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Synthesis and Solution Chemistry of Metal Hydrides

from Cationic Rhodium(I) Catalyst Precursors
[(L-L)Rh(NBD)]C10, (L-L = Fe(7°-C;H,PBu',),, Fe(7° - C.H,PPhBu"),)

Tae~dJeong Kim

Department of Industrial Chemistry, Kyungpook National University, Taegu 702-701. Received November 10, 1989

The hydrogenation catalyst precursors [(L-L)IRhMNBD)|CIO4 (L-L = Fe(n5-CsH4PButs),, Fe(75-CsH,PPhBu®,; NBD =nor-
bornadiene) react with Hy(1 atm, 30 °C, MeOH) to yield [(L-L)HRh(z-H);RhH(L-L)]CIO,. These hydrido species are flux-
ional, and variable temperature NMR studies show the existence of a number of equilibria involving both fluxional and non-
fluxional species. The synthesis, solution structures, and fluxional behaviors of these hydrides are described.

Introduction

One of characteristic features of cationic rhodium(l) hy-
drogenation catalyst [(L-L)Rh(diene)]* (L-L = chelating di
{tertiaryphosphine)) is that hydrogenation of this complex
results initially in the formation of a disolvate [(L-L)Rh(S),] *
(S = solvent) rather than catalytic hydride(s) commonly
found in the case of the monophogsphine analogues [(L);Rh
(diene)]*.l'2 Brown and coworkers®, however, have recently

shown that hydrogen does add reversibly to [(dppe)Rh(S),]*
(dppe = 1,2-bis(diphenylphosphino)ethane), S = MeOH) to
give an undetectable concentration of a dihydride [(dppe)Rh
(H)AS),)*. This hydride was formulated as such because Ot-
suka and coworkers? have suggested that this is the compo-
sition of the incompletely characterized solids obtained from
the reaction of [(L-L)Rh(NBD)]C10, with H{L-L = (CzH;,),
P(CH,),P(CH,p)p).

More recently, for the first time, we® also reported that
metal hydrides are easily obtained from cationic rhodium
complexes where L-L is one of a wide range of ferroce-
nylalkylphosphine [775—C5H5_,,(PR2),,]Fe[US—C5H3(PR2)C(H)
MeNMe,~1,2} and Fe(n*-C;H,PR,), (R = B, Pr’, or Phin =
0-2). In two instances hydrides were isolated as stable cry-
stals formulated as [(L-L)HRh(x-H);RhH(L-L)]C10, (3a, L-
L = Fe(7°~-C;H,PBu'), (1a); 3b, L-L = Fe(n*-C,H,PPhBu’),
(1b)). As crystals of 3a were not good enough to allow the
number and disposition of hydrogen atoms to be determined
with any certainty, the formulation was based on the charge
and the similarity of the overall ligand disposition in the two

hydride 3a and 3b.

We now provide further evidence for the presence of both
terminal and bridging hydrido ligands in 3a from our NMR
studies, along with the description in detail of the synthesis
of the two. The NMR spectra of both 3a and 3b are complex,
and variable temperature studies show the existence of a
number of equilibria involving both fluxional and non-flux-
ional species. These points will also be addressed in this
paper.

Experimental

Generals. All manipulations of air-sensitive reagents
and products were conducted under an argon atmosphere us-
ing a double manifold vacuum system and Schlenk techni-
ques. All commercial reagents were used as received
unless otherwise mentioned. Solvents were purified by stan-
dard techniques®, and were freshly distilled prior to use.
Hydrogen was passed through a ““deoxo’’ catalytic purifier
before use.

Melting points were determined using a Gallenkemp
melting point apparatus and are reported without correction.
Micro-analyses were performed by Mr. P. Borda of Depart-
ment of Chemistry, University of British Columbia, Vancou-
ver, Canada. 'H NMR spectra were recorded on a Bruker
WH-400 spectrometer operating at 400 MHz and *'P NMR
spectra on Bruker WP-80 or Varian X1-100 spectrometers
operating at 32.3 MHz or 40.5 MHz, respectively. All chemi-
cal shifts are positive to lower shielding with the following
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captions for coupling constants: d = doublet, dd = doublet of
doublets, dm = doublet of multiplets, dtd = doublet of triplets
of doublets, dt = doublet of triplets, tbd =triplet of broad
doublets. All coupling constants are in Hz. *H shifts are rela-
tive to external standard TMS (8= 0 ppm) and *'P shifts are
relative to 85% H;PO, with P(OMe); (8= + 141.0 ppm) used
as an external standard. 1,1'-bis(di-#~-butylphosphino)erro-
cene (la), 1,1-bis(/~butylphenylphosphino)ferrocene (1b),
and their cationic rhodium complexes [(L-L)Rh(NBD)]CIO,
(2a, L-L = 1a;2b, L-L = 1b) were prepared according to the
literature procedures.”®

Synthesis of [(L-L)HRh(u-H);RhH(L-L)]C10, (3a, L—
L = 1a;3b, L-L = 1b). Hydrogenation of the catalyst pre-
cursors 2a and 2b was carried out using the following three
methods.

