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A range of rhodium(l) and iridium(l) complexes containing bidentate phosptpgezolyl ligands of
general formulas [M(EPYP)(COD)]BPh (R = Me, iPr, Ph, M= Ir, 3b—3d and M = Rh, 4b—4d),
[Ir(R2PyP)(CO}|BPh, (R = Me, iPr, 5b,5¢), and [M(R.PyP)(CO)CI] (R= Me, iPr, Ph, M= Ir, 6b—6d
and M= Rh, 7b—7d) were successfully synthesized. A number of these complexes and their analogues
with unsubstituted ligands are extremely active as catalysts for the intramolecular hydroamination of
alkynes. The air-stable cationic iridium complexes containing 1,5-cyclooctadiene, COD, as co-ligands,
[Ir(R.PyP)(COD)]BPh (R = H, Me,iPr, and Ph3a—3d), are efficient as catalysts for the cyclization of

4-pentyn-1-amined) to 2-methyl-1-pyrroline §) with the turnover rate at 50% conversids)(of up to

3100 h?, at 60°C. The cationic iridium complexes containing carbonyl co-ligands, pP{RR)(CO}]-

BPh, (R = H, Me, iPr, 5a—5c), are moderately effective in catalyzing this reaction, and the neutral
complexes [M(RPyP)(CO)CI] (M= Ir, 6alr, 7a) are ineffective. Generally, an increase in steric bulk

of the substituent R near the nitrogen donor leads to an improvement in catalytic performance of the

resulting metal complexes.

Introduction

Complexes containing hemilabile ligands have been used

hydroboratior? 51! The chemistry of metal complexes with
bidentate ligands with mixed pyrazotybhosphine metal donors
has been, however, underexploféd® Examples of the ap-

successfully in a range of catalytic reactions, primarily due to plication of pyrazoly+-phosphine donor ligands in homogeneous

the ability of hemilabile ligands to liberate vacant coordination

catalysis include palladium-catalyzed hydration of terminal

sites as well as to stabilize reactive transition metal centers alkynest® hydrosilylation of norbornen®,allylic aminationl42:

during a catalytic cyclé.A large number of metal complexes
containing potentially hemilabile hybrid bidentate-R donor
ligands have been reportéd® These studies have mainly
focused on cases where the nitrogen donors are fAl spom
from pyridined-® or oxazoline%” and the P-donors are phos-

Suzuki reactiong? nickel-promoted polymerizatio#,and rhod-
ium-catalyzed hydroboratiott:?*

The hydroamination reaction of-&C double and triple bonds
has been of great interest academically and in industry due to
the central importance of amines and imines in organic

phines. Many late transition metal complexes (e.g., Ru, Rh, Pd, chemistry25-28 Lanthanidé®3°and both ear§-*%and late transi-

Ir) with mixed donor sp-N—P ligands are efficient catalysts
for a range of organic transformations including allylic substitu-
tions 235 hydrogenatiorf;6-8-10 transfer hydrogenatioh!® and
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hydroamination reactions of alkynes and alkenes. Organome- Chart 1

tallic complexes with late transition metals offer the advantage Ph, Ph, Ph,

of being much less oxophilic when compared with lanthanide RO |2 (P\ _col P_ ,CO

and early transition metal complexes. Hydroamination catalysts N. /M\Q N‘N/Ir\CO N M o

based on late transition metals are generally the most functional R\Q\/ﬁ'\ ' R R_d\

group tolerant catalysts and do not normally require stringent R R R

anaerobic conditions during the catalytic proc&ss’ et R e 3b R=H, 52 R=H, 6a
The intramolecular reaction leading to nitrogen-containing Rofn3e R= n:’ra,'ssg M= "{E;gﬁ'g’

heterocyclic products is a significant target since these hetero- ' R=Ph,6d

pycles are presentin many piologically actiye compour_1ds. The - E: Me‘,‘:b Efrn’ 7a

intramolecular hydroamination of alkynes is more facile than R = iPr, 4¢ M =Rh R;Pf';g

the equivalent reaction with allenes or alkenes and has been R=Ph, 4 R=Ph, 7d

achieved by a range of catalytic syste#hd’ Among the late

transition metal catalysts used for the intramolecular hydroami- Scheme 1

nation of alkynes, palladium is now the most widely used metal, B~">Br

particularly in the construction of the aromatic indole nu-  excess Br R PPh;

cleus?7:3%-41 The intramolecular hydroamination of aliphatic g NaoH. TBAB R\-N_ PhyPH, nBuli N,

amino-alkynes using palladium complexes as catalysts presentsrR__ N THF, 0°C LN

different challenges and is less extensively studfé.43 The I/(‘N Step 1 R Step 2 R

use of other late transition metal complexes as catalysts for the

intramolecular hydroamination of alkynes has received increased R E: :\"A:e 11b Ef n ng

attention recently with the focus mainly on second- and third- R=Pr, 1c R= ,pf,‘zc

R=Ph, 1d R=Ph, 2d

row metals of groups VIII, X, and X#3742A few examples
of using platinunt? silver*> and gold® complexes as catalysts

for the intramolecular hydroamination of alkynes have also been

reported.

Rhodium and iridium complexes have not been extensively

studied for the intramolecular hydroamination of alkynes, and
the development of highly efficient group IX catalysts for
hydroamination remains an important géat>*’In our work
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on hydroamination, we have reported that rhodium and iridium
complexes containing bidentate bis-pyrazolyl, bis-imidazolyl,
bis-N-heterocyclic carbene (NHC), or mixed phosphimt¢HC
donor ligand4-52 are effective catalysts for the intramolecular
hydroamination of aliphatic and aromatic alkynes, and the
efficiency of the catalyst changes significantly even with a small
change in the ligand donor s¥t>354We have also previously
reported the synthesis of rhodium and iridium complexes
containing the unsubstituted bidentate phosphimgazolyl
donor ligand 1-[(2-diphenylphosphinoethyl)]pyrazole, PyP, and
their applications as catalysts for the hydrothiolatfoand
double-hydroalkoxylatiot® of alkynes®* In this paper, we report
the synthesis of a range of rhodium and iridum complexes
containing modified phosphirgpyrazolyl donor ligands with
systematic variations of substituents on the 3 and 5 positions
of the pyrazolyl ring (Chart 1). The efficiency of metal
complexes containing the,RyP (R= H, Me, iPr, and Ph;
2a—2d) ligands as catalysts for the cyclization of 4-pentyn-1-
amine @) to 2-methyl-1-pyrroline 9) is explored, and some
extremely efficient catalysts are identified.

Results and Discussion

Synthesis of Phosphine-Pyrazolyl Ligands. The bidentate
phosphine-pyrazolyl ligands RPyP (Me,2b; iPr, 2c; Ph, 2d)
were synthesized using a two-step sequence (Scheme 1)
analogous to that used in the synthesis of 1-[(2-diphenylphos-
phinoethyl)]pyrazole, PyP2a5® The first step involved the
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Scheme 2
Ph,
PPh, BPh,
Cl R
(_ . I\M/ \M/‘ NaBPh, ( \M/@
N—l\\l I/ \Cl/ \l MeOH. RT N‘N/ \l
e ISV,
M=Rh, Ir R
R=H, 3a R=H, 4a
- R =Me, 3b _ R =Me, 4b
M Ir{R=/Pr, 3c M'Rh{R=/Pr, 4c
R =Ph, 3d R = Ph, 4d

formation of the bromo intermediate&a—1d) in a biphasic
reaction between the appropriate pyrazole, sodium hydroxide,
and 1,2-dibromoethane (1,2-DBE) with tetrabutylammonium
bromide (TBAB) as the phase transfer cataffsAs the steric
bulk of the R groups increased, higher temperatures were
required for the reaction to proceed. Small quantities of bis-
(pyrazolyl)ethane ((3,5-#RyCH,),, where R=H, Me, andiPr)
were also formed? The yield of the bis(pyrazolyl)ethane
increased for R=H < Me < iPr, but none of the bis(pyrazolyl)-
ethane byproduct was observed in the reaction of 3,5-diphen-
ylpyrazole.

