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The iridium complexes [Ir(PB(COD)]PR and [Ir(py)(PBz)(COD)]PR are effective catalyst
precursors for the homogeneous hydrogenatidw-(f-naphthylmethylene)aniline (,INA) to naphthalene-
2-ylmethylphenylamine (PBz= tribenzylphosphine; COB= 1,5-cyclooctadiene; py pyridine). For
comparative purposes, other iridium and rhodium catalysts modified with eithgrdPB£Ph have been
tested as catalysts forANMA hydrogenation. A kinetic study of this reaction catalyzed by [Ir(BBz
(COD)]PF, [Ir(py)(PBz)(COD)]|PF, and [Rh(PP%)(COD)]PF;, together with in situ NMR experiments,
has led us to propose catalytic cycles for the three precursors.

Introduction Scheme 1
The catalytic hydrogenation of imines is of importance in —"' T

connection with the industrial production of agrochemicals and \/@ @
pharmaceuticals, and it continues to attract much academic X P (Q N
f 1 - 4 \ / /
interest! Although imines are more refractory than olefins to \\ Ir \ 7 L Ir

i AT4 7\ 7
undergo hydrogenatiot, a number of metal complexés 7 ; R

; O
including rhodiund and iridium systenfshave been reported /\© \Q
to effectively catalyze the reduction of imines to amines.
However, the catalytic mechanisms have not yet been com-

pletely understoo?in particular, few studies are available on 1 2
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Scheme 2 Table 1. Catalytic Hydrogenation of
Bz.p . . N-(B-Naphthylmethylene)aniline by PBz Ir and Rh
2 ‘ b} L=PBz; L L=py py 1 Complexes
7 CHClg 7 l Ha S | _H :
Ir Ir/ T» > |r< run catalyst conversion (%)
7 | Nees RT 7 ez, s7 | TH 1 1 53
Hoo o COA PBz; 2 2 96
L= PBzs 3 4 4
A H, 4 5 traces
COA 5 6 1
Bz,P 6 7 3
+ b
2, W PBzs T 7 3 87
4 S\ |/H a Conditions: p(Hz) = 13.8 bar;T = 25 °C; 4 h; substrate:catalyst 100:
N I 1; THF =5 mL.? 18 h, ref 5.
7| ST M
PBzs PBz3 S = THF, acetone, MeCN

In this paper, we report a kinetic and mechanistic study of
Scheme 3 the hydrogenation of BNA to NMPA catalyzed by the Ir
complexesl and 2. For comparative purposes, we have also

@ /@ examined the catalytic activity of [Rh(PE§COD)]PFK; (3) and

SN _H N of various Rh and Ir complexes stabilized by BBmamely,

catalyst H IrCI(PBz3)(COD) (4), RhCI(PB2)(COD) (5), [Rh(PBz),(COD)]-
NBNA NMPA PFs (6), and [Rh(py)(PB2(COD)]PFs (7).

. : . . Results and Discussion
experiments, but they could not be isolated in the solid state

due to fast decomposition. Catalytic Hydrogenation of N-(#-Naphthylmethylene)-

The reactivity ofl and2 towards H, together with the proven  aniline by Rhodium and Iridium Complexes. Batch hydro-
ability of the related Rhand It complexes [M(PP$)(COD)]* genation reactions of BNA were carried out in THF at room
and [M(py)(PPk)(COD)]" (M = Rh, Ir; COD= 1,3-cyclooc- temperature under aghpressure of 13.8 bar. The results obtained
tadiene) to catalyze the hydrogenation of a variety of unsaturatedare collected in Table 1. All reactions were carried out at least
substrates, including iminé$;® prompted us to explore the once in the presence of an excess of elemental mercury, which
performance of the new PBzomplexes as catalysts for the is known to deactivate heterogeneous catalysis arising from the
reduction ofN-(3-naphthylmethylene)aniline (®NA) to naph- presence of metal particles or colloids in the mixtuem no
thalene-2-ylmethylphenylamine (NMPA) (Scheme 3). Another case was a decrease in activity observed; besides this mercury
motivation for carrying out the present study was that the use test, the homogeneous nature of our reactions was also inferred
of PBz in homogeneous catalysis was virtually unknown by the excellent reproducibility of the kinetic measurements (see
previous to this work, despite the fact that alkyl- and aryl- below), which is unlikely to be observed if the true catalyst is
phosphines constitute the most extensively employed class ofa decomposition product of the precursor.
ligands in catalytic reactions. Indeed, the only reported example ~ Only the cationic iridium precursors and 2 were able to
involving PBz was the hydroformylation of allylbenzene by a generate efficient catalysts forANIA hydrogenation under our
rhodium catalyst generated in situ by mixing [Rh(OAc)(CQD)] reaction conditions (runs 1, 2). Neither the analogous rhodium
and PBz1011 Therefore, we felt that a study of the catalytic complexes and7 (runs 5, 6) nor the neutral Ir or Rh complexes
properties of metal-PBzcomplexes would be of interest, as 4 and5 (runs 3, 4) were able to hydrogenate the imine at a
this tertiary phosphine lies amid PPand PCy in terms of significant rate.

