. = 84.1 Hz, 'JpCi = 4.8 Hz, 'Jm 
1.30, 1.14, 1.05, 1.02, 1.00, 0.78 (d, 48 H); PCH,CH,P, 1.5-1.8 (m, 

= 23.1 Hz). 13C(1H} NMR (C&,,  ppm): Cipm(N), 165.6 (t, ,JP = 
3.3 Hz); Cl,(C), 159.9; other aromatic carbons, 142.6, 131.3, 131.1, 
126.7, 126.0, 125.9, 121.3, 117.7 (two signals obscured by solvent 
peaks); NCH2CsH5, 63.6; OCH(CH3),, 67-70 (4 s); PCH,CH,P, 
31.5-33 (m); OCH(CH3),,24.6-26 (8 s). 31P(1H} NMR (C7D8, ppm; 
Pcis(N) = A, Ptrans(N) = B, Rh = X): 6A = 73.9; 6B = 105.5; J a ,  = 
44.8 Hz; J A B  = 39.9 Hz; J A B '  = 4.4 Hz; J m  = 191.3; J" = 265.1 
Hz; J B B ,  = -3.8 Hz; J B X  = 223.3 Hz; JBx, = -2.4 Hz; Jxx, = 3.2 
Hz. Anal. Calcd for C41H7708P4Rh2N C, 47.27; H, 7.45; N, 1.34. 
Found: C, 47.52; H,  7.70; N, 1.40. 

Synthesis of [ (dipope)Rh],[p-(CH3)N(CHzC6H5)](p-H) (3b). 
To a stirred solution of [(dipope)Rh],(p-H), (lb; 0.065 g, 0.08 
mmol) in toluene (10 mL) was added neat N-benzylidene- 
methylamine (0.027 g, 0.24 mmol), in one portion. Stirring was 
continued for 10 min, during which time a red to yellow-brown 
color change occurred. The toluene was then removed under 
reduced pressure, and the oily residue remaining was redissolved 
in hexane (0.5-1.0 mL). When the solution was cooled, a crop 
of oily yellow crystals was isolated in 61% yield (0.045 g). 'H NMR 

2 H); H ,a, 7.15 (m, 1 H); NCH,C6ff5, 5.04 (br t, 2 H,  , Jp  = 4.8 
Hz); 08H(CH3),, 5.12, 4.97, 4.84, 4.66 (dsp, 8 H, 3 J H  = 6.2-6.6 
Hz, 3Jp = 2.0-4.0 Hz); NCH3, 3.99 (br t ,  3 H, ,JP i= 2-3 Hz); 
PCH,CH,P, 1.6-1.9 (m, 8 H); OCH(CH3),, 1.51, 1.50, 1.48, 1.36, 

(CsDs, ppm): Haho, 8.36 (d, 2 H, 3 J ~  ~ = 7.4 Hz); Hmeh, 7.25 (m, 

1.34, 1.32, 1.32, 1.22 (d, 48 H); Rh-H-Rh, -7.33 (ttt, 'Jp = 75.8 
Hz, 'JpCB = 4.9 Hz, ' JRh  = 22.2 Hz). 13C(1H} NMR (CsK, ppm): 

72.7; NCH3, 56.5 (t, J = 2.8 Hz); OCH(CHJ2, 69.7, 69.1 (2), 68.7; 

singlets). 31P(1HJ NMR (CsD,, ppm): Ptrans(~), 202.2 (dm, 'JRh 
272 HZ). Anal. Calcd for 

Cipso, 143.4; other aromatic carbons, 129.9, 126.4, 125.9; NCH,, 

PCH2CH2P, 32.0-32.8 (m); OCH(CH3),, 24.9-25.8 (8 overlapping 

C36Hi408P4Rh2N: C, 44.18; H, 7.62; N, 1.43. Found: C, 43.83; 
H, 7.93; N, 1.48. 

Synthesis of [(dip~pe)Rh]~[p-N(CH,C,H,),l(r-H) (4b). To 
a stirred solution of [(dipope)Rh],(p-H), (lb; 0.038 g, 0.04 mmol) 
in toluene was added N-benzylidenebenzylamine (0.026 g, 0.13 
mmol), in one portion. The reaction mixture was stirred for 2 
h. during which a slow red to yellow-brown color change occurred. 

204 Hz); Pcis(~) ,  177.8 (dm, ' JRh  
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The toluene was completely removed in vacuo and the oily residue 
dissolved in hexane (0.5 mL). When the solution was cooled, a 
crop of oily yellow crystals was obtained in 63% yield (0.029 9). 

7.05 (m, 4 H); H 7.00 (m, 2 H); NCH2C6ffSr 5.26 (br t ,  4 H, 
4Jp = 4.8 Hz); 08H(CH3),, 4.75, 4.28 (dsp, 8 H, 3JH = 6.2-6.6 Hz, 
2Jp = 2.0-3.0 Hz); PCH2CH2P, 1.65 (dm, 4 H, J p  -- 30 Hz, JH = 
8 Hz); PCH2CH2P, 1.58 (dm, 4 H, J p  = 30 Hz); OCH(CH3)2, 1.38, 

'H NMR (CsD,, ppm): Hafiat 8.27 (d, 4 H, 3JH t. = 7.6 Hz); Hmeb, 

1.27, 1.09, 0.98 (d, 48 H); Rh-H-Rh, -7.44 (ttt, 2Jp,, = 78.4 Hz, 
'Jph = 3.8 Hz, ' JRh  = 21.8 Hz). 13C(lH} NMR (CsDs, ppm): Ciw, 
144.2; other aromatic carbons, 129.5, 125.7, 125.3; NCH2, 71.6; 
OCH(CH3),, 68.6, 68.5; PCH2CH,P, 31.2-32.6 (m); OCH(CH3),, 
25.3, 25.2, 24.7, 24.6. 31P{1HJ NMR (CsDs, ppm): Ptrans(N), 200.3 
(dm, ' J R h  268 Hz). Anal. 204 Hz); Pcis(~),  176.7 (dm, ' J R h  
Calcd for C4zH,908P4Rh2N: C, 47.78; H,  7.54; N, 1.33. Found: 
C, 48.00; H, 7.53; N, 1.40. 

Synthesis of [ (dipope)Rh],[rc-HNCH(C6H5)23(C(-H) (5b). To 
a stirred solution of [(dip~pe)Rh]~(p-H),  ( lb;  0.045 g, 0.05 mmol) 
in toluene (10 mL) was added neat benzophenone imine (0.028 
g, 0.15 mmol), in one portion. Stirring was continued for 5 min, 
during which time a red to yellow-orange color changed occurred. 
After rotary evaporation of the toluene, the oily residue was 
redissolved in hexane (0.5 mL). When the solution was cooled, 
a crop of yellow crystals was isolated, yielding 0.025 g (46%) after 
washing with cold hexane. 'H NMR (CsDs, ppm): &tho, 7.95 

H); NCH(C6%)2, 6.70 (br t, 4Jp = 8.8 Hz); OCH(Cfi3),, 5.06, 4.90, 

(br t, 1 H, 3Jp = 4-5 Hz); PCH2CH2P, 1.88, 1.60 (dm, 8 H); 

31C{1H} NMR (C&, ppm): ci 148.1; other aromatic carbons, 
128.9, 127.6, 126.2; NCH(c,fi,),, 72.1; CH(CH3)2, 68.5-70.7; 
CH,CH2, 32.1 (m); OCH(CH3),, 24.9-25.5 (overlapping singlets). 

C4,H,,08P4Rh2N: C, 46.27; H, 7.45; N, 1.34. Found: C, 46.40; 
H, 7.53; N, 1.44. 

Synthesis  of [(dipope)RhI2(pCgH8N)(jt-H) (6b). To a 
stirred solution of [(dipope)RhI2(p-H), ( lb;  0.081 g, 0.09 mmol) 
was added a solution of isoquinoline (0.036 g, 0.30 mmol) in hexane 
(5 mL), in one portion. After the mixture was stirred for a further 
30 min, a red to yellow color change was complete; concentrating 
the reaction mixture to - 1 mL in volume, followed by cooling, 
led to a crop of yellow crystals (0.082 g, 88%). 'H NMR (C6D12, 
PPm): 

(d, 4 H, 3 J ~  = 7.4 Hz); Hmeb, 7.24 (m, 4 H); H 8r8, 7.11 (m, 2 

4.60,4.59 (dsp, 8 H, 3 J ~  = 6.2-6.6.H~, 2Jp = 2.0-3.0 Hz); NH, 4.07 

OCH(CHJ2, 1.42, 1.37, 1.35, 1.26, 1.23, 1.21, 1.16 (d, 48 H); Rh- 
H-Rh, -7.53 (ttt, 2Jpu, = 76.2 Hz, 'Jp& = 4.0 Hz, 'Jm = 21.2 Hz). 