In step 2 of Scheme 1, nucleophilic substitution of the
bromide with the diphenylphosphide afforded the final product Figure 1. ORTEP depiction of the cationic fragment of [Ir(Me
R,PyP as an oxygen-sensitive viscous oil {RMe, 2b; iPr, PyP)(COD)]BPh (3b) at 20% thermal ellipsoids for the non-
20) or waxy solid (R= H, 2a; Ph, 2d) in approximately 80% hydrogen atoms. Selected bond lengths (A) and angles (deg):-Ir(1)
yield. The3P{1H} NMR (CgD¢) spectra of the final products 5(2137;(2?-2'?(?2%(2)(;2)'f(lz‘glé(l%)jr(f)-_lg‘(lg)(lﬁ)é 1|;(21();)C(|1r21;
f:rogkilfj'ig?ﬁr']r(‘);gii:]efégﬁ 20to—22 ppm, which is typical = 5" 10(2): C(13-C(2) = 1.379(3): C(5)-C(6) = 1.408(3):

Synthesis of Cationic Iridium and Rhodium Complexes 58)): Icr:((ls))— L\I%2‘,398(?3)31&?)155(11%)[((1:)(1)25);Zg(;?q\)j(f)g?
(1)~C(2) = 96.69(8): C(1)-Ir(1)—C(6) = 81.05(8): C(2}-Ir(1)—
C(5)= 80.62(10): C(1)Ir(1)—C(5) = 96.92(9); C(2}-Ir(1)—C(6)
= 87.92(9).

with R,PyP and 1,5-Cyclooctadiene as Co-ligands, [M@RyP)-

(COD)]BPh4 (M = Rh, Ir). Cationic metal complexes of the

general formula [M(RPyP)(COD)]BPh (R = H, Me, iPr, Ph,
M = Ir, 3a—3d and M= Rh, 4a—4d) were synthesized by the

addition of a methanol solution of the ligand to a methanol

suspension/solution of the [M{CI)(COD)], (M = Rh, Ir) metal

We have previously reported the solid-state structures of

[M(PyP)(COD)]BPh (M = Ir, 3g; Rh,4a).5 Single crystals of

precursor at room temperature (Scheme 2). Sodium tetraphen{ir(Me ,PyP)(COD)]BP4 (3b), suitable for X-ray crystallogra-
ylborate was added to precipitate the metal complex. While other phy, were obtained by vapor diffusion afhexane to a THF
solvents, e.g., tetrahydrofuran, could also be used in the synthesisolution of the complex. The solid-state structure 3if as

of these metal complex&& methanol is more convenient due

determined by X-ray crystallography is shown in Figure 1 and

to the lower solubility of the product and the ease with which s similar to the structure a3a and4a.55

the sodium chloride byproduct can be washed away. All of the

The coordination around the iridium center 3if is square

metal complexes were isolated in good to excellent yields. The planar. In the solid-state structures3sfand4athe bite angles
color of all of the rhodium complexes is bright yellow, and the of 89.47(6} and 88.86(4) respectively for P(£yM(1)—N(1)

color of all of the iridium analogues is bright orange. The metal (M = Ir, Rh)®5 are close to the ideal angle of 98xpected for
complexes3a—4d are all reasonably air stable, so that samples square planar complexes, which implies a very low level of
in the solid state can be handled in air with no apparent ring strain upon chelation of the PyRd] ligand. The rather

decomposition.
Multinuclear ¢H, 13C, and®!P) and two-dimensional (COSY,
NOESY,H—13C HMQC, and, in some casé$]—1C HMBC)

acute bite angle of 84.31(5jor [Ir(Me,PyP)(COD)|BPh (3b)
is very similar to the value of 82.68(5)eported by Esquius et
al” for the analogous rhodium complex [Rh(MyP)(COD)]-

NMR spectroscopy was used to establish the solution structuresr,. The deviation from the ideal value of 9% probably due

of the metal complexe3a—4d. In many cases, the complexes

to steric effects imposed by the Ggroup interacting with the

are fluxional at room temperature and it was necessary to obtaincOD ligand in3b and [Rh(MePyP)(COD)]BF.

the NMR spectra at low temperature to slow the chemical

exchange. The chemical shifts ahikn—p coupling constants
are similar to those reported for other similar rhodi@Af and
iridium®%-6lcomplexes with bidentate-™N ligands where six-
membered metallacycles are formed upon chelation.

(57) Lopez, P.; Seipelt, C. G.; Merkling, P.; Sturz, L lvarez, J.; Dtle,
A.; Zeidler, M. D.; Cerda, S.; Ballesteros, MBioorg. Med. Chem1999
7, 517-527.

(58) Davies, J. A.; Mierzwiak, J. G.; Syed, R. Coord. Chem1988§
17, 25-43.

(59) Hou, D. R.; Reibenspies, J.; Colacot, T. J.; Burges&téem. Eur.
J. 2001, 7, 5391-5400.

(60) Lightfoot, A.; Schnider, P.; Pfaltz, Angew. Chem., Int. EA.998
37, 2897-2899.

(61) Menges, F.; Neuburger, M.; Pfaltz, ®rg. Lett.2002 4, 4713~
4716.

All of the six-membered metallacycles defined by M(1),
Na(1), N(2), C(12), C(13), and P(1) Bs, 4a,°° and3b adopt

pseudoboat conformations. Similar pseudoboat conformations
have also been observed in the reported X-ray structures of

related complexe¥.62All of the M—N, M—P, and M-C bond
distances (M= Ir, Rh, Table 2) are within the range reported
in the literature for similar complexég:59.6+63

Synthesis of Cationic Iridium Complexes with RPyP
Ligands and Carbonyls as Co-ligands, [Ir(RPyP)(CO),]-
BPh,. The cationic iridium(l) complexes [Ir(fRyP)(CO}|BPhy

(62) Anderson, M. P.; Casalnuovo, A. L.; Johnson, B. J.; Mattson, B.
M.; Mueting, A. M.; Pignolet, L. H.Inorg. Chem.1988 27, 1649-1658.

(63) Yang, H.; Lugan, N.; Mathieu, Rdrganometallicsl997, 16, 2089
2095.
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Table 1. Infrared Carbonyl Stretching Frequencies? 13C{!H} NMR (13CO Resonances), and’P{*H} NMR® Chemical Shift
Data for Neutral [M(R ,PyP)(CO)CI] (M = Rh, Ir) Complexes

iridium complex »(CO) (cm™}) 13C (CO) ppm {Jp—c Hz) 31P ppm
[Ir(PyP)(CO)CI] 6a)° 1983 174.4 (d, 13.8) 10.4
[Ir(Me,PyP)(CO)CI] b) 1968 1175.8 (d, 12.6) 135
[Ir(iPLPyP)(CO)CI] 6¢) 1974 175.3 (d, 12.9) 13.8
[Ir(PhPyP)(CO)CI] 6d) 1949 n/a 14.8

rhodium complex v(CO (cm™) 13C (CO) ppm Wrn-c, 2p-c HZ) 31P ppm {Jrn-p Hz)
[Rh(PyP)(CO)CI] 7a)® 1995 188.7 (dd, 71.2, 18.2) 38.7 (165.5)
[Rh(Me:PyP)(CO)CI] b) 1980 189.7 (dd, 72.7, 16.1) 41.9 (163.8)
[Rh(iPr.PyP)(CO)CI] 70 1986 189.7 (dd, 72.1, 17.0) 42.0 (163.8)
[Rh(PhPYP)(CO)CI] 7d) 1980 188.4 (dd, 73.3, 6.9) 42.1 (164.5)

a|R spectra were acquired using KBr diskSpectra were acquired in GOl,. “Complexessaand7ahave been reported previoughand were included
here for completenes8Spectra were acquired at 240 $¥Spectra were acquired in CDLI

Table 2. Selected Bond Lengths and Angléf the Inner Coordination Spheres of [Ir(PyP)(CO)CI] (6a), [Ir(Me ,PyP)(CO)CI]
(6b), [Ir(iPr,PyP)(CO)CI] (6¢c), [Rh(PyP)(CO)CI] (7a), [Rh(Me,PyP)(CO)CI] (7b), and [Rh(iPr,PyP)(CO)CIIBPh, (7c)

atoms(M = Rh, Ir) 6ab 6b 6c 78 7b 7c
M(1)—P(1) 2.2161(7) 2.2120(17) 2.2206(7) 2.2150(7) 2.2206(5) 2.2256(7)
M(1)—N(1) 2.119(2) 2.110(4) 2.1018(19) 2.1233(18) 2.1138(14) 2.1185(16)
M(1)—C(1) 1.811(3) 1.806(6) 1.808(2) 1.798(3) 1.8079(18) 1.816(2)
M(1)—CI(1) 2.3890(7) 2.4005(17) 2.3947(7) 2.3931(7) 2.4030(5) 2.4154(7)
C(1)-0(1) 1.146(3) 1.163(7) 1.159(3) 1.146(3) 1.143(2) 1.146(2)
P(1)-M(1)—N(1) 93.21(5) 86.77(13) 87.56(5) 92.93(5) 81.83(4) 87.52(5)
N(1)-M(1)—CI(1) 88.28(5) 88.99(13) 90.90(6) 89.76(5) 91.25(4) 93.12(5)
Cl(1)-M(1)—C(1) 89.72(8) 92.48(19) 91.29(7) 88.86(8) 93.98(6) 89.68(6)
C(1)-M(1)—P(1) 88.88(8) 91.92(19) 90.56(7) 88.58(8) 93.55(6) 90.14(6)
N(1)-M(1)—C(2) 175.40(10) 178.1(2) 176.20(8) 174.93(10) 175.35(7) 175.06(7)
Cl(1)-M(1)—P(1) 178.14(2) 172.07(6) 174.234(17) 176.96(2) 172.927(16) 173.825(16)

a Estimated standard deviations in the least significant figures are given in parentfigsesolid-state structures @ and6awere reported previousty
and were included here for comparison.

Scheme 3
Ph, Ph, @ (b)
P BPh, BPh,
( > /@ -~ (F’\Ir/co

Ir.
NN~ \|\] MeOH/n-hexane Ny
R N | R N~ co
g N

R=H, 3a §=n,5ab

= =Me, § T T T T T T T 1 T T T T T 1
E= nl\gf,':?c? R = iPr, 5¢ 178 176 174 172 170 ppm 13 12 11 10 ppm
R =Ph, 3d R = Ph, 5d unsuccessful Figure 2. NMR spectra of [Ir(PyP}¢CO)]BPh, (5d) in CD.Cls.