nucleophilic and steric propertiés. The much lower efficiency of rhodium catalysts as compared
to iridium analogues in the hydrogenation of imine=l8 bonds
(8) (a) Crabtree, R. H.; Morris, G. B. Organomet. Cheni977 135 has been observed by several auttérdames and co-workers
?;?]5' (b% g%r?titﬁe,llfé H(';)Gé"“tt'ﬁ“ A-;RGlgdan%hG-; Kgaggéglaznggft- have recently demonstrated that rhodium-based catalysts may
em. s . (C raptree, K. FACC. em. rRe " . . . H .
(d) Haines, L.Inorg. Nucl. Chem. Lettl969 5, 399. (e) Haines, Llnorg. undergo deactivation by forming stable amine addbietsw-

Chem.197Q 9, 1517. (f) Haszeldine, R.; Lunt, R.; Parish,JR Chem. Soc. ever, this issue may not always be so simple, as other factors
A 1971, 3711. (g) Suggs, W. J.; Cox, S. D.; Crabtree, R. H.; Quirk, J. M. might play a role in controlling the catalytic activity of rhodium
'2I'it5rahedron Lett1981 22, 203. (h) Crabtree, R. HChem. Re. 1985 85, and iridium complexes. Indeed, if the strength of the-Riamine

(9) Crabtree, R. H.; Demou, P. C.; Eden, D.; Mihelcic, J. M.; Parnell, bond may account for the very low activity of the Rh complex
C. A.; Quirk, J. M.; Morris, G. EJ. Am. Chem. S0d.982 104, 6994. 6 (run 5), it cannot explain why the PRPHodium complex3

. (,&03 dsl g'v&gl% gg ?%eilrgéK- C.B.; Gusevskaya, E. V., dos Santos, s g petter catalydtthan the PBz analogues under identical
"(11) Barros, H. J. V. Ospina, M. L.; Arguello, E.; Rocha, W. R; reaction conditions [5 mol BNA converted (moB x h)™1vs

Gusevskaya, E. V.; dos Santos, E.NOrganomet. Chen2003 671, 150. 0.4 mol N3NA converted (mol6 x h)~1].

PP%%HSQ()% %0?65 _f;:\_%ftgftﬁgg fggut( 117605"')i'|e='6 rﬂ;léﬁt\el?g%:rr Jgggstgﬁttﬁfe Aimed at gathering further information that might shed light
, but simi . : . f e

basicity and steric hindrance of thesétla and other phosphine ligands, see: (a)On the faCtor.s. qontm"mg the aCFIVIty of phosphine-modified

Streuli, C. A.Anal. Chem.196Q 32, 985. (b) Tolman, CJ. Am. Chem. rhodium and iridium catalysts, a kinetic study of the hydrogena-

S0c.197Q 92, 2953. (c) Tolman, CJ. Am. Chem. S0d97Q 92, 2956. (d) tion of NGNA catalyzed byl, 2, and 3 (as a comparison

Tolman, C.; Seidel, W.; Gosser, W. Am. Chem. S0d974 96, 53. () standard) was undertaken, together with in situ NMR experi-

Tolman, C.Chem. Re. 1977, 77, 313. (f) Allman, T.; Goel, R. GCan. J.
Chem.1982 60, 716. (g) Wilkes, L. r\$|) Nelson, J. H.: Mitchener, J. p.. ments. Also, structurally related PBand PPh catalyst precur-

Babich, M. W.; Riley, W. C.; Helland, B. J.; Jacobson, R. A.; Yu Cheng,

M.; Seff, K.; McCusker, L.Inorg. Chem.1982 21, 1376. (h) Johansson, (13) (a) Crabtree, R.; Anton, D. FOrganometallics1983 2, 855. (b)
M. H.; Otto, S.; Oskarsson, Mcta Crxstallogr. B2002 58, 244. (i) Muller, Whitesides, G. S.; Racket, M.; Brainard, R. L.; Lavalleye, J. P.; Sowinski,
A.; Roodt, A.; Otto S.; Oskarsson, A.; Yong, Scta Crystallogr. E2002 A. F.; lzumi, A. N.; Moore, S. S.; Brawn, D. W.; Staudt, E. M.