Method A: with measurement of H, up-take. The accura-
tely weighed catalyst precursor (1.2 x 107 mol) and an ap-
propriate solvent (3 m/) were placed in a reaction vessel. The
typical gas-uptake experiments were followed using the con-
stant gas up-take apparatus described in the literature.”®

Mthod B: with crystallization of the product. In order to
isolate any product formed, the reaction described in Method
A was duplicated as follows. The same amount of catalyst
precursor and methanol were placed in a Schlenk tube. This
was connected to a double manifold vacuum system which,
in turn, was connected to both N, and H,. The solution was
degassed by the freeze-and-thaw method, and hydrogen
was introduced to this solution with vigorous stirring at room
temperature for 1-1.5 h to ensure that the reaction was com-
plete. The hydride 3a was isolated as dark red crystals by
cooling the final solution to 0°C overnight. Anal. calcd. for
Rh,Fe,P,C10,Cs,Hys: C, 49.60; H, 7.39; Cl, 2.82; O, 5.09.
Found: C, 49.23; H, 7.36; (1, 3.64; O, 6.30. 'H NMR (400
MHz) in the hydride region at -85 °C (CD,Cl,); §-9.96(d, ] =
120 Hz, relative intensity (I) = 2);5-10.77(d, J = 120 Hz, 1 =
3): §-22.38 (dtd, J¢t) = 17.2 Hz, Jid) = 27 Hz, J(d) = 4 Hz);

-25.46 (dt, J) = 32 Hz, J¢t) = 32 Hz); §-27.66 (dtd, J¢t) =
16 Hz, J(d)=39.6 Hz, J(d) =4 Hz); §-26.99 (m, 1=2); 5~
27.08 (m, 1 = 1). The hydride 3b was isolated as orange cry-
stals by allowing the final reaction mixture to stand over-
night at room temperature. The full crystallographic data
and the structure of this compound has been published in our
preliminary communication.> 'H NMR (400 MHz) in the
hydride region at -90°C (CD,Cly): §-8.7 (bd, | = 3); 5-23.3
(br,1=2).

Method C: with NMR monitoring of the in sit« solutions.
The catalyst precursor 2b (40 mg, 5.0 x 107 mol) was dis-
solved in CD40D, CD,CN, or CDCl; in an NMR tube which
was then connected to the vacuum system described above.
The solution was degassed as above, and then hydrogen was
introduced to the solution with occasional shaking. As the
gas diffused through the solution and reacted with the com-
plex, the color change progressed from the top meniscus to
the bottom of the tube. No further color change was observ-
ed over a period of 1h. The variable temperature NMR spec-
trum of the in situ solution was then recorded. '"H NMR (400
MHz) in the hydride region at =90 °C (CD,0D): 5-12.35 (dm,
J(d) =172 Hz, 1 = 2); 5-13.23 (dm, J(d) =180 Hz, 1 = 2); 5~
18.13 (dd, J(d) = 24 Hz, J(d) =28 Hz, 1=1); 5§-18.29 (dd,
J(d) = 24 Hz, J(d) = 28 Hz); §-18.53 (dd, J(d) = 24 Hz, }(d) =
28 Hz); 6-21.82 (tm, Jt) = 24 Hz,1=2);5-22.45 (tm, Jit) =
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2[(L-L)Rh(NBD)]*
2

lSHz

2{(L-L)RN(H),I*

7N\

[(L-L)HRh(H),Rh(L-L)}* [(L-L)HRh(H),RRH(L-L)]?*

iy s

[{L-L)HRh(H),RhH(L-L)]*
3

Scheme 1

(@) -H*
(i) + Hy

28 Hz, 1 =2); §-22.88 (tbd, J(t) = 28, J(bd) = 12 Hz, 1 =1);
0-23.36 (m,1=1).

Results and Discussion

{(L-L),HRh(u-H),RhH(L-L)]C1O, (3a, L-L = 1a). Af-
ter passage of H, to a methanolic solution of 2a for 30 min
deep red crystals deposited on cooling the reaction mixture
to 0°C. The partial crystal structure of this product has
already appeared in our preliminary communication.’
Although the number and disposition of hydrogen atoms
could not be determined with certainty because of disorder in
the crystal, the formulation of this compound was based on
the charge and the similarity of the overall ligand disposition
in the two hydrido species 3a and 3b, A possible route to this
product is as in Scheme 1.