(a) Carbonyl region of thé3C{!H} (125 MHz) spectra at 298 K

(R = H, 5a Me, 5b; iPr, 5¢) were synthesized by the (bottom) and 215 K (top); (b}*P{*H} (202 MHz) spectra at 298
displacement of COD from [Ir(fPyP)(COD)|BPh& (R = H, K (bottom) and 215 K (top).
Me, iPr; 3a—3c) in methanolh-hexane suspensions under an
atmosphere of carbon monoxide (Scheme 3) in the same manneand a sharp resonance was observed ir*¥ag'H} spectrum
as used in the synthesis of [Ir(PyP)(GIBPh (53).5° Analogous at 11.4 ppm (dd?Jizco-p = 104.2 Hz andJizco-p = 11.2 HZ)
reactions with the iridium complex [Ir(BRyP)(COD)]BPh (3d) (Figure 2). These observations indicate that at room temperature
and rhodium complexes [Rh§RyP)(COD)]BPh (R = H, 4a; the two carbonyl groups exchange with each other, possibly
R = Me, 4b) were not successful. via a solvent-stabilized five-coordinate transition state, and the

Complexesba—5cwere isolated as mildly air-sensitive bright ~€xchange is significantly slowed at 215 K. A similar exchange
yellow solids. The IR spectra 0fa—5c show two strong process was observed for an analogous rhodium complex,
absorption bands of near equivalent intensity for the metal-bound [RN(PC){3CO),]BPhs, where PC= 3-[2-(diphenylphosphino)-
carbonyls, consistent with the presence of two CO groups bound€thYll-1-methylimidazol-2-ylidené?
in a cis fashion to the metal center. Complexss—5c¢, while Synthesis of Neutral Rhodium and Iridium Complexes
only mildly air sensitive, are unstable in solution at room Wwith R,PyP Ligands and Carbonyl and Chloride as Co-
temperature, particularly, in coordinating solvents such as THF ligands [M(R2PyP)(CO)CI]. Neutral complexes of iridium
or acetone. At room temperature, #3€{*H} NMR (125 MHz, (6a—6d) and rhodium Ta—7d) were synthesized by slow
CD,Cly) spectrum of thé3CO-labeled complex [Ir(PyPRCO),)- addition of a solution of the appropriate ligand to a solution of
BPh, (5&) contains two very broad resonances at 177.2 and [M(u-Cl)(CO)]2 (M = Rh or Ir, Scheme 4). All of the
171.3 ppm due to the twCO groups, while resonances due complexes were isolated as reasonably air-stable, pale yellow
to other*C nuclei in the complex are sharp, and RB{1H} solids.
NMR (202 MHz, CDQCl,) spectrum shows a broad resonance  The stereochemistry around all the metal centers of these
that is devoid of any coupling to the two labeled carbonyls. At complexes has CQis to P, i.e.,trans to the N donor. The
215 K, relatively well-resolved resonances at 177.620, c assignment of this stereochemistry is based on 1{€0O)
= 104.2 HZ'3CO (trans to P)) and 170.6 (d2Jp-c = 11.2 stretching frequencies in the IR spectra and the sAdallc
Hz,13CO (cisto P)) ppm were observed in th&{ *H} spectrum, values €20 Hz) observed for all complexes (Table 1). The
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Scheme 4
Ph
PPh, 2
f oc_ c_ co P €O
N-n * MZ M. ChioN or MeOH M
-
RM oc” ¢’ ¢ 3 N-N" Cl
R RGO
M =Rh, Ir R
R=H,2a R=H, 6a R=H,7a
R =Me, 2b M=Ir) R=Me,6b M=Rh RfMer
R =iPr, 2¢c R =jPr, 6¢c R =iPr,7¢c
R=Ph, 2d R = Ph, 6d R=Ph,7d

v(CO) values are in agreement with values reported in the

literature for analogous complexes whose stereochemistry had

been confirmed by X-ray crystallograph3%2 The CO 1°C
chemical shifts of these complexé@3p—co andJrn-co (Table

2), are all in agreement with previously reported similar
complexes with the same stereochemid®$2 The observed

stereochemistry can be rationalized as being due to the place-

ment of the stronglyr-accepting carbonyl ligandlansto theo
donor N. The mixing of the orbitals involved in the binding of
these mutuallyransligands will best stabilize both the MCO
and the M-N bonds®

All of the metal complexe$a—7d were characterized by
NMR spectroscopy. The NMR spectra @—6d and 7b—7d
indicate that the molecules are fluxional at room temperature
due to ring flip of the six-membered metallacycle formed upon
chelation of the bidentate-/N ligand. Low-temperature NMR

was in these cases essential to undertake the full spectroscoplc

characterization of the complexes (Figure 3).

Formation of Highly Symmetrical Dinuclear Neutral
Complexes.In the synthesis of neutral complexéa—7d, it
was essential that the ligand solution be added slowly for the
clean formation of the monomeric complex. If the rate of ligand
addition was not properly controlled, a mixture of two species,
the monomer as well as a possibly dimeric compound, wa
formed (Chart 27¢, 7d', 7', 7d"). The formation of the second
species occurred more readily in the case of the rhodium

complexes than the iridium complexes and also occurred more
readily in the cases where the substituents on the pyrazole nngrn

were larger (RPyP, R=iPr, Ph). Changing the reaction solvent
from methanol to acetonitrile favored the formation of the

(b) "H NMR

spectrum at 240 K 4 x CH,3

H4

PPh,-CHs
CH(CHs)
" /\ PCHH
R
(a) 'HNMR

spectrum at 298 K

T T T T T T T T

8 ppm
Figure 3. H NMR spectra (500 MHz, CELCl,) of [Ir(iPrLPyP)-
(CO)CI] (6¢) at (a) 298 K and (b) 240 K (* denotes the residual
solvent resonance).

Field et al.

Chart 2
N
oc PN /CI
Rh\ Rh
/
7N P “co
N
R =iPr, 7c r\ PPhy
R =Ph, 7d (P _ N
N LN
P CO oc
\ / > R
R = iPr, 7¢c"
R =Ph, 7d"

desired monomeric species. This was manifested most clearly
in the successful synthesis, in acetonitrile solvent, of the
monomeric complex [RiPrLPyP)(CO)CI] {c), whose solid-
state structure was determined (see Figure 5).

The NMR, IR, and ESI-MS spectra and elemental analysis
do not confidently allow the unambiguous assignment of the
second species formed to either the neutral complégeand
7d or the cationic complexesc’ and7d" (Chart 2). Because
of the very similar spectroscopic data obtained for the dimer in
comparison with the monomer, the most likely dimer formed
was7c and7d. The low solubility of the dimer complexes in
methanol suggests that they are unlikely to be of the form of
the cationic complexesc’ and7d".

Solid-State Structures of [M(MePyP)(CO)CI] (M = Ir,
6b; Rh, 7b) and [M(iPr,PyP)(CO)CI] (M = Ir, 6¢; Rh, 7c).
Crystals of [M(MePyP)(CO)CI] (M = Rh, 6b; Ir, 7b) and
[M(iPrPyP)(CO)CI] (M= Rh, 6¢; Ir, 7¢) suitable for X-ray
analysis were obtained by layering a concentrated dichlo-
romethane (dcm) or dcrd; solution of the complexes with
dlethyl ether,n-pentane, om-hexane. The ORTEP diagrams
contalnmg the atom-numbering schemes are shown in Figures
4 (6b and 7b) and 5 6c and 7¢), with selected bond lengths
and bond angles presented in Table 2.

The solid-state structures unequivocally confirm the mono-
eric nature of these metal complexes, and similar monomeric
structures could be assigned to the equivalent complexes
reported here on the basis of the similarity in spectroscopic data.
The solid-state structures 68,5 6b, 6¢c and 73,5 7b, 7c are

all similar, with the coordination spheres around the metal
centers being slightly distorted square planar. The phosphorus
and the CO ligands are positionets on the metal center, as
was also observed for the solution structure using NMR.

All of the six-membered metallacycles defined by P{1)
C(6)—C(5)—N(2)—N(1)—M(1) adopt a similar highly distorted
boat conformation in comparison to the conformation adopted
in the equivalent cationic metal complexes with a COD co-
ligand, 33, 4a,5% and3b. The P(1>M(1)—N(1) (M = Rh and
Ir) angles varied from 818to 93.2 (Table 2) and decreased
with the placement of substituents on the pyrazolyl ring of the
ligand. These bite angles are similar to values reported in the
literature for similar metal complexé&S2All of the remaining
cisangles are close to the ideal orthogonal angles and fall within
the range 88.394.C°. Thesecis angles increase with the
increasing steric bulk of the pyrazolyl-C3/C5 substituents. The
transP—M—Cl and N-M—C angles ranging from 1720 178
(Table 2) deviate more from the ideal value of 180r square
planar geometry as the size of the pyrazolyl-C3/C5 substituents
increases. All the MP, M—N, M—CI, and M~C bond lengths
M Ir, Rh) are within the reported values for similar

(64) Roundhill, D. M.; Bechtold, R. A.; Roundhill, S. G. Morg. Chem.
198Q 19, 284—-289.
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Figure 5. ORTEP depictions with atom-numbering schemes of
(a) [Ir(iPr,PyP)(CO)CI] 6¢) and (b) [Rh{Pr,PyP)(CO)CI] {c) at
50% thermal ellipsoids for the non-hydrogen atoms.