58 m715. Organometallics1985 4, 1819.
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Figure 1. Effect of catalyst, imine, and hydrogen concentrations on the rate of hydrogenatig8Nz bhtalyzed byl, 2, and3.

sors were investigated in an attempt to establish phosphinemetalation in solution and reacts with, th either acetone or

structure-activity relationships. THF to givecis-bis(solvento) dihydrides [Ir(H§S)(PBz),]PFs
Kinetic Studies. The kinetics of the hydrogenation offNA [S = acetone §), THF (9)] and free cyclooctane (COA)The

by 1, 2, and3 were studied in THF in the temperature range latter complex is also formed by reaction of thenetalated

from 304 to 336 K at subatmospheric pressure withirtitial complex with H.

concentrations varying from 4. 1075to 6 x 1075 M. The When a THFdg solution of 9 was treated with 2 equiv of

reactions were carried out at different catalyst, substrate, andNSNA, NMR spectroscopy showed that the hydride triplet in

hydrogen concentrations, and the corresponding kinetic data arehe parent compound(—23.5, Jup = 15.5 Hz) was rapidly

reported in the Supporting Information (Tables-S3). replaced by another triplet at18.42 ppm with an identical
Irrespective of the catalyst precursor, the initial rateg ( coupling constant to phosphoruy¢ = 15.5 Hz), while free

showed a linear dependence on catalyst concentration, asTHF was produced. This evidence, together with the appearance

evidenced by plots of log; against log[cat], which yielded of a new singlet in thé!P{1H} NMR spectrum at 12.0 ppm

straight lines with slopes of 0.99 fdy 1.1 for2, and 1.1 for3 (the 31P{*H} NMR spectrum of9 consists of a singlet at 9.83

(Figure 1a). No appreciable effect of substrate concentration ppm)/ is strongly indicative of the formation of theis-bis-

was observed fot (Figure 1c). A zero-order rate in substrate (imine) complex [Ir(HX(NSNA)2(PBz),]PFs (10), which un-

concentration has been reported for other imine hydrogenationfortunately could not be isolated, as it was unstable with respect

reaction€? On the other hand, a first-order dependence with to intramolecular hydrogen transfer from iridium to a coordi-

respect to substrate concentration was found for Badind 3 nated NbNA molecule to presumably yield [Ir(BNA)(NMPA)-

(the slope values of the plots lag vs log[NSNA] were 1.10 (PBz),]PFs (11) (eq 4).

and 0.99, respectively). Finally, for all metal precursors, a first- ‘

order dependence on h_ydrogen concentration was shown by thqlr(H) L(NBNA),(PBz,),]PF, Y

plots logu; vs log[H;] (Figure 1b) with slope values of 1.0 (eq

1), 1.1 (eq 2), and 1.1 (eq 3). [Ir(NANA)(NMPA)(PBZ,),]PF; (4)
Incorporation of all these data provided the experimental rate

laws indicated by eqs-13 for 1, 2, and3, respectively: Therefore,10 may be considered as an active species in the

catalytic hydrogenation of BNA by 1, and we suggest that

v; = dlamine]/d = k_[Ir][H ,] (1) the subsequent reaction of the reduced intermedihteith H,
depicted in eq 5 is the rate-determining stkep) 6f the catalytic
v; = d[amine)/d = k_,{Ir][N BNA][H ,] ) Ic:}ll:(;l?igeading to the dihydride [IINSNA)(NMPA)(PBzs),]-

v, = d[amine]/d = k ,[Rh][NSNA][H ;] 3) )
h | f the ob d catalviic rat . t[Ir(NﬂNA)(NMPA)(PBzS)Z]PFG+ H2—2>
e average values of the observed catalytic rate constants
for 1and2 at 318 K and for3 at 329 K, calculated from eqgs 1, [IrH ,(NANA)(NMPA)(PBZ,),]PFs (5)
2, and 3, respectively, using the data in Tables-S2, are

Keatgr 1) = (18.6% 0.1) X 108 M 152, keaigrzy = (3.1% 0.2) x Fast replacement of the product amine by an imind.2n

10 M2 5%, andkearny = (2.1+ 0.1) x 1P M2 s would complete the cycle and regenerafe(eq 6).
In summary, the hydrogenation reaction assisted by the Ir Ky
precursorl follows a second-order law (eq 1), whereas both [IrH(NSNA)(NMPA)(PBz,),]PF; + NSNA —
the Ir complex2 (eq 2) and the Rh compleX(eq 3) exhibit a [IrH ,(NANA),(PBz),]PF, + NMPA (6)
third-order rate law, analogous to the one previously reported
by some of us for KNA hydrogenation catalyzed by [Ir(PB)b A rate law accounting for this mechanism can be derived

(COD)]PFRs in THF (Keat= (2.2 4+ 0.3) x 10 M2 57! at 323 from eq 7:
K).5 From a comparison of thie,: values, the catalytic activity

of these complexes follows the order- 2 > 3 ~ [Ir(PPhs)2- v, = d[amine]/d = k,[11] (7)
(COD)|PFs.
Proposed Mechanism for the Hydrogenation of ISNA Considering the equilibrium in eq 4 and the mass balance

Catalyzed by [Ir(PBz3),(COD)]PFs (1). As shown in Scheme  for iridium ([Ir]o = [10] + [11]), the concentration of1 may
1, complex1 undergoes a spontaneous intramolecudar be expressed as in eq 8:
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NMR was complexL0, we can assume that under our reaction L
conditionsK; < 1; eq 8 is then approximated td = 1