31P11H) NMR (C&, ppm): Ptrsns(~), 197.4 (dm, 'JRh 205 Hz); 
Pcis (~) ,  177.5 (dm, ' J R h  = 260 Hz). Anal. Calcd for 

4 

Organometallics, Vol. 9, No. 4, 1990 989 

toluene-hexane (1:2). The crystals were washed twice with cold 
hexane (1 mL) to remove excess imine; yield 0.059 g (77%). 'H 
NMR (C6D6, ppm): Hofiho, 7.83 (d, 4 H, 3 5 ~  = 7.3 Hz); Hmeh, 
7.15 (m, 4 H); Hpara, 7.06 (m, 2 H); NCH(C6flJ2, 6.05 (br t ,  1 H, 
4Jp = 6 Hz); NH, 3.87 (br s); CH(CHd2, 2.31,1.6-1.8 (overlapping 

CH(CH3),, 0.8-1.4 (overlapping multiplets, 60 H); Rh-H-Rh, 
dsp, 8 H, 3 J H  = 7.6-8.0 Hz, 2Jp = 3.0-4.0 Hz); PCHZCHZCHZP, 

-10.00 (ttt, 'Jp = 57.9 HZ, 'JpCu = 11.6 HZ, ' JRh  = 22.0 HZ). 
31P(1H) NMR ( 0 6 ,  ppm): Ptrans(~),  41.4 (dm, 'JRh = 161 Hz); 
Pcis(N), 27.2 (dm, ' JRh  = 190 Hz). Anal. Calcd for C,,H,,P4Rh2N: 
C, 54.84; H, 8.67; N, 1.49. Found: C, 54.59; H, 8.72; N, 1.35. 

Equilibrium Measurements for t he  Equilibrium la + 
Isoquinoline 2 6a. Sample Preparation. [(dippe)Rh],[p- 
(C,H,N)](p-H) (6a; 0.120 g, 0.139 mmol) was dissolved in cyclo- 
hexane-d,, (0.30 mL). The resulting deep red solution was dis- 
tributed evenly among three sealable 5-mm NMR tubes. Simi- 
larly, a solution of isoquinoline (0.020 g, 0.16 mmol) in toluene-d8 
(0.30 mL) was added in even portions to each of the three NMR 
tubes. To  the first tube was added a further 0.40 mL of cyclo- 
hexane-d12 (CsD12:C7Ds = 5:l); the second sample was augmented 
with 0.20 mL of cyclohexane-d12 and 0.20 mL of toluene-d8 
(C6D12:C7D8 = l:l), while the third sample was made up to volume 
with 0.40 mL of toluene-d, (C6Dl2:C7D8 = 1:5). The tubes were 
fitted with needle valves, attached to  a vacuum line, degassed, 
and sealed under about 0.9 atm of argon at  -78 "C. Each sample 
contained 4.65 X lo-, mol of [(dippe)RhI2[p-(C9H8N)] ( p H )  and 
5.2 X mol of isoquinoline in a total sample volume of 0.75 
mL. 

Equilibrium Measurements. Measurement of the equilib- 
rium constant a t  various temperatures was carried out by inte- 
gration of the appropriate peaks in the 31P{1HJ NMR spectra. The 
samples were placed in a thermostated probe and allowed to 
equilibrate at  each temperature for 10 min before pulsing began. 
The 31P( 'H} spectra were collected a t  constant temperature by 
using a 73' pulse, a 4-s relaxation delay, and broad-band de- 
coupling. The ratio of phosphorus-containing constituents was 
determined via integration of the appropriate peaks; no corrections 
for NOE effects were made. The possibility of intensity anomalies 
due to relaxation time differences was ruled out when a separate 
experiment yielded T1 values of between 1.5 and 2.5 s for each 
phosphorus nucleus in the spectrum. 

Equilibrium Measurements for  t he  Equilibrium: l b  + 
Isoquinoline - 6b. Sample  Preparation. [ (dipope)RhI2[p- 
(C,H,N)](p-H) (6b; 0.036 g, 0.036 mmol) was dissolved in pure 
n-hexane (0.30 mL) and the solution loaded into a sealable 5-mm 
NMR tube. A solution of isoquinoline (0.006 g, 0.05 mmol) in 
toluene-d, (0.30 mL) was added to the tube and a 180" needle 
valve attached. The assemblage was connected to a vacuum line 
and the sample degassed via two freeze-pump-thaw cycles. The 
tube was sealed under -0.9 atm of argon. 

Equilibrium Measurements. These were carried out in a 
procedure identical with that described above for the dippe system. 

Kinet ic  Measurements.  [ ( d i ~ p e ) R h I ~ ( r - H ) ~  + N -  
Benzylideneaniline. Kinetic measurements of the reaction of 
[ (dippe)RhI2(p-H), (la) with N-benzylideneaniline were made by 
following the reaction by 31P(1H) NMR spectroscopy. Samples 
were prepared by loading a sealable 5-mm NMR tube with 0.25 
mL of a stock solution of la in toluene-d, (0.494 g in 5.00 mL of 
C,D,, 1.35 X lo-' M) and a further 0.25 mL of toluene& The 
tube was then fitted with a 45' needle valve and attached to a 
vacuum line. The sample was degassed via two freeze-pump-thaw 
cycles and cooled to -78 "C. N-Benzylideneaniline (0.10 mL of 
a stock solution containing 1.257 g in 5.00 mL of C7D8, 1.39 M) 
was added through the needle valve via syringe under a strong 
flow of argon. The tube was then sealed without delay under about 
0.85 atm of argon and placed in a thermostated probe set at  204.0, 
209.0, 214.0, or 218.0 K. While the sample thermally equilibrated, 
a spectrum was collected; if observable amounts of the final 
amido-hydride product 2a were present, the run was aborted. 
After an equilibration period of 10 min, spectra were collected 
at convenient intervals. Time points were taken as the midpoint 
of FID collection periods and calculated on the basis of the number 
of scans collected, the time a t  the start of data collection, and 
an acquisition time of 0.4096 s. The ratio of components in 
solution was determined from the ratios of appropriate integrals; 
anomalies due to  differences in T1 values were ruled out when 

C-H4 or C-H,, 6.85 (m, 1 H); C-H4 or C-H,, 6.76 (m, 1 H); C-H,, 
C-H3, and c-&, 6.56 (m, 3 H); C-H,, 5.0 (d, 1 H, 35H1 = 7.4 Hz); 
NCH,, 4.75 (br t, 2 H, 4Jp = 4 Hz); OCH(CH3)2, 4.95, 4.89, 4.81, 
4.62 (overlapping dsp, 8 H, 3& = 6.4-6.6 Hz, 2Jp = 2.0-3.0 Hz); 
PCH2CH2P, 1.35-1.65 (m, 8 H); OCH(CH3),, 1.23-1.32 (5 over- 
lapping d, 30 H); OCH(CH3),, (3 overlapping d, 18 H); Rh-H-Rh, 

NMR (C&, ppm): C-H, 143.2, 120.6, 119.2, 118.3, 116.4, 93.7 
(the two quaternary bridgehead carbons were not observed); 

24.8-28 OCH(CH,),, 19.0-21.5 (overlamina resonances). 31P{1Hl 

-8.10 (ttt, 'Jp- = 76.0 Hz, 'Jp& = 5.4 Hz, 'Jm = 23.3 Hz). 13C{1HJ 

NCH,, 57.2; OCH(CHJ2, 64.8, 64.1, 63.9, 63.3 (s); PCH?CH,P, 

NMR (i=&12, ppm): Ptrans(~) ,  201.0 (dm, '3Rh 
177.2 (dm, ' JRh  =Z 252 HZ). 

211 Hz); Pcis(~),  

Synthesis of [ (dippp)Rh],[ pHNCH(C6H5)2] (p-H) (5c). To 
a solution of [(dippp)RhI2(p-H), (IC; 0.062 g, 0.08 mmol) in toluene 
(10 mL) was added benzoDhenone imine (0.150 -10 eauiv), 
in one portion. The reaction mixture was stirred at 50 OC for 16 
h, which brought about a green to red-orange color change. The 
toluene was removed in vacuo and the residue recrystallized from 
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(t, 1 H, 3JH,,t. = 7.2 Hz); Hmeta, 7.09 (m, 2 H); NCH3, 3.65 (s, 3 
H); dippe ligand resonances are broad, CH(CH3),, 2.4, 1.9 (8 H); 

-9.45 (m). 31P{H} NMR (THF, ppm, +30 "C): Ptrms(Np 107.1 (br 

= 159.6 Hz, 'JP = 29.1 Hz); Ptrana(N, 105.5 (br dd, ' JRh  = 166.2 

139.6; other aromatic carbons, 129.5, 128.9, 128.1; CH=N, 102.8; 
NCH,, 57.9; ligand resonances, 18-30. 

