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Homo- and Heterodinuclear Rh and Ir Complexes Supported by
SN,, Mixed-Donor Ligands (n = 2-4). Stereochemistry and
Coordination-Site-Exchange Reactions of Cp*M (M = Rh, Ir)

Units

Takayuki Nakajima,*! Yuki Kawasaki,® Bunsho Kure,'® and Tomoaki Tanase*!

Abstract: A series of SN, mixed-donor ligands [n = 2:
HoNC,H,SCHy-2-pyridyl (2-NSpy) (1a), H,NC,H,SCH,-4-pyridyl
(4-NSpy) (1b), n = 3: 2-pyridylCH,NHC,H,SCH,-2-pyridyl (2-pyN-
Spy) (2), n = 4: (2-pyridylCH,),NC,H,SCH,-2-pyridyl (2-py,NSpy)
(3)] was utilized to support homo- and heterodinuclear com-
plexes including Cp*M™ units (M = Rh, Ir; Cp* = pentamethyl-
cyclopentadienyl). Reactions of [Cp*MCl,], with 2-pyNSpy (2),
2-py,NSpy (3), and 4-NSpy (1b) afforded homodinulear com-
plexes, [(Cp*MCI)(2-pyNSpy)(Cp*MCINI(PFs), [M = Rh (5a), Ir
(5b)], [(Cp*M)(2-py-NSpy)([Cp*MCN]I(PFe)s [M = Rh (6a), Ir (6b)],
[(Cp*MCI)(4-NSpy)(Cp*MCl,)ICI [M = Rh (8a), Ir (8b)]. Heterodi-
nuclear complexes [(Cp*MCI)(4-NSpy)(Cp*M-Cl,)ICI [M, M" = Rh,
Ir (8c), Ir, Rh (8d)] were prepared using mononuclear complexes
[(Cp*MCI)(4-NSpy)ICI [M = Rh (7a), Ir (7b)] reacted with
[Cp*MCl,], (M = Ir, Rh), respectively. Complexes 5-8 were char-
acterized by X-ray crystallography to determine the configura-
\tions around the M, M’, S, and N centers. The solid-state struc-

tures of 6 are retained in acetonitrile solution whereas four dia-
stereomers are generated in the case of 5 due to low stereo-
selectivity around the coordinated amine nitrogen atom, in con-
trast to the sulfur atom. Heterodinuclear complexes 8c,d are
unstable in solution at 55 °C, readily affording mixtures of 8a-
d via intra- and intermolecular coordination-site-exchange reac-
tions of Cp*M fragments between the SN moiety and the py
site. In order to evaluate the selectivity of Cp*M fragments for
the SN and py coordination sites, several competitive reactions
of [Cp*MCl,], (M = Rh, Ir) with H,NC,H,SCH,CeHs (NSph) (4)
and/or 4-methylpyridine (4-Mepy) were carried out to demon-
strate predominant formation of iridium complexes 9b and 10b
among [(Cp*MCI)(NSph)ICI [M = Rh (9a), Ir (9b)] and
[(Cp*MCl)(4-Mepy)ICl [M = Rh (10a), Ir (10b)]. These reactions
indicated higher affinity of the Cp*Ir fragment to both the NS
and py sites relative to the rhodium analogue.

%

Introduction

Design efforts focused on multidentate ligands have provided
fundamental progress in creating new functional complexes
and materials related to a variety of useful applications in orga-
nometallic and inorganic chemistry.!"! In particular, mixed-do-
nor multidentate ligands are of considerable interest since they
show additional abilities such as hemilabile chelating and
bridging effects that are not accomplished by simple and classi-
cal monodentate ligands.>3! With an aim of utilizing hard and
soft donor combinations, a number of studies have been car-
ried out on metal complexes supported by nitrogen and sulfur
mixed-donor ligands in the fields of bioinorganic and organo-
metallic chemistry.? However, half-metallocene complexes
with SN chelating ligands including Cp*M fragments (M = Rh,
Ir, Ru etc., Cp* = pentamethylcyclopentadienyl) are limited only
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to just a few examples.>®! However, such three-legged piano-
stool complexes are widely utilized as catalyst precursors in or-
ganic transformations and their four-coordinate, pseudo-octa-
hedral geometry has facilitated studies on stereochemistry with
respect to the metal center.”!