RCH=R'N = NSNA
RCH,;NHR' = NMPA

Reversible hydride transfer ih5 as shown in eq 13K()
would yield a new species, [IfBNA)(NMPA)(py)(PBz)]*
. o . (16), containing the hydrogenated product NMPA. The rate-
The combined kinetic and NMR experiments allow us to determining addition of hydrogen 16 (ks) completes the cycle

propose a catalytic cyclg for the hydrogenation @i by 1 by releasing the product with concomitant formation of complex
where the precursor is rapidly hydrogenated to form an 1, (eq 13).

octahedral dihydrido-bis-imine intermediate, which reversibly

undergoes intramolecular hydride transfer to give a coordinated
amine (Scheme 4). This intermediate then oxidatively adds
dihydrogen as the rate-determining step to yield a dihydrido
species containing both coordinated imine and amine. Displace-
ment of the product by a new incoming imine molecule n
regenerates the active species and completes the cycle. Notell(NBNA)Y(NMPA)(py)(PBz)] ™ + H,

worthy, a rhodium amine-imine intermediate species has been [Ir(H) 2(|\|ﬁ|\|A)(-|-|_||:)(py)(p|3%)]+ + NMPA (14)
detected by James and co-workers along the homogeneous

PBzs RHC=RN" | Negz,
H

[11 = Ky[Ir] /(1 + Ky) (8) Scheme 4
andgsubstitutingll] in eq 7, we arrive at the rate law shown in THF>T:§H] RCH=NR R C=R‘N\F|’BZSH W Ki  reuorri /PBzBT
: - [ I |
= THsF F|’stH i RHC=RN" |r\H RHC=RN” r\P823 |
= KK [Ir] o[H /(2 + K 9 | 10 PBz 1 E
Ui S 1[ r] O[ 2] ( 1) ( ) o j Had E RCH,NHR' ’X Ks Hi/ rds i
. . He . ; RCH=NR'~ ——> ka !
In agreement with the fact that the only species observed by _ N ,PBZs} ! RHZC=R'HN\|/PBZ3—‘+ i
N E Ir |

K4[lr]o, and the rate expression can be simplified as in eq 10, 2

which is identical to the experimental rate lawkif; = koK.

v = KKy [Ir] o[H,] (10)

[Ir(H) (NBNA) o(py) (PBZ)] " ==
[Ir(NANA)(NMPA)(py)(PBz)] " (13)

ks

—_—

hydrogenation of PhCHN=CHPh by [Rh(PP$)>(COD)]-
PF5.3e'6b

Proposed Mechanism for the Hydrogenation of [SNA by
[Ir(py)(PBz 3)(COD)]PFs (2). Like 1, the py derivative? reacts
readily with H, in THF-dg to yield thecis-bis(solvento) dihydride
[Ir(H) 2(THF)(py)(PBz)]PFs (13). This complex was prepared
and identified by in situ NMR experiments in THi-(hydride
doublet at—19.8 ppm with acis-HP coupling of 16.8 HzJ.
When N3NA (2 equiv) was added to a solution df3, fast
displacement of the solvent molecules occurred with formation
of two new major species featured BYP{'H} NMR singlets
at 7.2 and 6.5 ppm anitH NMR hydride signals at 16.5)p =
15.4 Hz) and 16.2 ppmJg = 15.5 Hz), respectively. Since
the addition of a further 2 equiv of fNA increased the
concentration of the product with tHéP NMR singlet at 6.5

ppm at the expense of the other one, the complex with the 7.2

ppm signal is most likely the mono-imine intermediate [IrfH)
(NANA)(THF-dg)(py)(PBz)]PFs (14), which transforms into the
bis-imine adduct [Ir(H)(NSNA)(py)(PBz)]PFs (15) in the
presence of excess imine.

From a mechanistic viewpoint, the catalytic hydrogenation
of the imine would therefore involve the preliminary reaction
of the COD precurso2 with H, and solvent molecules (THF)
to give13and free COA, which is a peripheral reaction outside
the catalytic cycle, followed by coordination afhe imine
molecule to form 14 via the reaction shown in eq 11.
Coordination of a second imine molecule through the equilib-
rium K; (eq 12) leads to the formation of the bis(imine)
intermediatel5, as in eq 12.