Reaction of {[ (~~P~~)R~]~[~~-(C~H,)N=CH(C~H,)](~-H))BF, 
(7a) and LiAIH(OBut)> The p-imine hydride complex 7a (0.052 
g, 0.052 mmol) was dissolved in T H F  (10 mL). To  this stirred 
solution was added solid L ~ A ~ H ( O B U * ) ~  (0.015 g, 0.057 mmol) in 
small portions over a period of 5 min. The solution slowly turned 
from deep red to green-orange. THF was removed under reduced 
pressure, and the residue was extracted with hexane (3 X 10 mL 
portions). The extracts were filtered through a pad of Celite and 
concentrated to -3 mL. Cooling led to the precipitation of an 
orange powder consisting of >95% pure [(dippe)RhIz[p-(C6H5)- 
N(CH,C,H,)](p-H) (2a; 0.37 g, 78%). 

This reaction was also carried out in an NMR tube a t  low 
temperature. Complex 7a (0.046 g, 0.046 mmol) was dissolved 
in T H F  and loaded into a sealable 5-mm NMR tube equipped 
with a 180" needle valve. The assemblage was connected to a 
vacuum line and degassed; the sample was then cooled to -78 "C, 
and a T H F  solution containing 2 equiv of LiAIH(OBut), was 
syringed into the tube under a strong flow of argon. The tube 
was sealed immediately and the reaction monitored by 31P{'H} 
NMR spectroscopy. 

Hydrogenation Procedures for the Attempted Hydro- 
genation of N-Benzylideneaniline. Use of [ (dip~e)Rh]~(r-H)~ 
( la)  as Catalyst Precursor. The dihydride [ (dippe)Rh],(p-H), 
( la;  0.020 g, 0.027 mmol) and N-benzylideneaniline (0.098 g, 20 
equiv) were dissolved in T H F  (5.0 mL), and the solution was 
loaded into a small reactor bomb. The solution was degassed on 
a vacuum line, placed under 4 atm of dihydrogen, and stirred at  
room temperature for 14 h. The solvent and excess dihydrogen 
were removed in vacuo, and the residue was analyzed via 'H NMR 
spectroscopy. Only traces of N-phenylbenzylamine were detected, 
corresponding to <3 % hydrogenation. 

Use of [(dippe)Rh],(H), as  Catalyst Precursor. The di- 
hydride [(dippe)Rh],(pH), (la; 0.020 g, 0.027 m o l )  was dissolved 
in THF (4.0 mL) and the solution loaded into a small reactor 
bomb. The solution was degassed and placed under 1 atm of 
dihydrogen, converting the dihydride into the tetrahydride adduct 
instantly.lS Under a strong flow of dihydrogen, a solution of 
N-benzylideneaniline (0.098 g, 20 equiv) in THF (1.0 mL) was 
syringed into the reaction vessel. The solution was stirred for 
1 2  h and worked up in a procedure analogous to that described 
above. 'H NMR spectroscopy of the residue indicated -35% 
conversion of the imine to the amine, corresponding to approx- 
imately seven turnovers. Again, a similar procedure with [ (di- 
pope)Rh],(p-H), ( lb)  as catalyst precursor was performed; no 
hydrogenation was detected. 

Reaction of [(dippe)Rh]Z[cc-(C6H,)N(cHZc6H~)](cc-H) (2a) 
with Dihydrogen. The amido-hydride 2a (0.032 g, 0.035 mmol) 
was dissolved in toluene-d, (-0.5 mL) and the solution loaded 
into a sealable 5-mm NMR tube fitted with an 180" needle valve. 
The assemblage was attached to a vacuum line with access to pure 
dihydrogen and the sample degassed with two freezepumpthaw 
cycles. The sample tube was cooled to -196 "C and dihydrogen 
admitted to -0.9 atm; the tube was sealed, thawed, and monitored 
periodically via 'H NMR spectroscopy. Signals due to N- 
phenylbenzylamine slowly appeared and were identified through 
comparison with a spectrum of an authentic sample (Aldrich). 
After -3 days, the peaks due to 2a had disappeared, leaving only 
those of the free amine and the tetrahydride adduct of la. 

Spectroscopic Monitoring of Reactions between la  and 
Imines. The following method was used to monitor the reactions 
of the dihydrides with various imines a t  low temperatures. A 
solution of l a  or lb  was loaded into a sealable 5-mm NMR tube 
equipped with a 180" needle valve. The assemblage was attached 
to a vacuum line, cooled to -78 "C, and degassed. A solution of 
the imine was then added via syringe through the needle valve 

PCHZCHZP, 2.2, 1.8 (8 H); CH(CHJ2, 0.9-1.4 (48 H); Rh-H-Rh, 

dm, 'JRh 163 Hz, 'Jp e 29 Hz); Pck(Nj, 92.4 (br dm, Jm e 169 
Hz). 31(1H) NMR (THF, ppm, -50 "C): Ptrma(~), 109.4 (dd, ' JRh  

Hz, 'Jp = 26.6 Hz); Pcis(~), 95.3 (dm, b m  = 183.0 Hz); Pcb(Nj, 90.1 
(dm, ' J R h  = 143.9 Hz). 13C{'H} NMR ((CDJ2C0, ppm): Cipsor 

a separate experiment revealed similar TI values for all phos- 
phorus-containing components in solution. When the first step 
in the reaction was complete, the probe was warmed rapidly to 
244.0, 248.5, 254.0, or 258.0 K. After a 10-min equilibration period, 
the second step was followed in a manner analogous to that 
described above for the first step. Kinetic runs were repeated 
at  least twice. 

[ (dippe)Rh],(p-D), + N-Benzylideneaniline. This exper- 
iment was carried out in a procedure identical with that described 
above. Samples were prepared by dissolving l a d ,  (0.026 g, 0.035 
mmol) in toluene-d, (0.4 mL) and loading into a sealable 5-mm 
NMR tube equipped with a 180" needle valve. After the tube 
was attached to a vacuum line and degassed, a solution of N-  
benzylideneaniline (0.025 g, 0.14 mmol) in toluene-d, (0.2 mL) 
was added via syringe under a strong flow of argon. The tube 
was sealed under 0.9 atm of argon, and the reaction's two steps 
were followed a t  209 and 254 K, respectively. 

Synthesis of I[ (dippe)Rhl2[cc-(C6H5)N~H(C6H5)1(cc-H))- 
BF, (7a). The dihydride [(dippe)Rh],(p-H), ( la;  0.200 g, 0.27 
mmol) and the iminium salt generated from N-benzylideneaniline 
and HBF, (0.073 g, 0.27 mmol) were loaded into a small reactor 
bomb equipped with a magnetic stirbar. The bomb was attached 
to a vacuum line, evacuated, and cooled to -78 "C. THF (-10 
mL) was vacuum-transferred into the vessel. An immediate 
orange-brown color obtained, different from the characteristic 
deep green of la; while it was warmed to room temperature, the 
solution became deep red-purple. Although gas evolution was 
not visually observed, a slight buildup of pressure in the reaction 
vessel was apparent. THF was removed in vacuo once the reaction 
mixture was warmed to room temperature, and the residue was 
recrystallized from the minimum amount of THF-toluene. 'H 
NMR ((CD3),C0, ppm): 

8 
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C-H1, 8.69 (d, 2 H, 3&2 = 8.0 Hz); C-H, or C-H,, 7.94 (br s, 1 
H); CH=N, 7.78 (br t, 1 H, Jp = 1.5 Hz); C-H3, 7.40 (t, 1 H, 3 J ~ 2  
= 7.4 Hz); C-H, or C-H,, 7.34 (br s, 1 H); c-H6, C-H7, and C-H,, 
7.23 (br m, 3 H); C-H,, 7.14 (m, 2 H); CH(CH3), and PCH2CH2P, 
1.8-2.5 (overlapping broad m. 16 H); CH(CH3),, 1.41, 1.29, 1.07 
(3), 0.75 (3) (overlapping dd, 48 H, 3 J H  = 6.4-7.2 Hz, = 
11.6-16.4 Hz); Rh-H-Rh, -9.01 (ttt, , Jp  = 50.1 Hz, ,Jp_ = 13.6 
Hz, ' J R h  = 23.6 Hz). 31P(1HI NMR ((&3)2CO, ppm, +30 "C): 
Ptrans(~), 107.7 (br dm, ' J R h  163 HZ); P c l s ( ~ ) ,  91.3 (br dm, ' J R h  
= 157 Hz). 31P(1H} NMR ((CD,),CO, ppm, -45 "C): PtranStN), 110.0 
(dd, ' J R h  = 166.3 Hz, 'Jp = 31.2 HZ); Ptrms(Nj, 106.4 (dd, 'JRh = 
159.8 Hz, 'Jp = 29.6 Hz); Pne(N, 92.8 (dm, 'Jm = 182.5 Hz); Pcls(N), 
89.7 (dm, ' J R h  = 140.9 Hz). 13C('H) NMR ((CD3),C0, ppm): 
CH=N, 93.6 (s, 'JH = 168.4 Hz). Anal. Calcd for 
C41H76P,Rh2NBF,: C, 49.26; H, 7.66; N, 1.40. Found: C, 49.46; 
H,  7.85; N, 1.30. 