Scheme 5
Figure 4. ORTEP depictions with atom-numbering schemes of —

=——H
(@) [I(Me;PyP)(CO)CI] Bb) and (b) [Rh(MePyP)(CO)CI] {b) < M] C_\?/

at 50% thermal ellipsoids for the non-hydrogen atoms. NH
2

9

complexes?62 The M—P bond lengths were observed to be _ 8 L 10 65.66
shorter than those found in the equivalent cationic complexes the intramolecular catalyzed hydroamination reacfidf*®
with the COD co-ligand. and provides a good basis for comparison of catalyst efficiency.

The M—N bond lengths in the solid-state structures of the  Catalyzed Cyclization Using Iridium Cationic Complexes
neutral complexes [M(EyP)(CO)CI] (M= Ir, R = Me, 6b Wlth_Bldentate Phosphine-Pyrazolyl Ligands and COI_I) as
and R= iPr,6c, M = Rh, R= Me, 7b and R= iPr, 7¢) were _C_oTllgands, [Ir(R,PyP)(COD)]BPh, (3a—3d). The cationic
slightly shorter than the MN bond lengths in the solid-state  fidium complexes [Ir(RPyP)(COD)]BPh (3a—3d) were ex-
structure of the complexes containing the unsubstituted phos-{remely efficient catalysts for the cyclization of 4-pentyn-1-
phine-pyrazoly! ligand, [M(PyP)(CO)CI] (M= Ir, 6aand M amine @) to 2-methyl-1-pyrrollne£@). Using a_catalyst loading
= Rh, 73) (see Table 2). This was attributed to the stronger ©f 1.2~1.5 mol % in CDC} at 60°C, the cyclization 0B to 9

donor ability of the methyl- and isopropyl-substituted pyrazoly! Waos complete_ within minutes. The calculated turnover rates at
donors resulting from the electron-donating properties of the 50,/0 gonver5|onsNt) range from 1200 to 3100°# ('I.'abl'e 3). .
methyl and isopropy! groups. A similar N; value was also observed when the cyclization using

Catalytic Intramolecular Hydroamination. A range ofthe  LT(PYP)(COD)]BPR (38) was conducted in THis. These
iridium and rhodium cationic, [M(8PyP)(COD)]BPh and turnover rates are significantly higher than any of the rates
[M(R,PyP)(CQ)]BPh, and neu,tral [M(RPYP)(CO)CI], com- reported to date for late transition metal complexes in promoting
plexes described above were examined as catalysts for intramoN€ cyclization of 4-pentyn-1-amin@)(37 426665
lecular hydroamination, by studying the cyclization of 4-pentyn- i . : i
1-am!ne g) to 2-methy[-l-pyrro|ine 9 (Scheme 5). 4-Pentyn—. ta,ﬁﬁ?zgggd&,Tz'l*;;,zzuz'%sz'_A" Gainer, M. T.; Roesky, P. Bfganome
1l-amine has been widely used as a substrate for studying (66) Li, Y.-W.; Marks, T. J.J. Am. Chem. S0d.996 118 9295-9306.
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Table 3. Catalytic Efficiency of Cationic Iridium Complexes 280
[Ir(R .PyP)(COD)]BPh, (R = H, 3a; Me, 3b; iPr, 3c; and Ph,
3d) for the Cyclization of 4-Pentyn-1-amine (8) to

2-Methyl-1-pyrroline (9)2 260 1
time (h) at 296 %
complex mol% N, (h"3)°  >98% conv 240 + g?”:rirs'on after

[Ir(PyP)(COD)]BPh (3a)° 14 1800 0.50
[Ir(PyP)(COD)]|BPh (3a) 1.4 1200 1.50 220
[Ir(PyP)(COD)]BPh (3b) 12 2250 0.25
[I(Me2PyP)(COD)|BPh (30) 1.4 3100 0.17
[Ir(Ph2PyP)(COD)]BPhg3d) 1.5 1800 0.20 200 Addition of a third
[Ir(PyP)(COD)]BPh (3a) 15 400 1.00 aliquot of substrate

aReactions were performed in CD@It 60°C. PN (at 50% conversion) 180 (198 % conversion)

are estimated from time course profiles (see Supporting Information).
¢ Reactions were performed in THiz-at 60°C. 9Reaction was performed
in CDCl; at room temperature.

TheN; values for cyclization promoted by [IrgRyP)(COD)]-
BPh, (3a—3d) vary with the substituents on the pyrazolyl donor

% Conversion
]

following the trendPr > Me > Ph> H; that is, an increase in 120 Addition of a second
the steric bulk of R correlates with an increase in catalytic aliquot of substrate
activity of the resulting metal complexes. This observation | (> 99 % conversion)

suggests that the catalyst efficiency is specifically dependent 00 ("‘

on crowding at the metal center. Aliquot N (hr'")

At an early stage of the cyclization of 4-pentyn-1-amif ( 80 -
to 2-methyl-1-pyrroline ) catalyzed by [Ir(RPyP)(COD)]BPh First 2250
(R = H, 3a Me, 3b), the dissociation of the COD co-ligand 60 |
was observed. Resonances due to free COD were observed it Second 1150

the *H NMR spectra, and ESI-MS performed on the reaction 40
mixtures on completion of the catalytic reactions showed the

: . S ; Third 55
presence of ions corresponding to the iridium catalyst with 0
product molecules bound to [Ir(RyP)(2-methyl-1-pyrroling)™
(n = 1-3, R= H and Me), further confirming the dissocia-
tion of the COD co-ligand. This suggests that the loss of COD 0
may be necessary to form the catalytically active species and 0 50 100 150 200 250 300
also that the product could become involved in the catalytic Time (min)
cycle. Figure 6. Reaction profile of the [Ir(MgPyP)(COD)|BPH (3b)

Catalyst Lifetime. The lifetime of the highly active catalyst (¢} (1.2 mol % in CDC4 at 60 °C) catalyzed cyclization of
[Ir(PyP)(COD)]BPh (3a) in promoting the cyclization of  4-pentyn-1-amine to 2-methyl-1-pyrroline with the addition of a
4-pentyn-1-amine to 2-methyl-1-pyrroline (at 1.4 mol %, in second (at 100% conversion) and third (at 198% conversion) aliquot
THF-dg at 60°C) was investigated by the addition of a second of the amine.
aliquot of substrate after the complete conversion of the first
aliquot of substrate to product, as observed Iy NMR first to the second addition of substrate was only approximately
spectroscopy, and the cataly® remained highly active in  2-fold. The turnover rate for the third substrate aliquot was found
promoting the transformation &fto 9. Where the turnover rate,  to be 20-fold lower than the rate observed for the second aliquot
N;, for first aliquot of substrate was approximately 1800,h of substrate. The result here illustrates that the cat8lystas
the N, for the second aliquot was, however, about 6-fold less at a reasonably long lifetime at low catalyst loading (1.2 mol %),
300 hl. The rate of cyclization for the second addition of even though the catalytic efficiency decreases slowly through
substrate also slowed significantly after reaching about 80% either deactivation of the catalyst or product inhibition of the
conversion (180% total conversion), and complete conversion cyclization reaction.
was reached only after approximately 600 min. The observed In short, air-stable metal complexes [I4fR/P)(COD)]BPh
decrease in turnover rate with time is attributed to product (R=H, Me,iPr, Ph;3a—3d) were demonstrated to be extremely
inhibition, as has been established using closely related com-efficient as catalysts for the intramolecular hydroamination of
plexes as catalysts for the transformation of the same sub-alkynes using 4-pentyn-1-amin®)(as the model substrate.
strate?®53The product, 2-methylpyrroline, competitively inhibits  These catalysts were also demonstrated to have long lifetimes
the reaction, and as its concentration builds up in the reactionwith near quantitative conversion achieved for three consecutive

mixture, the catalyst efficiency decreases. additions of substrate. The catalyst [Ir(PyP)(COD)]B/8&g)
In a similar fashion, a second and third aliquot of substrate is highly reactive even at room temperature.
were added into the [Ir(M@yP)(COD)]BPl (3b)-promoted Catalyzed Cyclization Using Cationic Rhodium Complex

cyclization of8 (Figure 6). The reaction profile and the turnover [Rh(PyP)(COD)]BPh; (4a). The efficiency of rhodium complex
rates,N;, clearly show that the rates decrease with subsequent[Rh(PyP)(COD)]BPh (4a) in promoting the intramolecular
additions of aliquots of substrate. The decreashifrom the hydroamination of 4-pentyn_l_amin8)(wa5 also investigated_
— In contrast with the high activity shown for the iridium analogue
1151%2';"1?8?”6' P. L.; Livinghouse, Tl. Am. Chem. Sod993 115 3a, the turnover rate observed using rhodium compestor
(68) Bugstéin’ M. R.; Berberich, H.; Roesky, P. Whem=Eur. J.2001 the cyclization o8 was only 3 L. The reaction was incomplete
7, 3078-3085. even after 3 days at 6TC.