[Ir(H) ,(THF),(py)(PBz)] " + NSNA —
[Ir(H) (NBNA)(THF)(py)(PBz)]* (11)

[Ir(H) ,(NANA)(THF)(py)(PBZ)] * + NANA ==
[Ir(H) ,(NBNA) ,(py)(PBz)] " (12)

According to this mechanistic picture, a rate law can be
derived, taking into account that the initial rate of product
formation is represented by eq 15:

v, = dlamine]/d = k;[16][H ] (15)

Considering the equilibria in eqs 12 and 13 and the mass
balance for iridium ([Iry = [14] + [15] + [1€]) the concentra-
tion of 16 can be expressed as in eq 16:

[16] = K,K,[Ir] INANAJ/(L + K [NBNA] + K;K,INSNA])
(16)

which can be substituted in eq 15 to obtain:

v = K Kokg[Ir] o[NANA][H I/
(14 KyINANA] + K KINANA]) (17)

If the term KiNSNA] + KiKj[NSNA] < 1, the rate
expression can be approximated to eq 18, which is identical to
the experimental rate law provided tHat; = KiKoks:

v = K{KKg[Ir] [NSNA]H 5] (18)

This is a reasonable assumption, since it implies that the major
species in solution i44, in agreement with our spectroscopic
observations. Incorporation of the kinetic and NMR experiments
leads to the catalytic cycle shown in Scheme 5 for the
hydrogenation of NA by 2.

Proposed Mechanism for the Hydrogenation of [SNA
Catalyzed by [Rh(COD)(PPh)2]PFs (3). To complement the
experimental kinetic study of the hydrogenation ofNNA
catalyzed by the Rh precurs8ywe have carried out an in situ
NMR study of the reactions of the latter complex with imine
and H in THF-ds. It has been previously reported by Osbidrn

(14) (a) Shapley, J. R.; Schrock, R. R.; Osborn, JJAAm. Chem. Soc.
1969 91, 2816. (b) Schrock, R. R.; Osborn, J. A.Am. Chem. Sod976
98, 2134.
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Scheme 5

[TTTTTTTTTTTTTTmIomooosmmoooooooomooooooooooooos
py T i py + Ki RHG=RN Ty H o
THE | M RCH=NR' ! THE | _H| RcH=NR N !
i — i AN :
THET| TH | RHC=RN | SH RHC=RN ||>B Hoo
Z: 1
13 PBz3 : 14 FB2 15 o i
' '

'
COA | rds K i
H THF | RCHQNHR"'W k3 2 !
2 1 1
i Hz |
X e | i PB " |
L\Ir y : RHZC—RHN\” _PBzs |
: '
7\ i RH,CRHN™ py !
4 PBz; ! !
2 ! 16 i

RCHoNHR' = NMPA
and other authofg"13that3 reacts with hydrogen in coordinat-
ing solvents to give bis-solvento dihydrides with the formula
[Rh(H)2(Skh(PPh),]PFs (S = solvent). Compound [Rh(kE)
(THF-dg)2(PPh),]PFs (17) was then generated in situ by
bubbling H into a THF€s solution of3. The reaction ofL7 at
room temperature with 1 equiv of A afforded a new species
with cis dihydride ligands and trans P atoriid NMR spectrum
featured by a pseudoquartet-al6.2 ppm withJup = Jyrn =
15.0 Hz and®P{1H} NMR spectrum consisting of a doublet at

38.5 ppmJrnp = 135.5 Hz). The addition of a second equivalent
of imine did not change the spectrum, except for slightly

broadening the NMR signals. We suggest that the first product

is the dihydride imine complex [Rh(EONSNA)(THF-dg)-
(PPh);]PFs (18), which undergoes fast exchange of Tld§--
between the two sites trans to3F Complex 18 seems to
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similar, and therefore the kinetic data may be treated in an
analogous way. Hydrogen transfer tINA in complex19 gives

the RA complex [Rh(NBNA)(NMPA)(PPh),]PFs (21) contain-

ing the hydrogenated product NMPA (eq 20), and the catalytic
cycle is completed by oxidatively adding,Has the rate-
determining step, to release the product and regenééateq
21).

[Rh(H),(NANA),(PPh),]PF, ==
[Rh(NSNA)(NMPA)(PPh,),]PF; (20)

[Rh(NSNA)(NMPA)(PPhy),IPF, + H, Ll
[Rh(H),(NSNA)(THF)(PPh),IPF, + NMPA (21)

As for the case o2, a rate law can be derived, taking into
account the initial rate of product formation shown in eq 22:

v, = dlamine]/d = k[21][H ] (22)

Considering the equilibria reported in egs 19 and 20 and the
mass balance for rhodium ([Rh}= [18] + [19] + [21]), the
concentration oR1 can be expressed as in eq 23:

[21] = K;K,[RN]INANAY
(1+ K;[NSNA] + KK [NBNA]) (23)

which leads to

remain the largely prevailing species even in the presence of av; = K{Kks[Rh]o[NBNA][H ]/

second equivalent of imine, although it is likely that an
equilibrium with the bis-imine complex [Rh(ENSNA)-
(PPh),]PFs (19) may ensue. The latter complex would be in
very low concentration, yet kinetically important. Indeed, all
our attempts to isolate eithd8 or 19 were unsuccessful, as
only a RH complex with no hydride ligands was obtained. The
IH NMR spectrum of this new species contained a singlét at
9.84, attributable to the coordinated imine hydrogehs=Q|,
while the 31P{1H} NMR spectrum showed a doublet at 53.4
ppm @prn= 152 Hz). It is therefore likely that, upon reductive
elimination of H, a square-planar Rleomplex, [Rh(NSNA),-
(PPh),]PFs (20), is formed. Facile elimination of s not an
unexpected process for Rhdihydrides!® including PBz
complexes such as [Rh(i{Me,CO-Us)2(PBz),] ™ and [Rh(H}-
(THF-dg)2(PBz),] *.7 Whether the imines arg!-N or 2-C,N