Synthesis of I[ (dippe)Rh],[p-(CH3)N==CH(C6Ha)](cc-H)}BF, 
(Sa). The dippe dihydride l a  (0.153 g, 0.21 mmol) and the 
iminium salt generated from N-benzylidenemethylamine and 
HBF, (0.043 g, 0.21 mmol) were loaded into a small reactor bomb 
equipped with a magnetic stirbar. The vessel was evacuated and 
cooled to -78 "C. Pure T H F  (10 mL) was vacuum-transferred 
into the vessel. Although reaction was immediate, as evidenced 
by a green to red-brown color change, the mixture was stirred at  
-78 "C until all the solid was dissolved prior to warming to room 
temperature (30 min). After the solution was warmed, the THF 
was removed in vacuo and the remaining oily dark red solid was 
recrystallized from THF-toluene, yielding 0.150 g (77%) of red- 
purple crystals. 'H NMR ((CD,),CO, ppm): Hoeho t  8.41 (d, 2 H, 
3JH,, = 7.4 Hz); CH=N, 7 70 (br t, 1 H, Jp = 2.0 Hz); H,,,, 7 34 
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port under a strong flow of argon. The tube was sealed under 
a partial vacuum (-0.9 atm of argon) and, without agitating, taken 
to the NMR spectrometer. The sample was shaken vigorously 
and transferred into the precooled probe as quickly as possible 
(<5  s). After suitable equilibration periods, depending on the 
nature of the experiment, spectra were collected. 

Attempted "Trapping" of 8a. A toluene solution of N- 
benzylideneaniline (2 equiv, 1 mL) was added via syringe to  a 
solution of l a  (-0.050 g) in toluene (5 mL) cooled to -78 "C. The 
reaction mixture was stirred for 2 h at temperatures never ex- 
ceeding -60 "C to ensure complete formation of the brown-green 
intermediate. At this point, the trapping agent, CC14 (1 mL) or 
ethylene (1 atm), was introduced into the reaction vessel. After 
they were stirred for a further 30 min at low temperature in the 
presence of these reagents, the solutions were slowly warmed to 
room temperature. The reaction mixture containing CC14 turned 
black-brown upon warming, with significant deposits of metal 
observed. The solution to which ethylene had been admitted was 
worked up by removal of the solvent and excess ethylene in vacuo 
followed by recrystallization of the residue from toluene-hexane. 
31P11HJ NMR spectroscopy revealed the presence of only 2a and 
the p-vinyl hydride complex [ (di~pe)Rh],(p-~~-u-CH=CH,)(~-H). 

Results and Discussion 
Synthesis and Properties of Binuclear Rhodium 

Amido Hydrides. The dihydrides [ (dippe)RhI,(p-H) (la) 
and [ ( d i p ~ p e ) R h ] ~ ( p - H ) ~  (lb) react rapidly with simple 
aldimines (R'N=CH(Ph); R' = C6H5, CH3, CH2C6H6) to 
afford the binuclear products [ (RZPCH2CH2PR2)Rhl2[p- 
(R')NCHz(C6H5)](p-H) (R = Pri, 2a-4a; R = OPr', 2b-4b) 
in good yield (eq 1). This reaction may be extended to 

R = Pr', la 
R = OPr', lb 

R' R 
C6H5 Pr' 2a 
CsH5 OPr' 2b 

Pr' 3a 
OPr' 3b 
Pr' 4a 

CHzPh OPr' 4b 
(1) 

CH3 
CH:, 
CHzPh 

the ketimine benzophenone imine (eq 2). In each case, 
Dk. 

R = Pr', la 
R = OP', lb 

R = Pr', 5a 
R = OPr', 5b 

(2) 

the products are produced in quantitative yield as deter- 
mined by 31P( 'H) NMR spectroscopy. Isolated yields, 
though not maximized in some cases, vary from about 50 
to 90% depending on the solubilities of the products. The 
amido hydrides incorporating the dipope ligand were found 
to be highly soluble even in nonpolar hydrocarbon solvents 
such as hexane, and thus isolated yields were generally 
lower for these complexes. Qualitatively, reactions in- 
volving lb and imines were slower than those between la 
and imines; in addition, reaction rates appeared to be 
influenced by the steric bulk of the substituent on nitrogen 
in the imine, with bulkier groups impeding the reactions 
significantly. For example, a t  roughly the same concen- 
trations, the reaction of l a  with N-benzylidenemethyl- 
amine was more rapid than that with N-benzylidene- 
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benzylamine by a factor of about 10. Steric bulk on the 
imine carbon atom had less of an effect; the ketimine 
benzophenone imine reacted rapidly with both la and lb  
to form the amido hydride products 5a and 5b. In all 
reactions only 1 equiv of imine adds to the dihydrides; 
thus, in most cases, a 2-4-fold excess of imine was em- 
ployed to facilitate the reactions. 

The dihydride dimer [ (dippp)Rh],(p-H), (IC), which 
incorporates the three-carbon-backbone ligand, 1,3-bis- 
(diisopropylphosphino)propane, Pri2P(CH2)3PPr12, is vir- 
tually inert toward reaction with these imines, with the 
exception of benzophenone imine. Even a t  elevated tem- 
peratures (-90 "C) and with use of large excesses of imine, 
IC failed to react with N-benzylideneaniline or N -  
benzylidenemethylamine. When such conditions were 
employed with benzophenone imine, a slow reaction en- 
sued and the dippp amido hydride product 5c was isolated 
in 77% yield after 16 h of reaction time (eq 3). 

Oh. 

R = Pr', IC R = Pr', 5c 
(3) 

The amido hydride products are bright orange (dippe 
"a" series) or yellow (dipope "b" series) crystalline solids. 
The complexes are all air-sensitive both in solution and 
in the solid state. Complex 2a is stable toward water and 
methanol, however. In addition to moisture stability, 2a 
exhibits high thermal stability in solution in spite of the 
bulkiness of the p-amido ligand, which normally desta- 
bilizes the bridging mode of ligation for such ligands,17 and 
the presence of &hydrogens in the amido ligand, which 
would facilitate decomposition pathways for this molecule. 
Nevertheless, toluene solutions of 2a may be heated at 120 
"C for at  least 4 days without spectroscopically detectable 
decdmposition, although the solution darkens gradually 
throughout heating. Heating at 150 "C for 10 h results in 
less than 10% decomposition. 

Though quite stable toward decomposition under 
thermal duress, hydrogen-deuterium exchange from the 
solvent into the p-amido ligand benzyl and ortho phenyl 
positions was observed a t  temperatures between 100 and 
120 "C. A similar process, along with exchange into the 
triisopropyl phosphite methyl positions, was observed for 
exchange between D2 and [( (Pri0)3P]2Rh]2[p-NMe(p-Cl- 
C,H4)] (p-H);18 presumably a similar mechanism is opera- 
tive. 

The amido hydrides were fully characterized via mul- 
tinuclear NMR spectroscopy and elemental analyses. The 
spectroscopic data for these complexes are comparable to 
those observed for the related, structurally characterized 
amido hydride [((Pri0)3P]2Rh]2[p-NMe(p-C1-C6H4)1 (p-H), 
formed via hydrogenation of the bridging isocyanide ligand 
in [((PriO)3P)Rh]2[p-CN(p-C1-C6H4)](p-H)2.1* The simi- 
larities to this compound imply that all of our amido hy- 
dride products possess the same square-planar geometry 
a t  each rhodium center. Although the 'H NMR spectra 
do not distinguish the proposed square-planar geometry 
from a structure with tetrahedral rhodium centers, certain 

(17) Lappert, M. F.; Power, P. P.; Sanger, A. P.; Srivastava, R. C. 
Metal and Metalloid Amides; Wiley: New York, 1979; p 468. 

(18) McKenna, S. T.; Andersen, R. A.; Muetterties, E. L. Organo- 
metallics 1986, 5, 2233. 