Rhodium(l) and Iridium(l) Complexes

Table 4. Catalytic Efficiency of [Ir(R .PyP)(CO)]BPhs (R =
H, 5a; Me, 5b; and iPr, 5c) and [Ir(bpm)(CO),]|BPh, for the
Catalyzed Cyclization of 4-Pentyn-1-amine to
2-Methyl-1-pyrroline @

time (h) at

catalyst mol%  N;(h™) >98% conv
[Ir(PyP)(COY|BPhy, (5a) 1.3 11 38.0
[Ir(Me2PyP)(CO}|BPh, (5b) 15 35 11.0
[Ir(iPr2PyP)(CO}BPh, (50) 15 26 10.5
[Ir(opm)(COYIBPh 15 50 2.2

aReactions were performed in CDCat 60 °C. PThe reaction was
performed in THFdg by Burling, S#°

Catalyzed Cyclization Using Cationic Iridium Complexes
with Bidentate Phosphine-Pyrazolyl Ligands and Carbonyls
as Co-ligands.The efficiency of a series of iridium complexes
[Ir(R2PyP)(CO}]BPhs (R = H, 5& Me, 5b; iPr,5¢) as catalysts
for the catalyzed cyclization of 4-pentyn-1-amii@ {0 2-meth-
yl-1-pyrroline @) was also investigated (Table 4). Complete

conversions of substrate to product were achieved in all cases.

The complexeda—5c are however much less efficient when
compared with the catalytic activity of the analogous complexes
having COD as co-ligands, [IrgRyP)(COD)]|BPh (3a—3d)
(Table 4).

The presence of bulky R substituents on the pyrazolyl ring
of the bidentate ligandsJRyP (R= 2a;, R = Me, 2b; R =iPr,
20) significantly alters the catalytic reactivity of the resulting
metal complexes [Ir(EPyP)(CO})|BPh, (5a—5c) for the cy-
clization of 4-pentyn-1-amine8j. As the substituent on the
pyrazolyl ring of the phosphinepyrazolyl ligands RPyP of
[Ir(R.PyP)(CO)]BPh, changes from R= H to R = Me, the
turnover rate ) increased by a factor of more than 3, and the
time taken to reach complete conversidg) (lecreased in a
corresponding fashion. Further increases in the size ofiRrto
led to a drop in conversion rate. The conversion rates are all
low and there is no clear correlation of catalyst activity to the

nature of the substituents. The IR stretching frequencies of the

Organometallics, Vol. 26, No. 8, 200065

conversion after 14.0 h) as the solvent. The neutral rhodium
complex [Rh(PyP)(CO)CI]{a) was also found to be ineffective

in catalyzing the cyclization 08 (1.5 mol %, CDC4, 60 °C,
72% conversion after 45 h).

In comparing the efficiency of all three iridium complexes
with the phosphinepyrazolyl bidentate ligand PyR2§) and
different co-ligands [Ir(PyP)(COD)]BRH3a), [Ir(PyP)(CO})]-
BPh, (5a), and [Ir(PyP)(CO)CI] 6a) as catalysts for the
cyclization of 4-pentyn-1-amine8], it was found that (i) the
cationic complex [Ir(PyP)(COD)]BRh(3a) with a COD co-
ligand was extremely efficient in catalyzing the cyclization of
8; (ii) the cationic complex [Ir(PyP)(CQ)BPh, (5a) with
carbonyls as co-ligands is much less efficient when compared
with 3abut is still able to promote the complete conversion of
8 to 2-methyl-1-pyrroline 9) with reasonable efficiency; and
(iii) the neutral complex [Ir(PyP)(CO)CIB@) is not an effective
catalyst for promoting this transformation.

Conclusions

This paper reports the synthesis of a series of bidentate
phosphine-pyrazolyl donor ligands and some cationic and
neutral complexes [M(#PyP)(COD)]BPh (M = Ir and Rh, R
= Me, iPr, and Ph3a—4d), [Ir(R.PyP)(CO}|BPhs (R = Me,
iPr, and Phb5a—5c), and [M(R.PyP)(CO)CI] (M= Ir and Rh,

R = Me, iPr, and Ph6a—7d). The solid-state structures of
complexes [Ir(MePyP)(COD)]|BPh (3b), [M(Me,PyP)(CO)-

Cl] (M = Ir, 6b; Rh, 7b), and [M({Pr.PyP)(CO)CI] (M= Ir,

6c, Rh, 7c) were determined by single-crystal diffraction
analysis. In all of these structures the coordination around the
metal center is square planar, as expected for four-coordinate
Rh(I) and Ir(l) complexes. In all cases, the metallacycles formed
upon chelation of bidentate phosphirgyrazolyl donor ligands
adopt distorted boat conformations.

The cationic iridium complexes with phosphinpyrazolyl
donor ligands and a COD co-ligand [I{RyP)(COD)]BPh
(3a—3d) are very efficient in promoting the cyclization 8fto

metal-bound carbonyls of these complexes also do not show9 under mild conditions and are among the most efficient

any clear correlation to the variation in catalytic efficiency.
The analogous complex containing the bidentate nitrogen
donor ligand [Ir(bpm)(CQ)BPh, (where bpm= bis(1-pyra-
zolyl)methane), in THRdg solvent, was reported by Field,
Messerle, and co-workefsto be more efficient than the
complexesba—5c (in catalyzing the cyclization of 4-pentyn-
1-amine B8) (Table 4)). The complex [Ir(bpm)(COD)]BRIfin
THF-dg), with COD as co-ligand, was ineffective for the
cyclization of 4-pentyn-1-amine3) (1.5 mol %, 92% after 24.0
h) .89 This contrasts with the analogous complexes with bidentate
phosphine-pyrazolyl ligands [Ir(RPyP)(COD)]|BPh (3a—3d),
which were extremely efficient for this transformation (Table

3 above) and much more efficient than the analogous complexes

with CO co-ligands. There is a clear difference between the
bidentate COD and a pair of carbonyls in the catalytic activity
of the complexes, and this identifies the importance of these
co-ligands in the catalytic activity of the metal complexes.
Catalyzed Cyclization Using Neutral Iridium Complexes
with Bidentate Phosphine-Pyrazolyl Ligands. The neutral
complex [Ir(PyP)(CO)CI] §a) was a very inefficient catalyst
for the cyclization of 4-pentyn-l-amine8), and complete
conversion of8 to 2-methyl-1-pyrroline 9) was not achieved
using either CDGJ (1.5 mol % catalyst, 60C, 50% conversion
after 63 h) or THRdg (1.7 mol % catalyst, 60°C, 18%

(69) Burling, S.; Field, L. D.; Messerle, B. A.; Wren, S. L. 1803-
Conference of the Inorganic Bision of the Royal Australian Chemical
Institute The University of Melbourne: Australia, 2003; p P154.

catalysts reported in the literature to date for the same
transformation. These complexes also have long catalytic
lifetimes and are effective even at ambient temperature. The
high efficiency of [Ir(RPyP)(COD)]|BPh (3a—3d) is undoubt-

edly the result of a balance of both electronic and steric factors
brought about from the choice of the metal, ligand, co-ligand,
counterion, and substrate. The scope of applications of these
complexes as general catalysts for hydroamination and mecha-
nistic studies of the hydroamination reaction using these catalysts
are underway in our laboratory.

The effect of the systematic modification of the pyrazolyl
donor of the phosphirepyrazolyl donor ligands on the catalytic
efficiency for the hydroamination of 4-pentyn-1-amine of the
resulting metal complexes has been demonstrated. Placing
sterically demanding substituents (R) on the pyrazolyl ring of
bidentate phosphirgpyrazolyl ligands in complexes [IrgRyP)-
(COD)]BPh, (3a—3d) varied the relative catalyst efficiency
following the trendiPr > Me > Ph > H. An increase in the
steric bulk of R correlates directly with an increase in catalytic
activity of the resulting metal complexes. The cationic iridium
complexes with COD as the co-ligand, [I6fR/P)(COD)]BPh,
were much more efficient than the corresponding complexes
with CO co-ligands.

The neutral complexes [Ir(PyP)(CO)CH4) and [Rh(PyP)-
(CO)CI] (74) are catalytically active, but are poor catalysts for
the conversion o8 to 9 when compared with the cationic
analogues [Ir(PyP)(C@BPh, (5a) and [Ir(PyP)(COD)|BPhH
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(33). The rhodium complexes with COD as co-ligands [Rh-
(PyP)(COD)]BPh (48) do not have the high efficiency observed
for the [Ir(R,PyP)(COD)]BPh (3a—3d) series in promoting the
hydroamination of 4-pentyn-1-amine.

Experimental Section

General Considerations All manipulations of metal complexes

Field et al.