Recently, we intended to construct functional dinuclear
metal centers supported by hemilabile multidentate ligands,
and prepared dinuclear Cp*M" (M = Rh, Ir) complexes con-
nected by a series of tetradendate P,N, ligands,
{(Cp*MCl),[meso- or rac-2-pyCH,P(Ph)(CH,),P(Ph)CH,-2-py]}-
(PFg)> (M = Rh, Ir), where the stereo-structures around two
metal centers are influenced by configurations of the coordi-
nated P atoms and the length of the central methylene chain.®®!
In the present study, new SN, mixed-donor ligands [n = 2:
HoNCH,SCH,-4-pyridyl  (4-NSpy)  (1b), n = 3: 2-pyr-
idylCH,NHC,H,SCH,-2-pyridyl (2-pyNSpy) (2), n = 4: (2-pyr-
idylCH,),NC,H,SCH,-2-pyridyl  (2-py,NSpy) (3)] were synthe-
sized based on a cysteamine unit, and were treated with
[Cp*MCl,], (M = Rh, Ir) to afford homo- and heterodinuclear
Cp*M"" complexes supported by the SN, ligands, [(Cp*MCl)-
(2-pyNSpy)(Cp*MCD](PFg), [M = Rh (5a), Ir (5b)], [(Cp*M)-
(2-py,NSpy)(Cp*MCI](PFe); [M = Rh (6a), Ir (6b)], and
[(Cp*MCI)(4-NSpy)(Cp*M’Cl,)ICI [M, M” = Rh, Rh (8a), Ir, Ir (8b),
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Rh, Ir (8c), Ir, Rh (8d)]; these were characterized by spectro-
scopic and crystallographic analyses to elucidate configura-
tional selectivity around the M, M’, S, and N centers and the
coordination-site-exchange reactions of the Cp*M units.

Results and Discussion

Synthesis of SN,, Mixed-Donor Ligands 1-4

The SN,, mixed-donor ligands 1-4 were synthesized as shown
in Scheme 1. Tridentate SN, ligands 1a,b (2-, and 4-NSpy) were
prepared by the reaction of cysteamine hydrochloride with 2-
or 4-(chloromethyl)pyridine in the presence of NaHCO; accord-
ing to previously published procedures.” Reductive amination
of 1a and 2-pyridinealdehyde in the presence of NaBH, af-
forded tetradendate SN3 ligand 2 (2-pyNSpy) in 91 % yield,
which was further reacted with 2-(chloromethyl)pyridine to give
SN, ligand 3 (2-py,NSpy) in 73 % vyield. SN ligand 4 (NSPh) was
prepared by the reaction of cysteamine hydrochloride with
benzyl chloride in 76 % yield.

HaN~gyy- HCI @, HoNo~g~C ) —= © QN\/\SU
SN

l(D)
e
NSPh (4

Scheme 1. Preparations of mixed-donor SN ligands 1-4. (A) x-(chloro-
methyl)pyridine, NaHCO; in EtOH; (B) 1a, pyridine-2-carbaldehyde, NaBH, in
MeOH; (C) 2-(chloromethyl)pyridine, NaHCO3 in EtOH; (D) benzyl chloride,
NaHCOs; in EtOH.

n-NSpy n-pyNSpy
n=2(1a) n=2(2)
4 (1b)

l ©
2(@»4\/\8,\@

2-pyoNSpy (3)

Homodinuclear Rhodium and Iridium Complexes
Supported by SN; and SN, Ligands (2-pyNSpy and
2-py,NSpy)