(19) Reference deleted in proof. 
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features of the 31P11H) spectra support the square-planar 
structure (vide infra). 

Diagnostic features of the 'H NMR spectra of these 
compounds are the signals due to the benzylic protons of 
the amido ligand. In all of the amido hydride complexes, 
this signal is a broad triplet, which collapses to a singlet 
upon broad-band decoupling of phosphorus. The mag- 
nitude of this four-bond coupling is 2-4 Hz, except in 
compounds 5a and 5b, where more substantial couplings 
of 5 .2  and 8.8 Hz, respectively, are observed. A similar 
coupling was observed in the signals due to the N-methyl 
groups in complexes 3a and 3b. In the 13C(1HJ NMR 
spectra, the benzylic carbons (and the N-alkyl carbons of 
3a and 3b) resonate in the region 65-75 ppm, appearing 
as slightly broad singlets (wl, , = 8 Hz) with no apparent 
fine structure originating from coupling to either phos- 
phorus or rhodium. 

In all the amido hydride complexes but 2a and 2b, the 
aromatic region of the 'H NMR spectrum is uncompli- 
cated. In 2a, however, the N-phenyl ring experiences re- 
stricted rotation about the Clpso-N bond and thus there 
are five separate environments for the protons on this ring. 
This phenomenon was also observed for the N-phenyl 
group in the complex [{Pr'O),P),Rh],[p-NMe(p-Cl- 
C&)] (p-H).18 In this complex free rotation was observed 
at  room temperature, but upon cooling of the sample the 
rotation was frozen out and separate signals for each of 
the five proton environments were observed. In the 
spectrum of 2a, the five separate resonances are observed 
at  room temperature, indicating that the barrier to rotation 
is higher than that calculated for [{Pr'O),P1,RhI2[p- 
NMe(p-Cl-C,H,)] (p-H).18 Although heating a sample of 
2a did result in the coalescence of the signals due to the 
ortho (8.58 and -7.2 ppm) and the meta (-7.2 and 7.00 
ppm) protons of the ring, the high-temperature limit was 
not reached. This corresponds to a AG* 2o value of ap- 
proximately 16.7 (5) kcal/mol (100 "C) compared to that 
of 12.0 kcal/mol (-15 " C )  reported for [{Pr1O),P1,Rh],[p- 
NMe(p-C1-C,H,)](p-H).ls The N-phenyl ring in 2b also 
experiences hindered rotation, but with a lower barrier of 
AG* = 9.8 (4) kcal/mol (-60 "C). The differences in the 
barriers to rotation of the ring likely reflect differences in 
the steric bulk of the ancillary ligands in each complex. 
Since the N-phenyl ring lies in the idealized mirror plane 
of these molecules, more steric crowding of the molecular 
core results in a higher barrier to free rotation about the 
ClpSO-N bond. Consistent with the above discussion is the 
observation of 10 singlets in the region of the 13C{1H1 NMR 
spectrum of 2a for aromatic carbon resonances, rather that 
the eight expected should free rotation about the CIpso-N 
bond be facile at  room temperature. 

The ?lPIIH) NMR spectra of these complexes are also 
diagnostic and have been discussed in some detail by other 
workers.18 Although complex, the spectra arising from the 
AA'BB'XX' spin system are interpretable. As has been 
observed in other systems,18x21s22 a large four-bond J A A ,  
coupling comparable in magnitude to the two-bond J A B  
coupling is found. It is likely due to the fact that the large 
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bridging amido ligand forces PA and PA' into closer con- 
junction with the Rh-Rh vector such that they are nearly 
opposed across this vector.18 For example, in 
[IPri0)3P)zRh]z[p-NMe(p-C1-C6H4)] (pH) ,  the PA-Rh-Rh' 
angle was 145.lo.l8 This structural feature greatly en- 
hances coupling between these two nuclei. The same ra- 
tionale explains why the three-bond JAx, coupling of PA 
to the distal rhodium is larger than the analogous coupling 
of PB to Rhx.. Other four-bond couplings (Le., JAB, and 
J B B , )  are small. 

Reactions of the  Dihydrides l a  and l b  with Iso- 
quinoline. In addition to the reactions described above, 
the dihydrides l a  and l b  also react with the cyclic imine 
isoquinoline (eq 4). Analysis of the crude reaction mixture 

(20) (a) AG* values for exchange processes observed via NMR spec- 
troscopy were calculated by using the value for the rate constant k ,  ( k ,  
= n(A1~,j/2~/*, where AuC = the chemical shift separation in hertz a t  
coalescence, is estimated roughly from the separation just prior to coa- 
lescence temperature, TJ at  the coalescence temperaturemb in the Eyring 
equation: AG* = -RT, In (r(Au,jh/kT,j ( R  = gas constant; h = Planck's 
constant; k = Boltzmann's constant; transmission coefficient 1). Esti- 
mates of T ,  were made visually and therefore have an error of approxi- 
mately 1 3  K. (b) Thomas, W. A. Annu. ReG. N M R  Spectrosc. 1968, 1, 
43. 

(21) Fryzuk, M. D.; Piers, W. E. Polyhedron 1988, 7, 1001. 
( 2 2 )  McKenna, S. T.; Muetterties, E. L. Inorg. Chem. 1987, 26, 1296. 

R = Pr', la 
R = OPr', lb 

R = Pr', 6a 
R = OPr', 6b 

(4) 

by NMR spectroscopy showed the product to be >95% 
pure; a small amount (<5%) of another material was ob- 
served by 31P{1H) NMR spectroscopy, but its identity was 
not pursued. Assignment of the structures of 6a and 6b 
to the indicated regioisomer was made on the basis of 'H 
NMR evidence; in particular, the observation of two 
doublets for the vicinal vinyl protons in the heterocyclic 
ring obviates the other possible regioisomer 6', which would 
have a distinct pattern of resonances in the proton NMR 
spectrum. 

R, ? Q:2R \ '  R 

< p p y R h y g  

R' 'R RIP\R 

R = Pr' or OPr', 6' 

The 13C{lH) and 31P{1H} NMR spectra were consistent 
with both structures and had features similar to the spectra 
of the amido hydrides discussed above. Like complexes 
2a,b-5a,b amido hydrides 6a and 6b are quite air-sensitive 
but, in contrast, exhibit thermal instability in solution. In 
fact, as shown in eq 4, the system is a t  a measurable 
equilibrium a t  room temperature, the position of which 
is dependent on the nature of the solvent a t  constant 
temperature. The temperature dependence of the equi- 
librium constant in each system was studied by dissolution 
of pure 6a or 6b in an appropriate solvent mixture along 
with a known amount of isoquinoline ( -  1 equiv). The 
concentrations of l a /  l b  and 6a/6b were determined via 
integration of the appropriate peaks in the 31P(1HJ NMR 
spectra at  various temperatures, while the concentration 
of isoquinoline was calculated by differen~e.~, In the 
synthetic experiments, it was clear that the above reactions 
did not proceed in aromatic solvents. Indeed, only when 
the reactions were carried out in aliphatic solvents, such 

(23) (a) For the equilibrium la + 7 t 6a in a 1:l mixture of cyclo- 
hexane-d12-toluene-da, AH" = -10.3 (i0.5) kcal/mol and ASo = -26.0 
1f2.0) eu. For the equilibrium lb  + 7 z 6b in a 1:l mixture of n-hex- 
ane-toluene-d,, AH" = -9.2 (f0.5) kcal/mol and AS" = -22.9 (f2.0) eu. 
(b) van't Hoff plots and a table containing values of AGO and K a t  various 
temperatures are included as supplementary material. 
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as hexane, were we able to isolate 6a and 6b. These ob- 
servations were borne out in the measurement of the 
equilibrium constants for eq 4. As the proportion of aro- 
matic solvent (toluene-d,) in the mixture increases, the 
equilibrium constant as defined above decreases; for ex- 
ample, in the equilibrium of la plus isoquinoline with 6a, 
the values obtained for K,, in 5:1, 1:1, and 1:5 mixtures 
of cyclohexane-dl,-toluene-d8 were 179.5, 83.1, and 64.1 
(293 K) ,  respe~tively."~ The instability of these benzo- 
cycloamides in aromatic solvents may reflect the steric 
crowding a t  the bimetallic core, which is relieved upon 
deinsertion due to the isoquinoline being better solvated 
in the presence of an aromatic solvent. 