The first step, the formation of the dihydrido Rh(III)
species from the precursor (2), might have been facilitated by
increased nucleophilicity of the rhodium center exerted by
more basic alkylphosphinoferrocene toward oxidative addi-
tion of hydrogen. A plausible dimerization of 4 yields either
cation with a dihydride bridge 5 or 6 or both which may be
present in solution. The more stable species 3 can be isolated
on cooling either by further oxidative addition or by deproto-
nation from 6 followed by oxidative addition of hydrogen.

The H NMR spectrum of 3a is quite complex, and vari-
able temperature studies exhibit the existence of a number of
equilibria, thus providing further evidence for the presence
of hydrido ligands. These are seen in Figure 1. The hydride
NMR pattern at -85 °C consists of (i) a set of temperature-
independent signals T1, T2, and T3 and (ii) a set of tempera-
ture~dependent signals B1, B2, T4, and T5. On warming the
solution to -60°C, both bridging and terminal resonances
B1/B2 and T4/T5 merge to give broad multiplete B (~-10.6
ppm) and T (~-27.5 ppm), respectively. By 0°C both signals
B and T have collapsed, and a new averaged signal A ap-
pears at —17.23 ppm on further warming to 35°C. The at-
tempted interpretation of all these spectra is as follows.

As indicated in Scheme 1, any dimeric Rh(II) species could
dissociate reversibly to form [(L-L)Rh(H),]* which in turn
could proctice [(L-L)RhH] via deprotonation. Here the per-
chlorate anion is likely to be coordinating because the solvent
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Figure 1. Variable temperature 400 MHz 1H NMR spectrum
(CD2Q1y) of the hydrogenation product (3a) from MeOH.

Tae-Jeong Kim
-
[Sh S
| | "N
6a P
H8 H5 2+

| N N
[C >| <Hs/ <P> ]

Figure 2. The proposed intramolecular exchange processes in the
CD:;Q1; solution of the hydrogenation product (3a).

in this case is non-coordinating CD,Cl,. The possible struc-
tures of these two species are shown below. This reversible

H
[H-——F!h<g) ]+ [H— Rn(?) ]
CIOy
7 8

- loss of a proton has been well-established for dihydrides ob-

tained in similar systems involving monodentate ligands
(equation 1).1°
{L.Rh(NBO)]* ——H2-—> [LRAHY ————————% | A
The pair of signals T1 and T3 can be assigned to the two
non-equivalent hydrides in 7. They appear to be a doublet of
triplets of doublets with coupling constants as follows: T1
(IJR,,H =27 Hz, ZJPH = 17.2 Hz, ¥y = 4 Hz); T3( gy = 39.6
Hz, ?Jpy = 16 Hz, *Jyy = 4 Hz). These coupling constants are
not unreasonable as compared with reported values for other
related species.*113 The signal T2 with five lines can be
treated as a doublet of triplets with separation of 32 Hz in
both patterns. This signal may be assigned to the Rh(I) mo-
nohydride 8. In connection with the structure 7, it should be
mentioned that monitoring the same reaction by 3'P NMR in
MeOH (~30 min) resulted in a broad doublet (8= 83.3 ppm,
JRhP =113.5 Hz). Each signal in the doublet was split into
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Figure 3. Variable temperature 80 MHz 'H NMR spectrum of 3b
in CD.Cl,.

four lines ((Jpy = 10 Hz) when hydride coupling was left in.
These observations are consistent with the formation of 7
although the coordinated perchlorate ion should be replaced
with MeOH in this case. The anticipated disolvate [(L-L)Rh
(MeOH),]* and the proposed monohydride 8 were not
observed in this experiment. A number of other species were
formed on leaving the solution overnight.

The temperature-dependent signals (B1, B2, T4, and T5)
can be explained in terms of the Rh(III) dimer 6 and its flux-
ional behavior as proposed in Figure 2.