Reactions of [Cp*MCl,], (M = Rh, Ir) with 1 equiv. of 2-py,NSpy
(3) in the presence of NH4PFs in MeOH at room temperature
gave homodinuclear [(Cp*MCl)(2-py,NSpy)(Cp*MCI)](PF¢)s [M =
Rh (6a), Ir (6b)] in 36 and 61 % yields, respectively (Scheme 2).
The structures of 6a,b were determined by X-ray crystallogra-
phy to be isomorphous with each other; ORTEP views for the
complex cations of 6a,b are given in Figure 1 and Figure S1
(Supporting Information), respectively. The complex cations of
6 are comprised of {Cp*MCl} and {Cp*M} units chelated by 2-
pyCH,S and 2-py,CH,N moieties in the two ends of ligand 3,
respectively, to form three-legged piano-stool structures. The
metal-to-ligand distances are almost identical irrespective of
the metal species Rh or Ir; M-C = 2.148(3)-2.205(4) A (av.
2.175 A) (6a), 2.158(5)-2.217(6) A (av. 2.190 A) (6b); M-N =
2.103(3)-2.198(2) A (av. 2.131 A) (6a), 2.100(5)- -2.193(4) A (av.
2.131 A) (6b); M-Cl = 2.4021(13) (6a), 2.395(2) A (6b); M-S
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2.3402(8) (6a), 2.3236(12) A (6b). Since the M1 and S1 centers
in 6 are stereogenic, two diastereomers RyRs/SySs and RySs/
SmRs are potentially generated. In fact, X-ray analysis of 6 clearly
indicates that the absolute configurations around M1 and S1
centers are RyRs/SySs with the C,H4N(CH,py), substituent of S1
atom and Cl1 ligand attached to the Rh1 center located in a
syn arrangement with respect to the Rh1-S1 bond [dihedral
angle CIT-Rh1-51-Cq¢nyiene = 2.13(4)° (6a), 0.90(8)° (6b)]. A simi-
lar stereo-arrangement is also observed in [(Cp*MCI)L](PF¢) [M =
Rh, Ir; L = 2-(pyridine-2-ylmethylthio)benzoic acid, 2-(pyridine-2-
ylthiomethyl)pyridine, 8-methylthioquinoline] supported by SN
chelate ligands.®24¢! |n our previous studies on dinuclear
Cp*Rh and Cp*Ir complexes supported by a series of NPPN li-
gands, 2-pyCH,(Ph)P(CH,),P(Ph)CH,-2-py (n = 2-4), all charac-
terized complexes {(Cp*MCI),[2-pyCH,(Ph)P(CH,),P(Ph)CH,-2-
pyl}(BF,4), exhibited a similar stereoselectivity as observed in 6,
where the methylene unit on the phosphorus atom and chlor-
ide ligand are in a syn-arrangement with respect to M-P
bond.®! The "H and '3C NMR spectra of 6 show the presence
of only two signals for the Cp* rings ['"H NMR: 6 = 1.72 (15 H),
1.64 (15 H) ppm (6a), 0 = 1.72 (15 H), 1.59 (15 H) ppm (6b). '3C
NMR: 6 = 101.4 (d, Jecgn = 7 Hz), 100.6 (d, Jern, = 8 Hz), 10.1,
9.9 ppm (6a), 6 = 93.7, 92.0, 9.0, 8.9 ppm (6b)] and the ESI-MS
spectra in CH3CN exhibited the parent peaks for {{Cp*,Rh,Cl-
(2-pyNSpy,)I(PF¢),t (m/z 1151.34) and {[Cp*,lr,Cl(2-pyNSpy,)]-
(PFe)o}™ (m/z 1331.21), indicating that the solid-state structures

_&, ﬁ__‘ (PFg)2

1eq.2, NH,PFg
= -N \C/I\CJ / \N-
CHaClyMeOH, 1t,  §_ M S\,\\]

overnight M = Rh (5a), Ir (5b)

—@, j@— (PFe)s

1eq. 3, NH4PFg / N\ _Cl7 M.

—_—

CH,Clo/MeOH, rt,
overnight

M = Rh (6a), Ir (6b)

Scheme 2. Preparations of [(Cp*MCI)(2-pyNSpy)(Cp*MCDI(PF¢), (5) and
[(Cp*M)(2-py-NSpy)(Cp*MCN](PF¢); (6) [M = Rh (a), Ir (b)].

Figure 1. ORTEP diagram for the complex cation of 6a with the atomic num-
bering scheme. The thermal ellipsoids are drawn at the 40 % probability level,
and the C-H hydrogen atoms are omitted for clarity.
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are retained in solution. It should be noted that, in the mono-
nuclear complexes supported by thioether and pyridyl donor
multidentate ligands, sulfur inversion was often observed and
several invertomers exist in solution.['” Contrary to the present
case, inversion of the sulfur atom was not observed in 6, which
might be rationalized on the basis of the bulky substituents at
both metal and sulfur centers.