Mechanistic Studies, Reaction of la with N -  
Benzylideneaniline at Low Temperature. Mechanis- 
tically, the reaction of la with N-benzylideneaniline is 
apparently straightforward. By simple product analysis, 
the amido hydrides appear to have resulted from a mi- 
gratory insertion of an imine carbon-nitrogen bond into 
a bridging hydride ligand. Indeed, when the dideuterides 
la-d, and lb-dz were allowed to react with any of the 
imines, the label appeared as one deuterium in the benzylic 
position of the p-amido ligand, while one deuterium was 
retained in the bridging position (eq 5). However, when 
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region of the spectrum. The aromatic region is also com- 
plex. A broad singlet a t  4.90 ppm, integrated to one 
proton, can be assigned to the imine proton; notably, it is 
shifted significantly upfield from the resonance of the free 
imine a t  8.16 ppm. The most important structural in- 
formation the 'H NMR spectrum has to offer is found in 
the hydride region, in which signals for one terminal hy- 
dride ligand (-11.45 ppm, d, lJRh = 18.4 Hz) and one 
bridging hydride (-13.79 ppm, br t, lJRh = 19.6-20.4 Hz) 
are observed, indicating that the first step in this reaction 
involves the rearrangement of the Rh,(p-H), core of the 
dihydride by the imine. Again, similar features are ob- 
served in the 'H NMR spectrum of the intermediate 
formed from the dipope dimer lb and 'V-benzylidene- 
aniline. In the 13C{ 'H} NMR spectrum of labeled A, gen- 
erated from la and (C6H5)N=13CH(C6H5), a broad signal 
(w,,? =. 20 Hz) at  62.4 ppm was observed and assigned to 
the imine carbon; no large P-C or Rh-C couplings were 
apparent. In addition, a large l J ~ a C _ H  coupling constant 
of 151.3 Hz (doublet) suggested that the imine carbon 
remains sp2 hybridized in the intermediate. These data 
are consistent with our structural proposal for this inter- 
mediate A, which contains a bridging imine ligand in the 
previously unknwon p $ - a  bonding mode. The interme- 
diate's structure is analogous to that of a family of ~ - 7 ~ -  
a-vinyl hydride complexes previously characterized in our 
laboratories.12 The large upfield shifts for the resonances 
due to both the imine proton (vide supra) and the imine 
carbon (62.4 vs 160.0 ppm for the free imine) can be ac- 
counted for by a-coordination of the imine C=N bond to 
rhodium. Upfield shifts of similar magnitude are observed 
in the resonances for the @-protons and the P-carbon nuclei 
in the vinyl hydride complex [ (dippe)Rh],(p-$-a-CH= 

The k-g2-a-imine dihydride intermediate A is a poten- 
tially interesting compound because of the unprecedented 
bonding mode of the p-imine ligand. Unfortunately, at- 
tempts a t  isolating this species at  low temperature were 
only partially successful. While it could be precipitated 
from a concentrated solution in hexane at  -78 "C, even as 
a solid it decomposed to the amido hydride product upon 
warming. This extreme sensitivity precluded further 
characterization in our hands. Attempts were also made 
to trap the intermediate by reacting it with halogenated 
solvents or ethylene after it had formed a t  -78 "C, the 
purpose being to remove or modify the terminal hydride 
ligand. These reactions, however, resulted only in decom- 
position and no reaction for CCI,H,-, and ethylene, re- 
spectively. However, further evidence as to the validity 
of our structural proposal has been obtained through the 
synthesis of cationic analogues of the intermediate that 
are stable and isolable via conventional techniques (vide 
infra). 

Reaction of la with Benzophenone Imine at Low 
Temperature. A plausible reaction trajectory for the 
formation of A involves a-coordination of the imine via the 
nitrogen lone pair to one coordinatively unsaturated rho- 
dium center followed by a-donation from the C=N bond 
to the adjacent metal and cleavage of a Rh-H bond. While 
monitoring the reaction between la and benzophenone 
imine (Ph,C=NH) a t  low temperature, we obtained 
spectroscopic evidence for such a pathway. In a more 
complex reaction course, two observable species are 
formed, one of which is an intermediate analogous to that 
formed in the reaction of la and N-benzylideneaniline en 
route to the amido hydride product. A series of 31P(1H1 
NMR spectra recorded at  various times and temperatures 
during the reaction is shown in Figure 1. In contrast with 

C HJ ( p- H) . "," 

la-d, R = Pr', 2a-d2 
(5) 

the reactions were carried out a t  low temperature and 
monitored via NMR spectroscopy, an intermediate was 
observed, the nature of which provides evidence for a more 
complex process that involves both metal centers. 

As previously reported,14 the 31P{1H) NMR (162.21 MHz) 
spectra of the proceeding reaction between l a  and N -  
benzylideneaniline reveal the presence of an intermediate 
formed at  low temperatures. At -70 "C, near the beginning 
of the reaction, the spectrum consists of the doublet 
characteristic of the dihydride la and four faint resonances 
not attributable to the product 2a. After approximately 
1 h, these signals have grown in almost completely, still 
with no trace of the peaks due to 2a. At temperatures a t  
or below -50 "C, this intermediate, A, is stable in solution 

Ph 

R = Pr', A 

but is unstable at  higher temperatures even in the solid 
state. Thus, when the sample is warmed to -20 "C, the 
intermediate begins to decompose to Za, and after about 
45 min, the amido hydride has formed almost completely, 
with no trace of other phosphorus-containing products. A 
spectroscopically similar reaction course was observed in 
the analogous reaction involving 1 b and N-benzylidene- 
aniline. 

The 1H{31PJ NMR spectrum of A also indicates a highly 
unsymmetrical structure in that the complex has 16 sep- 
arate environments for the methyl groups of the dippe 
ligands as evidenced by the 16 doublets in the upfield 
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the la-N-benzylideneaniline reaction, it was not possible 
to isolate each step in this reaction and thus peaks for all 
components are present during the course of the reaction. 
Nonetheless, the sequence in which each intermediate 
appears is clear. Almost immediately after a 2-3-fold 
excess of benzophenone imine is added a t  -78 "C, the 
dihydride disappears and four new signals arise (Figure 
1A). As the reaction proceeds, this species B decomposes 
to a second, unsymmetrical (four phosphorus environ- 
ments) intermediate, which, as seen in the corresponding 
'H NMR spectra, is analogous in structure to the inter- 
mediate A (vide supra). The appearance of signals due to 
the amido hydride product 5a occurs virtually simulta- 
neously (Figure lB,C). Upon completion of the reaction 
this complex mixture of components has all gone to 
product; as seen in Figure lD,  the reaction is quantitative. 
Parenthetically, it should be noted that a t  low tempera- 
tures the signals due to 5a are broad and coalescing pre- 
sumably due to the freezing out of rotation about the N-C 
bond in the p-amido ligand; this spectral behavior was 
confirmed by a separate low-temperature experiment (the 
rotational barrier is AG* = 9.1 (3) kcal/mol). 

Monitoring this reaction in a similar fashion via 'H 
NMR spectroscopy further clarifies the process. In par- 
ticular, the hydride region of the spectrum is informative; 
early in the reaction, signals for two bridging hydrides are 
observed a t  -3.75 and -5.04 ppm, with large trans H-P 
couplings apparent, consistent with intermediate B. As 
the reaction proceeds, these signals disappear, while new 
resonances grow in a t  -11.51 and -15.69 ppm; these latter 
resonances are due to the bridging and terminal hydride 
ligands, respectively, of the pg2-a-iminyl dihydride species 
A. The hydride signals of la (-4.63 ppm) and 5a (-7.88 
ppm) do not interfere with the resonances for the inter- 
mediates. In this sequence, the first intermediate is formed 
prior to the pq2-a-iminyl dihydride species A and contains 
two bridging hydrides and four inequivalent phosphorus 
nuclei. In addition, a signal at 11.0 ppm is assigned to the 
nitrogen-bound imine proton. While these data do not 
allow for unambiguous assignment of structure, a reason- 
able proposal involves coordination of the imine to one 
rhodium center via the nitrogen lone pair with concomitant 
x-bonding to the proximal rhodium atom (structure B). 

Fryzuk and Piers 

Ph 
I 

R = Pr', B 

It  represents the species present just prior to Rh-H bond 
cleavage to form the second observable intermediate con- 
taining the terminal hydride ligand. A structure with such 
a-bonding is similar in structure to many observed and 
proposed [ P2Rh],(p-X) (y-H)29J8*22,24 complexes found in 
the  chemistry of the  dihydrides la ,  l b ,  and 
[l(Pr'o),P),Rhl,(c~-H)~.~~ 

Kinetic Studies and  Proposed Mechanism. Scheme 
I shows a proposed mechanistic sequence for this reaction, 
incorporating all of the results discussed above. In the 
reaction between la  and N-benzylideneaniline the first 
intermediate (i.e. analogous to B) was not detected, re- 
ducing the process to two kinetically isolable steps. Both 

(24) Burch, R. R.; Muetterties, E. L.; Shultz, A. J.; Gebert, E. G.; 

(25) Sivak, A. J.; Muetterties, E. L. J. Am. Chem. SOC. 1979,101,4878. 
Williams, J. M. J. Am. Chem. SOC. 1981, 103, 5517. 