(1+ K[NSNA] + KK [NBNA]) (24)

If we then assume the terKy[NSNA] + KiK;[NSNA] < 1

as before, the rate expression can be approximated to
b, = KyKK[RN][NANA]H ;] (25)

which is identical to the experimental rate law whiep; =
K1K2ks.

A mechanism for the hydrogenation ofiNA catalyzed by
3, which incorporates the results of the NMR and kinetic study,
is shown in Scheme 6. Within this mechanistic pictut8,is
the major species, as observed by NMR, and Hatland 20
lie outside of the catalytic cycle.

Activation Parameters of the Hydrogenation of NSNA by

coordinated is difficult to assess on the exclusive basis of the 1, 2, and 3.The effect of temperature on the rate constants in

NMR parameters. However, we are inclined to suggest'ad
mode in view of the X-ray structure ais-{ Rh[P-tolyl)s]2-
(PhCHN=CHPh)(NHCH,Ph} PF; reported by James, where
PhCHN=CHPh acts as a monodentate lig&hdVoreover,

the hydrogenation of BNA by 1, 2, and3 was studied in the
range from 307 to 336 K, from 302 to 323 K, and from 304 to
323 K, respectively, under the following experimental condi-
tions: [NBNA] = 2.5 x 1072 M, [catalyst]= 5.0 x 1 04 M,

James and co-workers have proposed the formation of a similarand [H] = 6.0 x 10~ M. Within these ranges, the variation
n*-N square-planar intermediate along the hydrogenation of of the H solubility with the temperature was negligible in

N-(benzylidene)aniline catalyzed by [Rh@iyleOH),(PPh).]-
pFB_Sb,e

THF 16 Plotting Inkea vs 1/T (Figure 2) allowed us to evaluate
the activation energlg,, the frequency factoh, the extrapolated

On the basis of the data presented above, we propose thatyalue of the rate constant at 298 K, and the values of enthalpy,

under catalytic conditions3 reacts in THF with hydrogen to
give 17, which may coordinate one or twgdNIA molecules to
form 18 in equilibrium with 19 (eq 19).
K
[Rh(H),(NSNA)(THF)(PPh),]PF; + NGNA =
[Rh(H),(NSNA),(PPh),]PF, + THF (19)

Since the rate law for cataly8tis similar to that of catalyst

entropy, and free energy of activation. The resulting data are
listed in Table 2.

(15) See for example: Bianchini, C.; Masi, D.; Meli, A.; Peruzzini, M.;
Zanobini, F.J. Am. Chem. Sod988 110, 6411.

(16) For H solubility at different temperatures in common organic
solvents see: (a) Waters, J.; Mortimer, G.; Clements])J.HChem. Eng.
Data 197Q 15, 174. (b) Brunner, EBer. Bunsen-Ges. Phys. Chet®.79
83, 715. (c) Brunner, EJ. Chem. Eng. Dat&985 30, 269. (d) International
Union of Pure and Applied Chemistry, IUPAGolubility Data Series:

2, it is reasonable to assume that the mechanisms are alstHydrogen and Deuteriun®/6, 219.
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Scheme 6
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Figure 2. Effect of reaction temperature on the hydrogenation of
NSNA catalyzed byl, 2, and3.
Table 2. Activation Parameters for the Hydrogenation of
NPNA Using 1, 2, and 3 as Catalyst Precursors
1 2 3

46+0.2 15.8+:0.2 54+0.3

(kcal/mol)

A (1.2£0.2) x 107 (16:|:04)><1014 (73:|:04)><106
M-1st M—2s7t —2g7t

kea(25 °C) 5007.0 Mlsl 389.2 M2s! 845 2M2st

AH* (kcal/mol) 4.0+ 0.2 15.2+0.3 4.840.3

ASF (eu) -53+1 -52+3 —55+2

AGF (kcal/mol) 20+ 1 31+2 2142

A negative value foAS has been found for all complexes,
as is expected for associative transition states. The pogitafe
and AH* values are comparable to those reported for the
hydrogenation of unsaturated molecules witsXCbonds (X
= heteroatom) by analogous rhodium and iridium catalyts.
Provided the value dfc,:at 298 K is taken as a measure of the
catalytic activity, the most efficient catalytic system is generated
by the bis-PBzprecursorl, while the PPgrmodified precursor
3 is twice as active as the py addutt

Conclusions

A family of Rh and Ir complexes stabilized by PRigyands
have been tested as catalyst precursors for the hydrogenation

(17) Sachez-Delgado, R.; Rosales, /@oord. Chem. Re 2000 196,
249.
(18) Taguchi, K.; Westheimer, B. Org. Chem1971, 36, 1570.