NMR spectrometer. Room-temperature means 298 K°@pin
catalytic reactionsH NMR spectra were recorded with a relaxation
delay of 5 s, and the conversion of substrate to product was
determined by integration of the product resonances relative to the
substrate resonances in i€ NMR spectra. Complete conversion
(>98%) was taken to be the time where no remaining substrate
resonances were evident. The turnover riké(1) was calculated

as the number of moles of product/mole of catalyst/hour and was

and air-sensitive reagents were carried out using standard Schlenkalculated at the point of 50% conversion.

techniques or in a nitrogen-filled drybox. All solvents were distilled
under an atmosphere of nitrogen. Diethyl ether, THF, TddF-
n-hexane,n-pentane, and benzene were distilled from sodium
benzophenone ketyl. Dichloromethane was distilled from calcium
hydride. Methanol was distilled from dimethoxymagnesium. GDCI
and COQCl, were dried over calcium hydride and vacuum distilled
before use. All compressed gases were obtained from British
Oxygen Company (BOC gases) and Linde Gas Pty. Ltd. Nitrogen
(>99.5%) and carbon monoxide £9.5%) were used as supplied
without purification. Pyrazole, 3,5-dimethylpyrazole, 1,2-dibromo-
ethane (1,2-DBE), tetrabutylammonium bromide (TBAB), 1,5-
cyclooctadiene (COD)gis-cyclooctene (COE), and sodium tet-
raphenylborate were obtained from Aldrich or Lancaster and used
without further purification. Iridium(lll) chloride hydrate and
rhodium(lll) chloride hydrate were obtained from Precious Metals
Online, PMO P/L, and were used without further purification.
[Ir(u-CH(COD)L,"  [Rh(u-C(COD)L."*  [Rh(u-CI)(CO)]2,"
[Ir(u-CI)(COE)]2,7° [Ir(bpm)(CO)IBPh,,”? 3,5-diphenylpyra-
zole/475 diphenylphosphing and 4-pentyn-1-amirfé were pre-
pared by literature methods.

1H, 31P, and™*C NMR spectra were recorded on Bruker DPX300
or DMX500 spectrometers, operating at 300 or 500 MHz, 121 MHz
(®'P), and 75 or 125 MHZ{C). All spectra were recorded at 298
K unless otherwise specifiedd NMR and 13C NMR chemical
shifts were referenced internally to residual solvent resonafies.
NMR was referenced externally usingf0, (85% in D;O) in a

Synthesis of Ligands. Synthesis 1-(2-Bromoethyl)pyrazoles
(1b—1d). Compoundd b and1d were synthesized using a method
analogous to the preparation of 1-(2-bromoethyl)pyraz.©
The synthesis of 1-(2-bromoethyl)-3,5-dimethylpyrazolé)(is
presented here, and the preparation of 1-(2-bromoethyl)-3,5-
diisopropylpyrazoleic) and 1-(2-bromoethyl)-3,5-diphenylpyrazole
(1d) are provided in the Supporting Information.

1-(2-Bromoethyl)-3,5-dimethylpyrazole (1b) Aqueous sodium
hydroxide (30 mL, 40% (w/v), 300 mmol) was added to a mixture
of 3,5-dimethylpyrazole (9.61 g, 100 mmol), TBAB (3.22 g, 10.0
mmol), and 1,2-DBE (216 mL, 2.50 mol). After the reaction mixture
was heated for 20 h at 6@ with vigorous stirring, it was cooled
to RT and water (60 mL) was added. The organic layer was
separated, washed with water (60 mL), dried over anhydrous
calcium chloride, and filtered, and the solvent was remdne@cuo
to give a pale yellow liquid. The product was purified by either
vacuum distillation through a Vigreux column or by column
chromatography (ethyl acetate). Yield: 10.6 g (52%). Bp—88
°C/2 mmHg; lit>” 46—48 °C/0.05 mmHg.*H NMR (300 MHz,
CDC|3) 0 5.79 (S, 1H,H4), 4.31 (tls‘JCHZBI'*CHZN = 6.8 Hz, 2H,
NCHQ), 3.68 (t,gJNCHz_(;HZBr = 6.8 Hz, 2H, CHQBI'), 2.26 (S, 3H,
C5CH3), 2.21 (s, 3H, C3E3) ppm. B3C{H} NMR (75 MHz,
CDCly): ¢ 148.5 (C3), 139.6 (C5), 105.3 (C4), 49.8 (NCH,), 30.5
(CH.Br), 13.6 (CXH3), 11.2 (CXH3) ppm. IR (neat, NaCl
plates): v 3032 (w), 2954 (m), 2921 (m), 2843 (w), 1555 (s), 1462
(s), 1424 (s), 1388 (m), 1302 (s), 1261 (m), 1032 (w), 779 (m)

capillary. Electrospray mass spectra were recorded on a Finnigang -1

LQC or a Finnigan Micromass QToF mass spectrometer.

Melting points were recorded using a Mel-Temp apparatus and
are uncorrected. IR spectra were recorded using an ATl Mattson
Genesis Series FTIR spectrometer or an Avatar370 FTIR spec-
trometer. Elemental analyses were performed by the Campbell
Microanalytical Laboratory at the University of Otago, New

Zealand. Single-crystal X-ray structure analyses were done at the

X-ray Crystallography Centre, the University of Sydney, Australia.
General Procedure for Catalytic Hydroamination. Metal
complex catalyzed intramolecular hydroamination reactions were
performed on a small scale in NMR tubes fitted with a Youngs
concentric Teflon valve. 4-Pentyn-1-amine was added to a solution
of the catalyst in deuterated solvent (CR@F THF-dg, 0.6-0.7
mL) in an NMR tube at RT, and the sample was kept frozen in
liguid nitrogen until the acquisition dH NMR spectra was started.
The solvent was freshly vacuum-transferred into an NMR tube
containing the catalyst prior to the addition of the substrate. Most
of the reactions were performed with approximately 1.5 mol % of
catalyst loading, at 60C by heating the sample in an oil bath
maintained at 60C or by heating at 60C within the probe of the

(70) Herde, J. L.; Lambert, J. C.; Senoff, C. Morg. Synth.1974 14,
18—20.

(71) Giordano, G. C.; Crabtree, R. thorg. Synth.199Q 28, 88—90.

(72) McCleverty, J. A.; Wilkinson, Glnorg. Synth.199Q 28, 84—86.

(73) Field, L. D.; Messerle, B. A.; Rehr, M.; Soler, L. P.; Hambley, T.
W. Organometallics2003 22, 2387-2395.

(74) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Morooka, Y.; Hashimoto,
S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, A. Am. Chem.
Soc.1992 114 12771291.

(75) Walworth, B. L.; Klingsberg, E. (American Cyanamid Co.). U.S.
Patent US3922161, 1975.

(76) Bianco, V. D.; Doronzo, Snorg. Synth.1976 16, 161—-163.

(77) Field, L. D.; Morgan, J. Manuscript in preparation.

Synthesis of 1-[2-(Diphenylphosphino)ethyl]pyrazoles, fPyP
(R = Me, iPr, and Ph; 2b—2d). Compounds2b—2d were
synthesized using a method analogous to that used for the synthesis
of 1-[2-(diphenylphosphino)ethyl]pyrazol2d).5® A representative
example is presented here, and the detailed synthegesaoii2d
are provided in the Supporting Information.

3,5-Dimethyl-1-[2-(Diphenylphosphino)ethyl]pyrazole, MgPyP
(2b). n-Butyllithium (1.4 M in hexanes, 11.0 mL, 15.0 mmol) was
added slowly to a solution of diphenylphosphine (2.61 mL, 15.0
mmol) in tetrahydrofuran (40 mL) at70 °C, and the resulting
red solution was stirred at this temperature for a further 30 min
and then at C°C for 1 h. The diphenylphosphide solution was
transferred slowly to a solution of 1-(2-bromoethyl)-3,5-dimeth-
ylpyrazole (@b, 3.05 g, 15.0 mmol) in THF (40 mL) at ©C, and
the reaction mixture was stirred at RT under nitrogen overnight.
THF was removedh vacug and benzene (70 mL) and deoxygen-
ated water (30 mL) were added. The organic layer was separated,
washed with deoxygenated water (2 20 mL), dried over
anhydrous magnesium sulfate, and filtered, and the solvent was
removedin vacua Unreacted diphenylphosphine was removed by
vacuum distillation to afford 3,5-dimethyl-1-[2(diphenylphosphino)-
ethyl]pyrazole 2b) as a viscous, colorless oil. Yield: 3.67 g (79%);
lit.1” mp 20-22 °C. MS (El), 'z (%): 308 (11) [M]", 231 (100)
[M — Ph}t, 212 (73), 183 (49), 108 (36). HRMS: found 308.1443,
calcd for GgHiNoP 308.14421H NMR (500 MHz, GDg): o
7.37-7.33 (m, 4H,0-CH of PPh), 7.05-7.00 (m, 6Hm-andp-CH
of PPh), 5.67 (s, 1H,H4), 3.94 (m, 2H, NEiy), 2.50 (m, 2H,
PCHy), 2.32 (s, 3H, C3E3), 1.68 (s, 3H, C563) ppm. 3P{H}
NMR (121 MHz, GDg): ¢ —21.0 ppm.23C{1H} NMR (75 MHz,
CsDg): 0 147.6 (sC3), 138.9 (dJp—c = 13.5 Hz,ipso-C of PPh),
138.2 (s,C5), 133.4 (d2Jp—c = 18.9 Hz,0-C of PPh), 129.2 (s,
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p-C of PPh), 129.1 (d,2Jp_c = 8.8 Hz,m-C of PPh), 105.3 (s,
C4), 46.0 (d,2Jp_c = 25.0 Hz, NCHy), 30.3 (d,"Jp_c = 14.9 Hz,
PCH,), 14.3 (s, C&Hj), 10.9 (s, C&Hg) ppm. IR (neat, NaCl
plates): v 3070 (m), 3052 (m), 2977 (m), 2919 (m), 1552 (s), 1481
(s), 1461 (s), 1422 (s), 1386 (m), 1307 (w), 1026 (w), 776 (w),
740 (s), 697 (s) cm-.