Scheme I 
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Table I .  Rate Constants and Eyring Plot Data for la + 
N-Benzylideneaniline - A 

temp" rate const,b kl In ( k , / T )  lllr 
204 3.13 x 10-3 -11.08 4.90 x 10-3 
209 4.39 x 10-3 -10.77 4.78 x 10-3 
214 1.14 X lo-* -9.84 4.67 x 10-3 
218 1.26 X lo-* -9.76 4.59 x 10-3 

"In K. L mol-' cIn K-l. 

Table 11. Rate Constants and Eyring Plot Data for A - 2a 
temp" rate const,b k, In ( k , / T )  l/lr 
244 1.65 x 10-4 -14.21 4-10 x 10-3 
248.5 3.24 X -13.55 4.02 x 10-3 
254 6.92 x 10-4 -12.81 3.94 x 10-3 
258 1.20 x 10-3 -12.28 3.88 x 10-3 

" In K. In s-l. In K-l. 

steps in this reaction were conveniently followed kinetically 
by 31P(1H] NMR spectroscopy, and the results of these 
studies are congruent with the mechanistic pathway pro- 
posed in Scheme I. The first step was found to be cleanly 
second order under the conditions employed, first order 
in both la and N-benzylideneaniline. A graph of sec- 
ond-order data at various temperatures is shown in Figure 
2, while an Eyring plot is given in Figure 3. Activation 
parameters for this step are AH* = 10.1 (f0.5) kcal/mol 
and AS* = -19.8 (*2.0) eu. Note that these results do not 
preclude a rapid preequilibrium step forming the first 
intermediate in unobservable quantities. The second step, 
found to be first order in the rate of disappearance of the 
intermediate, was followed after warming the sample to 
temperatures around -20 "C. Figure 4 gives a plot of 
first-order data a t  these temperatures, and Figure 5 shows 
the corresponding Eyring plot. Activation parameters for 
the second step are AH* = 17.3 (f0.5) kcal/mol and AS* 
= -3.6 (f0.5) eu. Rate constants at various temperatures 



Reactions of Binuclear Rh Hydrides with Imines Organometallics, Vol. 9, No. 4, 1990 995 

la I 
P 

Figure 1. 31P(1H) NMR spectra (162.2 MHz, C,D8) as a function of temperature and time for the reaction of la with benzophenone 
imine. Spectrum A is at -70 "C and shows the immediate formation of intermediate B. In spectra B and C, the intermediate A is 
shown growing in at -60 O C .  Spectrum D is due to the final product 5a and was taken at -40 "C. All of these spectra were recorded 
over a period of about 45 min while warming the sample to the indicated temperatures. 
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Figure 2. Second-order rate data obtained at the indicated 
temperatures for the first step in the reaction between la and 
N-benzylideneaniline. 

for steps 1 ( k , )  and 2 (k , )  are given in Table I and 11, 
respectively. 

Kinetic analysis of the reaction involving the dideuteride 
lad2 with N-benzylideneaniline revealed a small kinetic 
isotope effect ( k H / k D )  of 1.41 (5) for step 1 and a more 
substantial value of 2.24 (3) for step 2 of the reaction. The 
latter k H / k D  value is within the range of 1.4-2.7 predicted 
for the primary isotope effect on the insertion of ethylene 
into the Nb-H bond of Cp*,Nb(H) (t12-C2H4).26 While the 
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Figure 3. Eyring plot for the first step in the reaction between 
la and N-benzylideneaniline. Data are taken from Figure 2. 

two reactions are quite different, if delivery of the hydride 
to the imine carbon in A takes place via the four-center 
transition state commonly invoked for olefin insertion 
reactions, the kinetic isotope effects should be comparable. 

(26) Doherty, N. M.; Bercaw, J. E. J. Am. Chem. SOC. 1985,107,2670. 
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diate in the la-benzophenone imine reaction, with struc- 
ture B. The second step of the reaction, taking place 
subsequent to generation of A, may be formally analyzed 
as an insertion of the C=N double bond into the newly 
formed terminal Rh-H bond, producing 2a. Although we 
cannot distinguish unambiguously between migratory in- 
sertion of the terminal hydride versus the bridging hydride, 
the isotope effect is more easily explained by the former, 
The very low value of -3.6 eu for AS*  also suggests a 
reactant-like transition state for this step; Le., very little 
rearrangement of A occurs prior to reaching the transition 
state. We also note that this insertion is very facile, pro- 
ceeding rapidly even at  -20 "C, suggesting that one T-co- 
ordination of C=N is induced, migratory insertion is fa- 
vored. 

Reactions of t h e  Dihydride la with Iminium Salts. 
Since the attempts to isolate A were unsuccessful (vide 
supra), an atlernative strategy was employed in seeking 
supporting evidence for its structure. The instability of 
this intermediate is seemingly due to the fact that it is 
biased toward migratory insertion because of the presence 
of both a terminal hydride ligand and the p-T-imine. It 
was therefore reasoned that a cationic compound without 
the terminal hydride would perhaps be stable and isolable 
(eq 6). The observation that the dihydride la reacts with 

0 2 0  4 0  6 0  s o  100 120 

time (min) 

Figure 4. First-order rate data obtained at the indicated tem- 
peratures for the second step in the reaction between la and 
N-benzylideneaniline. The disappearance of intermediate A was 
followed as a function of time by 31P(1H) NMR spectroscopy. 
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Figure 5. Eying plot for the second step in the reaction between 
la and N-benzylideneaniline. Data are taken from Figure 4. 

The small kH/kD value of 1.41 observed for the first step 
is similar in magnitude to primary isotope effects observed 
in reactions that involve the migration of a M-H ligand into 
a terminal position as the rate-determining step of the 
reaction.*' The fact that  in certain reactions (i.e. that of 
la and benzophenone imine) we observe the intermediate 
occurring just prior to hydride migration is indicative of 
this step's rate-determining role in the overall reaction. 

In summary, a likely pathway for the production of the 
intermediate A involves coordination by the lone pair on 
the imine nitrogen to one coordinately unsaturated rho- 
dium center in la, followed by ?r-donation of the C=N 
double bond to the adjacent rhodium atom with rate-de- 
termining rupture of the Rh,(p-H), four-center, electron 
core of the dihydride molecule to form A. This pathway 
to A is suggested by the observance of the first interme- 

(27) Several examples are described in: Rosenberg, E. Polyhedron 
1989, 8, 383. 

A 

\ 
Ph Ph 

a variety of Brmsted acids to evolve dihydrogen and yield 
complexes with the conjugate base of the acid in a bridging 
position28 suggested that la might react with the iminium 
salt of N-benzylideneaniline to give the desired complex. 
Protonation of this aldimine with 1 equiv of tetrafluoro- 
boric acid (HBF,) led to isolation of the iminium salt 
[PhCH=NHPh]+BF4-, which upon reaction with the 
dippe dimer la gave a dark purple solution from which 
purple, analytically pure crystals of the cationic k-imine 
hydride complex 7a were isolated (eq 7 ) .  An analogous 
reaction obtains when the tetrafluoroborate iminium salt 
of N-benzylidenemethylamine is reacted with la, pro- 
ducing 8a. 

la r -?+ 

R = Pr', R' = Ph, 7a 
R = Pr', R' = CH,, 8a 

( 7 )  

The NMR spectral data obtained for these complexes 
are consistent with the structural formulation in eq 7 .  

(28) (a) Fryzuk, M. D.; Jang, M.-L.; Einstein, F. W. B.; Jones, T. Can. 
J .  Chem. 1986, 64, 174. (b) Piers, W. E. Ph.D. Thesis, University of 
British Columbia, 1988. 
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"windshield wiper" process that equilibrates the four 
phosphorus environments observed a t  low temperatures 
into the two seen a t  ambient temperature (Scheme 11). 