+
PPhs

PPhs

RHC=R'N
“ril
/

RHC=RN

20

RCH=NR' = NBNA
RCH;NHR' = NMPA

of NANA to NMPA, and their catalytic efficiency has been
compared with that of the structurally related RRfodium and
iridium catalysts [M(PP¥2(COD)]PFR.> Under comparable
experimental conditions, the PBmodified catalysts are by far
more efficient than the PR¥modified analogues. In particular,
the batch catalytic reactions have shown that the turnover
frequency [mol NMPA produced (mol cat h)~1] decreases in
the order [Ir(py)(PB2)2(COD)[" (24) > [Ir(PBz3)(COD)]" (13)

> [Ir(PPhs)2(COD)]™ = [Rh(PPR)x(COD)]" (5).5 This finding

is interesting and may stimulate further studies of the catalytic
activity of PBz metal complexes in homogeneous processes.
The better performance @vs 1 in batch conditions (Table 1
and ref 5) may be due to significant incorporation of iridium
sites ofl into inactiveo-metalated species (Scheme 2), while
the formation of stronger bonds to the amine product may well
account for the lower activity of the Rh precursd(Schemes

5 and 6)3%*

Except for the position of the py precurs®ythe order of
activity found in the batch reactions agrees with the results of
the kinetic study as thk.,(298 K) values have been found to
decrease in the order [Ir(PBz(COD)]" (5007 M~1s™1) > [Rh-
(PPh),(COD)]* (845.2 M2 s%) > [Ir(py)(PBzs)2(COD)]*
(389.2 M2 s7Y),

Discrepancies between tof andare frequently encountered
in homogeneous catalysis. In the present case, the discrepancy
may be due to the large pressure difference. It may also be
possible that at the higher pressure of the batch reactions the
kinetic laws are different from those at low pressure and hence
the reaction order may change.

Experimental Section

General Information. All reactions and manipulations were
routinely performed under a dry nitrogen or argon atmosphere using
standard Schlenk techniquésl. andC{H} spectra were recorded
on either a Bruker ACP 200 (200.13 and 50.32 MHz) or a Bruker
AM 300 (300.13 and 75.47 MHz) spectrometer. Peak positions are
relative to tetramethylsilane and were calibrated against the residual
solvent resonancéHi) or the deuterated solvent multipl€€C).
S1P{1H} NMR spectra were recorded on the same instruments
operating at 81.01 and 121.49 MHz, respectively. Chemical shifts
were measured relative to external 85%PBy, with downfield
shifts considered positive. All the NMR spectra were recorded at
room temperature (28C) unless otherwise stated. GC analyses
were performed on a HP-5890 equipped with a mass selective
detector HP-5972 (GC-MS) and a DB-5 capillary column. Reactions
under controlled gas pressure were performed on Parr reactors.

Materials. Unless otherwise stated, all solvents were distilled
just prior to use from appropriate drying agents. Dichloromethane,
methanol, and THF were distilled from Cag®.0s, and sodium/
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benzophenone, respectively. Diethyl ether and petroleum ether wereén a 5 mm NMRtube. H was gently bubbled into the solution

dried with sodium. Aniline (Aldrich) was purified by reduced
pressure distillation. Hydrogen was purified by passing it through
two columns in series containing CuO8k and CaS@ respec-
tively. Deuterated solvents were dried oveA molecular sieves
prior to use. All other chemicals were commercial products and
used as received without further purification. Literature methods
were employed for the synthesis of MCI(P§£COD) (M = Rh,

Ir),” [M(PBZz5)2(COD)]PFs (M = Rh, Ir),” [M(py)(PBz)(COD)]-

PR (M = Rh, Ir),; [Rh(PPh),(COD)]PF;,* and N-(3-naphthyl-
methylene)aniliné® The solid complexes were collected on a

with a long syringe needle at 0@C for the time, indicated by
previous NMR experiments, required to convert 2linto the
dihydride13. After bubbling N into the tube for 2 min at-10°C,

2 equiv of NSNA were added into the tubéH and3'P{H} NMR
spectra, immediately acquired-ai0 °C, showed the formation of
two major Rh complexes in a ca. 2:1 ratio, along with other
compounds in very low concentration. Addition of furthefNA

(2 equiv) changed the product ratio to 1:3. The product that forms
in larger concentration after addition of 2 equiv offNA is
assigned the formula [Ir(HINSNA)(THF-dg)(py)(PBz)]PFs (14).

sintered glass frit and washed with ethanol and light petroleum ether The other product is assigned the bis-imine structure [KH)

(bp 40-60°C) or pentane before being dried in a stream of nitrogen.