Synthesis of Metal Complexes. Synthesis of Cationic Iridium
and Rhodium Complexes with Phosphine-Pyrazolyl Bidentate
Ligands and 1,5-Cyclooctadiene as Co-ligands, [Ir(EPYyP)-
(COD)]BPh, (R = H, Me, iPr, and Ph). The synthesis of the
cationic complex [Ir(PyP)(COD)]BRh(3a) was performed using
a modified literature meth&#land is presented here. The syntheses
of [Ir(R,PyP)(COD)]BPhH (R = Me, iPr, and Ph3b—3d) and [Rh-
(R.PyP)(COD)IBPH (R = H, Me, iPr, and Ph4a—4d) were carried
out in a similar manner and are included in the Supporting
Information.

[Ir(PyP)(COD)]BPh 4 (3a). A solution of2a(1.15 g, 4.10 mmol)
in methanol (40 mL) was added slowly over 20 min to a suspension
of [Ir(u-Cl)(COD)], (1.38 g, 2.06 mmol) in methanol (60 mL), and

the orange-red solution obtained was stirred at RT for 45 min under
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Yield: 0.146 g (83%). Mp: 13%133°C (dec). ESI-MS (MeOH/
dcm),m/z (%): ES', 532.9 (15) [M— CO + MeOH]", 529.1 (13)
[M]*, 501.1 (17) [M— COJ*, 471.3 (100) [M— (2xCO)[*; ES",
319.6 (100) BPfr. ESI-MS (acetone)z (%): ESF, 528.5 (19)
[M]*, 471.0 (100) [M— (2xCO)I*. Anal. Found: C, 60.32; H,
4.23; N, 3.42. Calcd for gH37BIrN,O,P: C, 60.92; H, 4.40; N,
3.30.1H NMR (300 MHz, CD,Cl,): ¢ 7.80 (d,3Jn4-n3 = 2.4 Hz,
H3), 7.677.46 (m, 10H, & of PPh), 7.35 (br m, 8H,0-CH of
BPhy), 6.98 (t,3J = 7.2 Hz, 9H,mCH of BPh, and H5), 6.39
(apparent t§JH3—H41H5—H4 = 2.3 Hz, 1H,H4), 3.67 (m, 2H, N(Hz),
2.24 (m, 2H, PEly) ppm.3P{1H} NMR (121 MHz, CDCly): ¢
11.7 ppm.*H NMR (500 MHz, CDCly, 200 K): 6 7.72 (s, 1H,
H3), 7.62 (m, 2Hp-CH of PPh), 7.54 (m, 4Hp or m-CH of PPh),
7.48 (m, 5Hm- or o-CH of PPh andH5), 7.32 (br s, 8Hp-CH of
BPhy), 6.90 (t,3) = 7.1 Hz, 8H,m-CH of BPhy), 6.78 (1,3 = 7.1
Hz, 4H, p-CH of BPhy), 6.30 (s, 1H,H4), 2.69 (m, 2H, NEl,),
1.79 (m, 2H, PEi,) ppm.3P{*H} NMR (202 MHz, CDQCl,, 200
K): 6 11.2 ppm.23C{H} NMR (125 MHz, CDCl,, 200 K): ¢
177.4 (d,2p_c = 104.0 Hz,CO (transto P)), 170.5 (d2Jp—c =
11.2 Hz,CO (cisto P)), 163.5 (q}Js—c = 48.9 Hz,ipso-C of BPhy),

an atmosphere of nitrogen. Sodium tetraphenylborate (1.41 g, 4.11148:1 (SC3), 135.8 (sC5), 135.2 (sp-C of BPhy), 133.1 (dJe-c

mmol) was added, an orange precipitate formed, and the reaction

mixture was stirred o3 h at RT.About 40% of the methanol was

=11.1 Hz,0 or mC of PPh), 132.7 (sp-C of PPh), 129.5 (sm
or 0-C of PPh), 127.5 (dXJp—c = 60.3 Hz,ipso-C of PPh), 125.9

removed under reduced pressure, and the solid was collected by(S; MC of BPhy), 122.0 (s,p-C of BPhy), 108.1 (s,C4), 46.9 (s,

filtration, washed with methanol (& 7 mL) andn-pentane (5x

9 mL), and dried under vacuum. Yield: 3.53 g (96%). Mp: 485
186°C (dec). ESI-MS (MeOH)m/z(%): ES", 581.2 (100) [MF;
ES-, 319.6 (100) BPjr. Anal. Found: C, 64.80; H, 5.40; N, 3.26.
Calcd for GgH4gBIrN,P: C, 65.40; H, 5.49; N, 3.11H NMR (300
MHz, CD,Cl): ¢ 7.56 (d,3Jna—ns = 2.3 Hz, 1H,H3), 7.54-7.40
(m, 10H, H of PPh), 7.39-7.33 (br m, 8Hp-CH of BPhy), 7.20
(d, 344-ns = 2.4 Hz, 1H,H5), 7.03 (t,2J = 7.2 Hz, 8H,m-CH of
BPhy), 6.88 (t3J = 7.2 Hz, 4H,p-CH of BPhy), 6.32 (apparent t,
3\]H37H4,H5rH4 = 2.3 Hz, 1H,H4), 4.95 (br, 2H, © (transto P) of
COD), 4.29 (m, 2H, NEl,), 3.19 (br, 2H, & (cisto P) of COD),
2.44 (m, 2H, PEl,), 2.39-2.22 (br, 4H, GiH (2H, trans to P)
and CHH (2H, cis to P) of COD), 2.171.93 (br, 4H, CHH (2H,
transto P) and CHH (2H, cisto P) of COD) ppm31P{1H} NMR
(121 MHz, CDCly): 6 10.5 ppm23C{H} NMR (75 MHz, CDs-
Cly): 0 163.9 (9,%Js-c = 49.4 Hz,ipso-Cof BPhy), 141.6 (sC3),
135.8 (s,0-C of BPhy), 134.7 (s,C5), 133.1 (d,Jp-c = 10.9 Hz,
0-C or m-C of PPh), 131.4 (d*Jp_c = 2.2 Hz,p-C of PPh), 129.5
(d, Wp_c = 54.3 Hz,ipso-C of PPh), 129.1 (d,Jp_c = 10.2 Hz,
m-C or o-C of PPh), 125.6 (9,'Js—c = 2.9 Hz, m-C of BPhy),
121.7 (s,p-C of BPh), 108.0 (s,C4), 95.3 (d,2Jp—c = 11.6 Hz,
CH (transto P) of COD), 64.1 (sCH (cisto P) of COD), 51.4 (d,
2prc = 2.9 Hz, |\CH2), 324 (d,s\]pfc = 2.9 Hz,CH, of COD),
29.4 (d,3Jp—c = 2.2 Hz,CH, of COD), 27.2 (dJp_c = 32.7 Hz,
PCH,) ppm. IR (KBr disk): v 3107 (w), 3054 (w), 2983(w), 1579
(m), 1478 (w), 1434 (w), 1283 (m), 1178 (w), 1100 (w), 1075 (w),
1030 (w), 998 (w), 843 (w), 744 (m), 734 (s), 705 (s), 613 (s), 530
(w), 491 (m), 439 (w) cm™.

Synthesis of Cationic Iridium Complexes with Bidentate
Phosphine-Pyrazolyl Ligands and Carbonyls as Co-ligands, [Ir-
(R2.PyP)(CO)]BPh4 (R = H, Me, iPr, and Ph). The synthesis of
[Ir(PyP)(CO}]BPh, (5a)%® is presented here with full characteriza-
tion data, while the syntheses of [IfRyP)(CO})IBPh, (R = Me,
iPr,5b and5c) were carried out in a similar fashion and are included
in the Supporting Information.

[Ir(PyP)(CO) ,]BPh4 (5a).n-Pentane (15 mL)thexane can also
be used) and methanol (3 mL) were added to [Ir(PyP)(COD)}BPh

NCHy), 24.6 (d,"Jp_c = 33.7 Hz, IZHy) ppm. IR (KBr disk): v
2060 (s, CO), 2024 (s, CO) crh IR (dcm solution, in NaCl cell):
v 2092 (s, CO), 2027 (s, CO) crh

[Ir(PyP)(13C0Q),]BPhy (5a). The 13CO-enriched complex was
synthesized using the same method as that used for the synthesis
of [Ir(PyP)(CO}]BPh, (58) using13CO in place of CO3P{1H}
NMR (202 MHz, CB,Cl,, 298 K): 6 11.8 (br s) ppm13C{*H}
NMR (125 MHz, CDCl,, 298 K): 6 177.2 (br m, enhanced
signall3C0O), 171.3 (br m, enhanced sigd&aCO) ppm. 31P{1H}
NMR (202 MHz, CQCl,, 215 K): 6 11.4 (dd,?J13cogransto Py-p =
104.2 Hz,%Ji3c0¢istopy-p = 11.2 Hz) ppm.BC{H} NMR (125
MHz, CDCl,, 215 K): 6 177.6 (d,2Jp-13co= 104.2 HZ!3CO (trans
to P)), 170.6 (d2Jp—13co= 11.2 Hz!3CO (cisto P)) ppm. IR (KBr
disc): v 2043 (s,13C0O), 1971 (s*CO) cntl.