The treatment of [Cp*MCl,], (M = Rh, Ir) with 1 equiv. of 2-
pyNSpy (2) in the presence of NH,PFs in MeOH afforded ho-
modinuclear [(Cp*MCI)(2-pyNSpy)(Cp*MCI](PFs), [M = Rh (5a),
Ir (5b)] in 76 and 86 % vyields, respectively (Scheme 2). The crys-
tal structure of 5a was refined with a disorder model in which
the central SCH,CH,N fragment locates at two sites, each relat-
ing with G; symmetry with 0.5 occupancy (one set of the disor-
dered structures is illustrated for clarity) and reveals that two
Cp*RhCl fragments were chelated by 2-pyCH,S and 2-pyCH;N
moieties in the two ends of ligand 2 without any metal-metal
interactions [Rh1--Rh1* 6.2224(8) A] (Figure 2). The absolute
configurations around the Rh1, S1, N2*, and Rh1* atoms are
Rrn1Rs1RN2+Ra1+/Srn1Ss1Sn2+Srn + out of eight possible diastereo-
mers. The configurations around the Rh1 and S1 centers are the
same as in 6, and those around the N2*and Rh1* atoms are
also regulated similarly with syn-periplanar geometries for CI2*
ligand and the C3H,SR unit [CIT-Rh1-51-Cethyiene 0.5(2)°, CI2-
Rh1*-N2*-Cqthyiene 4.3(12)°]; the opposite stereo-configuration
was observed in the case of [Cp*IrCl(pyam)](SbFe) (pyam = R-2-
pyCH,NHCHPhMe) supported by a chiral pyridylamino li-
gand." The "H NMR spectrum of 5a (Figure S10, Supporting
Information) indicates that four diastereomers exist in solution
as reflected by the presence of four sets of two singlets each for
Cp* rings with a ratio of 46:28:20:6 which remains unchanged
at room temperature for several days. On the other hand, the
"H NMR spectrum of 5b (Figure S11, Supporting Information)
shows, at first, two sets of two singlet peaks each for Cp* rings
in a ratio of 83:17. After keeping this sample at room tempera-
ture for several days, two new sets of peaks appeared and in-
creased gradually as two of the original signals decreased lead-
ing to formation of four isomers in a ratio of 30:29:25:16. As for
the configurations of four isomers, the configurations around

Eur|IC

European Journal
of Inorgariic Chemistry

Full Paper

the M1 and S1 centers in 5 were postulated to be constrained
to RuyRs:1/Sy1Ssh by analogy with 6 and [(Cp*MCI)L](PFg) [M =
Rh, Ir; L = 2-(pyridine-2-ylmethylsulfanyl)benzoic acid].’® In
contrast, those for the M1* and N2* centers are presumably
not constrained to afford both Ryo+Ruyq+/SnaxSpr+ and RyzxSy+/
Sna#Rur= diastereomers, in the light of the fact that four dia-
stereomers were observed for related complex [Cp*IrCl-
(pyam)]1(SbFe) in solution.'l After all, four diastereomers,
RM1RSIRN2*RM1"/SM1SS1SN2*SM1"I RM'IRS1SN2*SM'I*/SM1SS1RN2*RM1*I
RM1R51RN2*SM1*/5M1551SN2*RM1*I and RM‘IRS‘ISNZ*RM‘I*/
S Ss1Rn2+Sa1+ can be generated in solution for 6a,b.

Mononuclear Rhodium and Iridium Complexes Supported
by SN, Ligand (4-NSpy)

When [Cp*MCl,], (M = Rh, Ir) was treated with 3 equiv. of 4-
NSpy (1b) in CH,Cl, at room temperature, mononuclear com-
plexes [(Cp*MCI)(4-NSpy)ICl [M = Rh (7a), Ir (7b)] were obtained
in 78 and 81 % vyields, respectively (Scheme 3). The crystal struc-
tures of 7a,b are isomorphous with each other, having a three-
legged piano-stool structure around M center coordinated by
4-NSpy ligand via amine nitrogen and sulfur atoms to form a
five-membered chelate ring, the pyridyl nitrogen being uncoor-
dinated [M1-Cl1 2.3958(8) A (7a), 2.397(2) A (7b); M1-S1
2.3824(9) A (7a), 2.358(2) A (7b); M1-N1 2.126(2) A (7a),
2.132(4) A (7b)] (Figure 3 for 7a and Figure S2 in Supporting
Information for 7b). The configurations around the M1 and S1
centers are the same as those in 5 and 6, where chloride ligand
ClI1 and pyridylmethyl substituent on S1 are located in syn-peri-
planar geometry with respect to M1-S1 bond [CI1-M1-S1-
Ceropy —3.95(3)° (7a), -5.78(7)° (7b)]. Only one diastreomer of
7 exists in CDs0D solution at room temperature, which was

ﬁ ~Cl
# L. Cl 2eq.1b [
MM ~ oM
c” el : HN s O
CH,Cl,, rt, overnight 25, N

M = Rh (7a), I (7b)

Scheme 3. Preparations of [(Cp*MCI)(4-NSpy)ICl (7) [M = Rh (a), Ir (b)].

Figure 2. ORTEP diagram for the complex cation of 5a with the atomic num-
bering scheme. The thermal ellipsoids are drawn at the 40 % probability level,
and the hydrogen atoms are omitted for clarity.
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Figure 3. ORTEP diagram for the complex cation of 7a with the atomic num-
bering scheme. The thermal ellipsoids are drawn at the 40 % probability level,
and the hydrogen atoms are omitted for clarity.
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confirmed by the presence of only one singlet peaks for Cp*
protons [0 = 1.62 (7a), 1.62 (7b) ppm] in the "H NMR spectra.
The ESI-MS spectra in CH3CN exhibited the parent peaks for
[Cp*MCI(NSpyY)I* at m/z 441.07 (M = Rh) and 531.20 (M = Ir).
These indicate that the solid-state structures were retained in
solution.