If, at -85°C, only one exchange process (6a = 6b) were oc-
curring slowly on the NMR time scale, the hydride NMR pat-
tern would consist of five distinct signals due to H1/H2,
H5/H6, H7, H3/H4, and H8. On these bases the broad dou-
blets Bl and B2 can be assigned to the pair of equivalent
bridging hydrides H1/H2 and H5/H6, respectively. The re-
sonance for the unique bridging hydride H7 could be super-
posed on the higher shielding peak of the doublet B2 since
the signal B2 is asymmetric (Note 1 (B2)/1 (B1) = 3/2). All
the bridging hydrides except H7 have a single ¢rans P atom,
accounting for large separation (120 Hz) in both doublets Bl
and B2. Their chemical shifts and coupling constants are
consistent with those previously noted for related bridging
hydrides.“'15 Other couplings, H~H, Rh-H, and cis P-H are
too small to be observed. The broad signal T4 and T5 can
then be assigned to the terminal hydrides H3/H4 and H8, re-
spectively. On warming the solution (-85°C —» —-60°C), the
exchange 6a = 6b should become fast to give the averaged
signal B and T for the five bridging hydrides and the three
terminal ones, respectively. The exchange is still slow
enough for the bridging and terminal hydrides to be disting-
uished in the range -85°C to -20 °C. At higher temperatures
(>-20°C) an exchange process such as 6b = 6¢c seems
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Figure 4. Variable temperature 400 MHz 1H NMR spectrum of the
hydrogenated solution (CD30D) of 2b.

operative and all the hydride ligands become equivalent to
give only one signal: signal A.
[(L~L)HRh(u-H);RhH(L-L)]C10, (3b, L-L = 1b). Af-
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Figure 5. The proposed intramolecular exchange processes in the
hydrogenated solution (CD30D) of 2b. The vacant sites of metal may
be filled with CD30D. M = Rh, P-P = 1b.

ter passage of H,to an methanolic solution of 2b for about 1h
the resultant yellow solution deposited orange crystals on
standing at room temperature. According to the crystal
structure described earlier in our preliminary communica-
tion,’ this molecule should exhibit three hydride resonance
signals if it is non-fluxional. Yet no hydride signal was
observed at 35 °C. Cooling to 0°C resulted in the appearance
of (i) a broad terminal resonance at -23.3 ppm (1 = 2) and (ii) a
pair of broad signals of equal intensity at -8.0 ppm and -9.4
ppm (1 = 3). Both signals are slightly sharpened on further
cooling (-40°C - -90°C). The fluxional process in the two
regions seem to be independent in the range -90 °Cto 0°C as
seen in Figure 3.

Thus a possible exchange process may involve the struc-
ture where all three bridging hydrides are equivalent and
trans to a single phosphorus atom to give a broad doublet
whose separation of 112 Hz is assignable to a #rans P-H
coupling (}Jpy). Similar but better resolved and assignable
spectra have been reported for the iridium analogues
[IR,(H),, , (dppp),(BF), , (n =2,3; dppp = Ph,P(CH,);PPh,)
and [Ir u-H)4PPh,) JPF,. 1415

Since we set out to garner more information on the solu-
tion structures and the fluxional behavior of these hydrido
species, we carried out the same reaction in CD,0D, and the
solution monitored by 'H NMR (-30 min) as described in the
Experimental section. The variable temperature 'H NMR
spectra are shown in Figure 4.

The low temperature (-90 °C) hydride NMR pattern con-
sists of (i) a set of temperature-invariant signals T1, T2, and
T3 and (ii) a set of temperature-variant signals B1, B2, T4,
TS, T6, and T7. As the temperature is raised to —60°C, both
pairs of bridging signals B1/B2 and terminal signals T4/T5
merge to give broad multiplets B and T, respectively. By
0°C all the signals except T1, T6, and T7 have disappeared.
Further warming (35 °C) causes the pair of multiplets T6 and
T7 to coalesce to a broad multiplet T, and thus only two sig-
nals T1 and T are seen at this temperature. None of the
signals associated with the isolated product (3b) are present
in these spectra. The attempted interpretation of all these
spectra is as follows based on Scheme 1 and Figure 5.

The temperature-invariant signal T1 appears to be a dou-
blet of doublets with small coupling constants (24 Hz and 28
Hz). The weaker signals T2 and T3 also give the same pat-

Tae-Jeong Kim

tern which is difficult to account for in terms of chelating
ligands. One possibility involving a dangling phosphine is
seen below. A possible dissociative process through which 9
can be formed is proposed in Figure 5 based on the equilibria
in Scheme 1.