Catalytic Experiments. In a typical experiment a solution of
the catalyst precursor and a 100-fold excess NN in THF was
placed into a Parr reactor (15 mL). After loading of the reactants
of the catalytic system, the reactor was flushed wight¢lremove

(NBNA)2(py)(PBz)|PFs (15).

Selected NMR data fol4: S!P{1H} NMR (THF-dg, 121.49
MHz): 0 7.2 (s).*H NMR (THF-dg, 300.13 MHz): 6 —16.5 (d,
Ir—H, Jup = 15.4 Hz). The observation of a singkel NMR
resonance for the two nonequivalent hydrides is likely due to fast

oxygen and then pressurized to the desired pressure at roomexchange of coordinated and free THF, which averages the
temperature, heated to the proper temperature, and immediatelyspectrum.

stirred. After the desired time, the reactor was cooled to room

Selected NMR data fod5: 3!P{1H} NMR (THF-dg, 121.49

temperature and slowly depressurized. A sample of the solution MHz): ¢ 6.5 (s).'"H NMR (THF-dg, 300.13 MHz): 6 —16.2 (d,
was withdrawn and analyzed by GC-MS. Each run was repeatedIr—H, J4p = 15.5 Hz).

at least twice to ensure reproducibility of the results.
Kinetic Measurements.In a typical experiment, a solution of
the catalyst and BNA (substrate:catalyst 50:1) in THF (50 mL)

Reaction of [Rh(H),(THF-dg)2(PPhs)s]PFe (17) with NANA.
Complex3 (0.03 mmol) was dissolved in 1 mL of TH#directly
in a 5 mm NMRtube. H was gently bubbled into the solution

was placed in a glass reactor fitted with a reflux condenser kept at with a long syringe needle at 8C for the time, indicated by

10°C. The reactor was sealed with Apiezon wax to a high-vacuum
line, and the solution was carefully degassed by three freeze
pump-thaw cycles; hydrogen was admitted at this point to the

previous NMR experiments, required to convert alinto the
dihydride17. After bubbling N into the tube for 2 min at-10°C,
1 equiv of NSNA was added into the tube. A NMR spectrum

desired pressure, an electric oven preheated to the requiredwas immediately acquired at10 °C, showing the formation of a
temperature was placed around the reactor, and magnetic stirringspecies featured by a pseudoquartet atl6.2 Jyp = Jurn = 15.0
was immediately begun. The reaction was followed by measuring Hz). The3P{*H} NMR spectrum consisted of a doublet at 38.5
the drop of the hydrogen pressure as a function of time. Each runppm @prn = 135.5 Hz). The addition of a second equivalent of
was repeated at least twice to ensure reproducibility of the results.imine did not change appreciably the NMR spectra, except for a
To use the initial rate method, the conversion of reactants in the slight broadening of thé!P signals. Heating the NMR probe to 20
catalytic reactions was generally (although not necessarily) kept °C under nitrogen led to the disappearance of this complex with

below 10% (ca. 520 turnovers). The measurexP(H,) values

formation of a new compound that we suggest to be [FBNN) -

were converted to mmol of amine product, and the data were plotted (PPh);]PFs (20) on the basis of th&'P{*H} NMR (THF-ds, 121.49

as molar concentration of the product as a function of time, yielding
straight lines; the initial hydrogenation rates were obtained from
the corresponding slopes. All straight lines were fitted by conven-
tional linear regression programs t8 > 0.97. The hydrogen
concentration in solution under the reaction conditions was
calculated according to published solubility d&fa.

In Situ NMR Experiments. Reaction of [Ir(H) »(THF) o(PBz),]-
PFg (9) with NSNA. Complex1 (0.03 mmol) was dissolved in 1
mL of THF-dg directly in a 5 mm NMRtube. H was gently bubbled
into the solution with a long syringe needle at© for the time,
indicated by previous NMR experiments, required to convert all
into the dihydride9. After bubbling N into the tube for 2 min at
—10 °C, 2 equiv of NSNA were added into the tubéH and3P-
{*H} NMR spectra, immediately acquired afl0 °C, showed the
selective formation of [Ir(HXNANA)(PBz),]PFs (10). *H NMR
(THF-dg, 300.13 MHz): 6 —18.42 (t, hydridesJyp = 15.5 Hz).
S1P{1H} NMR (THF-dg, 121.49 MHz): 6 12.0 ppm (s).

Reaction of [Ir(H) o(THF-dg)2(py)(PBzs)]PFs (13) with NSNA.
Complex2 (0.03 mmol) was dissolved in 1 mL of THégdirectly

MHz), showing a doublet at 53.4 ppridp&n = 152 Hz), the lack of
hydride signals, and the presence of a resonanoe%84 in the

IH NMR spectrum, which may be reasonably attributed to the
coordinated imine hydrogenHz=N.
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