Of interest in the 13C and 'H NMR spectra of these 
cationic complexes are the resonances due to the imine 
carbon and proton atoms in the bridging imine ligand. The 
carbon signals occur a t  93.3 and 102.8 ppm for 7a and 8a, 
respectively. These chemical shifts are somewhat higher 
than the range of 68-80 ppm observed for the chemical 
shifts of the P-carbons in the p-alkenyl hydride complexes; 
however, the magnitude of the upfield shifts of these nuclei 
when compared to those of the free ligands in both types 
of compounds is comparable. The resonances in the lH 
NMR spectrum for the imine proton (7.78 and 7.70 ppm 
for 7a and 8a, respectively) are close to the range of 6-7 
ppm observed for the syn-P proton in the alkenyl hy- 
drides.12 

The chemistry of these cationic p-imine hydride com- 
plexes is potentially interesting but is largely unexplored 
to date. A general observation is that they are thermally 
unstable in solution, particularly in strong donor solvents. 
Though moderately stable in T H F  or acetone for short 
periods of time (C24 h), the complex 7a decomposes rap- 
idly in acetonitrile. The fate of the organic ligand in this 
decomposition is unclear, but the organometallic species 
produced is a highly symmetrical compound which exhibits 
a sharp doublet in the 31P NMR spectrum and a 'H NMR 
spectrum very similar to that of the free dippe ligand. A 
likely possibility for this product is the mononuclear 
cationic species [ (dippe)Rh(CH3CN)2]+, although further 
characterization is necessary. This compound is also 
generated in the decomposition of 8a. 

The reactivity of these cationic complexes toward nu- 
cleophiles is an area of obvious interest. Of particular 
relevance to this work is the reaction of 7a with a mild 
hydride reagent in an attempt to generate the proposed 
intermediate A by transfer of the hydride to one of the 
rhodium centers. When treated with a slight excess of 
LiAIH(OBut), in T H F  a t  room temperature, the amido 
hydride 2a was isolated in 78% yield (eq 8). When this 

-,+ 

110 100 90 80PPm 

Figure 6. Comparison of the 31P(1HJ NMR spectra for the cationic 
p-$-a-imine complex 7a and the intermediate A observed in the 
reaction of la with N-benzylideneaniline at low temperature: (A) 
121.4-MHz 31P{1H] NMR spectrum in C7D8 at -30 "C; (B) 
162.4-MHz 31P(1HJ NMR spectrum in C7D8 at -70 "C. 

Scheme I1 
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Ph 

Particularly diagnostic are the temperature-dependent 
31P(1H} spectra. A t  +30 OC, two broad doublets of mul- 
tiplets are observed, similar in shape to the patterns ob- 
served for the amido hydride complexes. As the sample 
is cooled, each doublet coalesces (15 "C, AG* = 12.8 ( 5 )  
kcal/mol) and reemerges as two other signals, until a t  -30 
"C the low-temperature limit spectrum is reached. No- 
tably, this low-temperature spectrum is remarkably similar 
to the spectrum of the intermediate A, as seen in Figure 
6. This is good evidence that the two complexes are 
related structurally and further supports the structural 
assignment for the p-$-a-imine dihydride intermediates 
in the dihydride-imine reactions. That the cationic p- 
imine hydride complexes exhibit such fluxional behavior 
is not surprising given that the isoelectronic alkenyl hy- 
dride complexes previously characterized in our laboratory 
undergo a well-documentedB "windshield wiper" fluxion- 
ality. Indeed, the 31P(1HJ spectral behaviorz1 of [ (dippe)- 
Rh]2(p-172-a-CH=CH2)(p-H) is similar to that of the p- 
imine hydrides 7a and 8a. By analogy then, the fluxional 
process proposed for 7a (and 8a, R' = CH,) is a similar 

(29) (a) Shapley, J. R.; Richter, S. I.; Tachikawa, M.; Keister, J. R. J .  
Organomet. Chem. 1975,94, C43-C46. (b) Gerlach, R. F.; Duffy, D. N.; 
Curtis, M. D. Organometallics 1983,2, 1172. (c) Iggo, J. A.; Mays, M. J.; 
Raithby, P. R.; Hendrick, K. J.  Chem. Soc., Dalton Trans. 1983, 205. (d) 
King, R. B.; Treichel, P. M.; Stone, F. G. A. J.  Am. Chem. Soc. 1961,83, 
3600. (e) Al-Obaidi, Y. N.; Baker, P. K.; Green, M.; White, N. D.; Taylor, 
G. E. J .  Chem. Soc., Dalton Trans. 1981, 2321. (0 Caddy, P.; Green, M.; 
Smart, L. E.; White, N. J. Chem. SOC., Chem. Commun. 1978, 839. (9)  
Keister, J. R.; Shapley, J. R. J .  Organomet. Chem. 1975, 85, C29. (h) 
Deeming, A. J.; Hasso, S.; Underhill, M. J .  Organomet. Chem. 1974,80, 
C53. (i) Guy, J. J.; Reichert, B. E.; Sheldrick, G. M. Acta Crystallogr. 
1976, B32, 3319. 6) Clauss, A. D.; Tachikawa, M.; Shapley, J. R.; Pier- 
pont, C. G. Inorg. Chem. 1981, 20, 1528. 

LiAlH(OBu')3 

THF 
Ph 

L J 

R = Pr', 7a 

2a (major product) 
(8) 

reaction was monitored spectroscopically (31P NMR 
spectroscopy) at low temperature, however, a variety of 
species were observed. The major product was still the 
amido hydride 2a, but other unidentified products were 
also formed. Intermediates were also detected, including 
significant amounts of the intermediate A. The presence 
of other species is not surprising in light of the number 
of potential sites of reactivity in the molecule. In addition 
to the two metal centers, direct attack of the p-imine lig- 
and, a t  either carbon or nitrogen, is also feasible. In ad- 
dition, the bulky nature of the hydride reagent employed 
probably hampered attack as the metal centers. None- 
theless, detection of A provides further, albeit circum- 
stantial, evidence as to the validity of the mechanistic 
proposal for the reaction of la and lb with imines. Further 
characterization and study of these cationic dimers are 
currently underway. 
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Attempted Homogeneous Hydrogenation of Imines. 
The initial impetus for these studies was to investigate the 
activity of the dihydrides la ,b  toward the hydrogenation 
of imines. As the above discussions indicate, the antici- 
pated effect of multiple metal bonding sites on the in- 
sertion of a C=N bond into a M-H was realized. Unfor- 
tunately, this same feature had a deleterious effect on 
another of the steps necessary in the catalytic cycle, that 
being the hydrogenolysis of the bridging amido group. 
While the reaction of 2a with dihydrogen does proceed to 
produce free amine and the tetrahydride (eq 9) ,  the rate 

Fryzuk and  Piers 

(s3-C,H,)], the precursor to l a ,  was used as catalyst pre- 
cursor, hydrogenation was more efficient. The results, 
however, were not impressive enough to pursue. 

Conclusions 
The synthesis and characterization of a family of binu- 

clear amido hydrides have been accomplished via the re- 
action of the binuclear rhodium dihydrides la and l b  and 
imines. Mechanistic studies on these reactions revealed 
that both metal centers are involved in the reduction of 
the C=N double bond. Through the observation of in- 
termediates we were able to propose a reaction trajectory 
incorporating initial a-coordination of the imine to one 
metal with subsequent (or concomitant) r-coordination of 
the imine to the adjacent rhodium site. Following rate- 
limiting cleavage of a bridging Rh-H-Rh bond, facile in- 
sertion of the carbon-nitrogen double bond into a terminal 
Rh-H bond was observed. These observations suggest that 
two or more metal centers acting in concert may provide 
a means for the facile homogeneous catalytic reduction of 
imines. Unfortunately, in these systems final release of 
free amine via hydrogenolysis does not occur rapidly, 
rendering these compounds unlikely catalyst precursors 
for this transformation. This undoubtedly is due to the 
presence of the electron-rich diphosphines used in this 
study, which probably inhibits reductive elimination of the 
amine. However, often poor catalysts are the most 
amenable to mechanistic study, and we are satisfied that 
the present study provides fundamental insights into the 
reduction of the C=N bonds of imines by two metal 
centers. 
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R = Pr’ 
(9) 

of the reaction is prohibitively slow, requiring about 3 days 
to complete in the NMR tube (with efficient stirring the 
reaction is faster but remains too slow for practical pur- 
poses). In the presence of excess imine substrate and 4 
atm of dihydrogen neither of the dihydrides la,b, exhibited 
significant activity in the production of N-phenylbenzyl- 
amine. Raising the dihydrogen pressure to 100 atm had 
little effect. It thus appears that a pathway involving 
binuclear intermediates is rendered kinetically inert upon 
formation of the p-amido hydride ”intermediate”, a t  least 
in these systems. 

When the tetrahydride adduct of la15 was formed prior 
to addition of the imine substrate and used as the catalyst 
precursor, some hydrogenation was observed. Approxi- 
mately seven turnovers occurred over a 16-h period. 
Eventually, however, the amine production halted due to 
a buildup of 2a. In this reaction, the possibility of catalysis 
by small amounts of a mononuclear species must be con- 
sidered;15 when the mononuclear complex [ (dippe)Rh- 