S\JA S
W ls\P“'P

9

The intensity of T2 and T3 decreases as that of T1 in-
creases on warming (-90°C--60°C), and then TZT3 dis-
sappear at -40°C. This fluxional behavior is hard to explain
although the intramolecular exchange processes in Figure.
5 suggest that dissociation of the dimers 6d-6g become irre-
versible at higher temperatures (>-40°C) to result in the
predominant formation of monomers such as 9. The remain-
ing aspect of Figure 4 may be discussed as below. If the
isolated product 3b were formed reversibly through the route
2 - 4 - 6 - 3as shown in Scheme 1, then the solution could
contain a doubly bridged Rh(III) dimer analogous to 6. Since
the ligand (L-L) in this case is rac-1b, there are two possible
combinations to form this dimer: namely, an enantiometric
pair of dimers (S,S,S,S) -/(R,R,R,R)- and an equivalent pair
of dimers (S,S,R,R) -/(R,R,S,S)-1b. Here S and R refer to
the configuration at P atoms of the ligand. Each enantiomer
such as (S,5,S,S) possesses two pairs of diastereotopic
hydrides H1/H2 and H3/H4 by internal comparison. (6d). On
the other hand, the (S,S,R,R) -/(R,R,S,S)- diastereomers
possess an equivalent pair of bridging and of terminal
hydrides by internal comparison. Thus the signals B1, B2,
T4, and T5 can be assigned to the structure (S,5,5,5)-6d.
Either the doublet of multiplets Bl or B2 is associated with
H1or H2 with 2Jp(B1) = 172 Hz and %J,,(B2) = 180 Hz. The
terminal hydrides H3 and H4 would appear as a triplet of
multiplets with 2Jpy value of 24 Hz and 28 Hz as seen in T4
and T5. Additional small couplings to Rh and H1/H2 are res-
ponsible for the multiplicities. Although it is conceivable that
the solution contains the equivalent pair of diastereomers
(S5,S,R,R) -/(R,R,S,S)-, the low temperature (-90 °C) NMR
pattern seems to exclude this possibility, due to the pair of
equivalent bridging and terminal hydrides. Another possible
intermediate on the same reaction route 2 — 4 — 6 - 3 could
be the five-coordinate dihydride Rh(III) species 10 analo-
gous to 4. The multiplets T6 and T7 can be assigned to this

H
[c§>':v1—H]+
S

species. Thus the axial hydrogen is seen as a triplet of broad
doublets T6 (*Jpy =28 Hz, Jguy = 12 Hz). The equatorial
hydrogen has essentially the same but more spread—out pat-
tern (signal T7) probably because of a greater 2J PH

The principal feature of the temperature-dependent spec-
tra is the collapse of the bridging resonances B1 and B2 at
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the same rate as the terminal resonances T4 and T5 without
the appearance of any new average resonance. This indicates
that the fluxional process must be such as the exchange
among terminal and bridging hydrogen atoms independent-
ly. Such a process is also set out in Figure 5. The most inpor-
tant feature of the equilibria shown is the requirement for
phosphine dissociation as suggested above for the structure
of 10. The exchange process could proceed in a stepwise
manner (6a = 6b = 6f (or 6g) = 6’ = 6d) or in a
simultaneous manner (6d = 6f = 6g). If the exchange is fast
on the NMR time scale the diastereotopic pair of bridging
hydrides H1/H2 and terminal ones H3/H4 become equi-
valent resulting in the broad signal B and T' at -60°C. As
mentioned previously, at higher temperatures (>-60°C), the
fluxional dimers 6d-6g presumably dissociate to the mono-
mers 9 and 10. The remaining two temperature-dependent
signals T6 and T7 are not altered in the temperature range
-90°C to 0°C, but the averaged signal T at 35°C suggests
that the two distinct hydrides in 10 become equivalent.

Conclusions

The hydrogenation catalyst precursors [(L-L)Rh(NBD)
ClO, (L-L = ferrocenyl-alkylphosphines) lead to the forma-
tion of metal hydrides in various solvents such as alcohol,
CH,CN, CHCl;. NMR (‘H, *'P) monitoring suggests that
various hydride species are formed reversibly in any one
reaction. The anticipated disolvate [(L-L)Rh(S),]+ was not
observed in MeOH or EtOH. Some hydrides can be isolated
as crystalline solids which show fluxional behaviors in solu-
tion.

The unique behavior of the present systems (2a and 2b)
may be due to the presence of the basic and bulky tert “butyl
derivatives although this aspect needs further studies in
order to investigate any electronic and/or steric influences
on the mechanisms of olefin hydrogenation. These points
will be the subjects of our furture studies.
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