Synthesis of Neutral Iridium and Rhodium Complexes with
Bidentate Phosphine-Pyrazolyl Ligands and Carbonyl and
Chloride as Co-ligands, [M(R.PyP)(CO)CI] (R = H, Me, iPr,
and Ph, M = Ir, 6b—6d and M = Rh, 7b—7d). The iridium
neutral complexe6b—6d and the rhodium neutral complexés—
7d were synthesized using a method similar to that used in the
synthesis of [Ir(PyP)(CO)CI]ga)°® and [Rh(PyP)(CO)CI] {a),%°
respectively. The syntheses @b and 7b are included here, and
the syntheses dic, 6d and7c, 7d are included in the Supporting
Information.

[Ir(Me ,PyP)(CO)CI] (6b). A suspension of [Iig-Cl)(COE)],
(0.407 g, 0.454 mmol) in acetonitrile (45 mL) was degassed and
placed under an atmosphere of carbon monoxide. The solid
dissolved and a greenish-yellow solution of fHCI)(CO),], was
obtained after about 5 min. The reaction mixture was stirred for a
further 10 min. The carbon monoxide atmosphere was replaced by
an argon atmosphere, and 3,5-dimethyl-1-[2-(diphenylphosphino)-
ethyl]pyrazole 2b) (0.280 g, 0.908 mmol) in acetonitrile (10 mL)
was added dropwise over 25 min. During the addition, the solution
slowly turned pale yellow, and the reaction mixture was stirred for
a further 45 min at room temperature. The solvent was completely
removedin vacua Diethyl ether (20 mL) was added, and the pale
yellow solid was collected by filtration, washed with ice cold

(3a) (0.187 g, 0.208 mmol) under an atmosphere of nitrogen, and methanol (4x 2 mL) andn-pentane (3x 5 mL), and dried under

the suspension was degassed via three frepamp—thaw cycles.

vacuum. The pale yellow solid product obtained was recrystallized

The reaction mixture was placed under an atmosphere of carbonby layering a dichloromethane solution (10 mL) witthexane (35

monoxide for 2 h, during which time the color of the solid changed
from orange to yellow. The solid product was collected by filtration,
washed withn-pentane (4x 3 mL), and dried under vacuum.

mL) and allowing it to stand at 4C overnight to afford [Ir(Me-
PyP)(CO)CI] 6b) as a pale yellow, needle-like crystalline solid.
Yield: 0.426 g (83%). Mp: 226228°C (dec). ESI-MS (MeOH/
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Table 5. Crystallographic Data for 3b, 6b, 6c, 7b, and 7¢
3b 6b 6¢ 7b 7c

empirical formula GlH5gB|I'N2P C21H23C|3|I'N 2OP Cz4Hng||I'N 20P ConmClNzOPRh Q4H29C|N20PRh

M (g mol™) 927.93 648.95 620.11 474.73 530.82

cryst syst monoclinic orthorhombic _triclinic monoclinic _ Triclinic

space group RM(#14) P212,21(#19) P1(#2) P2/c(#14) P1(#2)

a(h) 20.923(4) 11.2909(18) 8.553(2) 12.0790 8.590(3)

b (A) 9.3077(16) 19.373(3) 12.153(3) 10.4534(13) 12.219(4)

c(A) 22.399(4) 20.890(3) 12.481(4) 16.206(2) 12.467(4)

o (deg) 113.091(4) 113.076(7)

p (deg) 104.074(3) 90.348(4) 102.057(2) 90.027(4)

y (deg) 91.196(4) 91.807(5)

V (A3) 4231.0(13) 4569.3(13) 1193.0(6) 20011(4) 1203.1(6)

D¢ (g cn3) 1.457 1.887 1.726 1.576 1.465

z 4 8 2 4 2

T (K) 150(2) 150(2) 150(2) 150(2) 150(2)

2 Mo Ka (A) 0.71073 0.71073 0.071073 0.71073 0.71073

u Mo Ko (mm™1) 3.231 6.280 5.793 1.08 0.905

cryst size (mm) 0.50% 0.164x 0.143 0.56x 0.25x 0.10 0.284x 0.264x 0.167 0.58x 0.43x 0.22 0.316x 00.245x 0.238

cryst color red pale yellow yellow yellow yellow

cryst habit block flat needle prismatic prism block

T (Gaussianinmax ~ 0.309, 0657 0.257, 0.749 0.226, 0.442 0.601, 0.832 0.766, 0.839

20max (deg) 56.62 56.04 56.62 56.04 56.00

hkl range —2726,-12 12, —1414,-25 24, -1111,-1515, —1515,-13 13, —1111,—-1515,
—2929 =27 27 —16, 16 —-2121 —16 16

N 43524 43853 12 012 18 400 11481

Nind 10339 Rmerge 10728 Rmerge 5604 Rmerge 4623 Rmerge 5481 Rmerge
0.0447) 0.0788) 0.0403) 0.0275) 0.0251)

Nobs(l > 20(1)) 8858 9465 5450 4106 4892

GoF (all data) 507 1.028 1.245 1.064 1.046

R12(F, | > 20(1)) 0.0209 0.0351 0.0169 0.0194 0.0236

WR2 (F2, all data) 0.0475 0.0832 0.0448 0.0542 0.00653

aR1 = Y||Fo| - |FII/Z|Fo| for Fo > 20(Fo); WR2 = (JW(Fe? — FA)Y (WF:A)?)2 all reflections.bw = 1/[0%(Fs?) + (XP)? + YP| whereP = (Fo +
2F?)/3; X = 0.02,Y = 0 for 3b; X = 0.0439,Y = 0.00 for6b; X = 0.02,Y = 0.0 for 6¢; X = 0.0260,Y = 0.8011 for7b; X = 0.03 andY = 0.3 for 7c.

dem),m/z (%): ES', 560.3 (67) [M— 35CI + MeOH]J*, 558.3 (49)
[M — 3Cl + MeOHJ*, 528.7 (17) [M— CIJ*, 499.1 (80) [M—
CO— 3CI]*, 497.1 (100) [MCO- °7CI]*. Anal. Found: C, 40.26;
H, 3.88; N, 4.62. Calcd for £H,ClIrN,OP-0.5CH,Cl,: C, 40.60;
H, 3.66; N, 4.621H NMR (500 MHz, CD,Cl,): 6 7.66 (br s, 4H,
0-CH of PPh), 7.43-7.40 (br m, 6Hm- andp-CH of PPh), 5.80
(s, 1H,H4), 4.84 (br, 2H, NEl,), 2.65 (br, 2H, PEl,), 2.52 (s,
3H, C33), 2.21 (s, 3H, C5E3) ppm.3P{H} NMR (202 MHz,
CD.Cl): 6 13.5 ppm13C{H} NMR (121 MHz, CDCl,): 6 175.8
(d, 2Jp_c = 12.6 Hz,CO), 153.0 (sC3), 142.1 (sC5), 133.3 (br,

ipso-C ando-C of PPh, broad resonances were observed because

2H, NCHy), 2.64 (m, 2H, P@l,), 2.45 (s, 3H, C3E3), 2.18 (s,
3H, C5CH3) ppm. 3*P{*H} NMR (202 MHz, CQCly): 6 41.9
(dYJrn-p = 163.8 Hz) ppmBC{*H} NMR (125 MHz, CDQCly):

0 189.7 (dd'Jrh-co = 72.7 Hz2Jp_co = 16.1 Hz,CO), 152.4 (s,
C3), 141.8 (s,C5), 134.9 (diJp_c = 50.5 Hz,ipso-C of PPh),

133.2 (d?Jp_c = 12.2 Hz,0-C of PPh), 131.2 (d!Jp_c = 2.3 Hz,
p-C of PPh), 129.1 (d,3Js—c = 10.7 Hz,m-C of PPh), 107.8 (s,
C4), 47.6 (ddz,\]pfc =23 HZ,B\]RWC = 4.6 Hz, |\CH2), 30.8 (d];\]pfc

=29.1 Hz, RZH,), 15.3 (s, C&H3), 11.9 (s, C5El3) ppm. IR (KBr
disk): v 1980 (s, CO) cmt.

Crystal Structure Determination. Crystallographic details are

of fluxionality of the metal complex at room temperature), 131.3 summarized in Table 5. Single-crystal X-ray diffraction data were

(d, *Jp—c = 2.3 Hz,p-C of PPh), 128.9 (d,2Jp_c = 11.1 Hz,mC
of PPh), 108.2 (s,C4), 48.2 (d,2Jp—c = 1.9 Hz, NCH,), 30.0 (d,
Jp_c = 36.3 Hz, FCH,), 15.4 (s, C&H3), 12.0 (s, CEH3) ppm.
IR (KBr disk): v 1968 (s, CO) cm.

[Rh(Me,PyP)(CO)CI] (7b). 3,5-Dimethyl-1-[2-(diphenylphos-
phino)ethyl]pyrazoleZb) (0.293 g, 0.952 mmol) in methanol (20
mL) was added dropwise over 30 min to a solution of [iRQ)-
(CO)] (0.188 g, 0.483 mmol) in methanol (15 mL) under an

collected with a Bruker SMART 1000 CCD diffractometer employ-
ing graphite-monochromated MooKradiation generated from a
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