Homo- and Heterodinuclear Rhodium and Iridium
Complexes Supported by SN, Ligand (4-NSpy)

Treatments of [(Cp*MCI)(4-NSpy)ICl (7) with 0.5 equiv. of respec-
tive dimer, [Cp*MCl,], (M = Rh for 8a, Ir for 8b) in CH,Cl, at
room temperature afforded homodinuclear complexes
[(Cp*MCI)(4-NSpy)(Cp*MCI,)ICI [M = Rh (8a), Ir (8b)] in 67 and
72 % yields (Scheme 4), respectively. Complexes 8a,b were also
synthesized by reactions of [Cp*MCl,], (M = Rh, Ir) with 1 equiv.
of 4-NSpy (1b) in high yields. Heterodinulear complex
[(Cp*IrCl)(4-NSpy)(Cp*RhCl,)ICI (8d) was prepared by reaction of
7b with 0.5 equiv. of [Cp*RhCl,], in CH,Cl, at room temperature
in 71 % yield. However, when similar reaction conditions were
applied for the synthesis of [(Cp*RhCl)(4-NSpy)(Cp*IrCl,)ICI (8c),
a mixture of 8a—d was obtained, and hence, the reaction of 7a
with 0.5 equiv. of [Cp*IrCl,], was carried out at —78 °C to give
8c in a high yield of 71 %. The crystal structures of 8a-d are
essentially identical and a perspective plot for the complex cat-
ion of 8c is illustrated in Figure 4 (those of 8a,b,d are shown in
Figures S3-S5, Supporting Information). The complex cations
consist of two metal centers, Cp*M1Cl chelated by SN donors
and Cp*M2Cl, coordinated by a pyridyl nitrogen. The structure
around the M1 atom is the same as in 7 [M1-Cl1 2.403(3)-
24192) A, M1-S1 2339(2)-2.373(1) A, M1-N1 2.127(3)-
2.135(8) Al. The arrangement of the Cp*M,Cl, fragment in 8a,c
differs from that in 8b,d in terms of the relationship of the two

\#{_ ‘ﬁjCI

o=

HgN s\/@' ‘

0.5 eq. [Cp*RhCly),
o e,
CH,Cl,/MeOH,

overnight
7a —
—Cl
1 ﬁ
0.5 eq. [Cp*IrCly)» Cl’ﬁh\ IIr
H-N 8. [F NTCl
CH,Cl,/MeOH 2 el
-78°C,5h 8c
~Cl
: c ©l
0.5 eq. [Cp*IrCl,), C|_}Ir\ \Ilr
. Z ~lN
CHClMeoH, 1, HaN_ s [N /ﬂ
overnight
8b
b —

: o C| ~cl

C|/|f

Scheme 4. Preparations of homo- and heterodinuclear complexes,
[(Cp*MCI)(4-NSpy)(Cp*M'Cl,)ICI [M, M” = Rh, Rh (8a); Ir, Ir (8b); Rh, Ir (8¢); Ir,
Rh (8d)].

0.5 eq. [Cp*RhCly)
e —

CH,Clo/MeOH, rt,
overnight
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Cp* rings; two Cp* rings in 8a,c are almost parallel, whereas
those in 8b,d are perpendicular [dihedral angle of two Cp*
rings: 9.5(2)° (8a), 59.4(3)° (8b), 11.78(4)° (8c), 76.7(6)° (8d)]. In
the 'H NMR spectra of 8a-d in CD;0D, two singlet peaks attrib-
utable to two Cp* rings were observed; the peaks for the Cp*
ring on M1 center (SN site) appeared at 6 = 1.62 (8a), 1.60 (8b),
1.59 (8c), 1.60 (8d) ppm, whereas the peaks for the Cp* ring on
M2 center (py site) are slightly shifted depending on M ion at
1.59 (8a), 1.55 (8b), 1.54 (8c), 1.58 (8d) ppm (Figure 5). These
assignments are supported by "H NMR spectra of 9 and 10
(vide infra). Complexes 8a, 8b, and 8d are stable at room tem-
perature in solution, whereas heterodinuclear complex 8c is un-
stable at room temperature; this species gives a mixture of 8a—
d via the SN and py site exchange reactions of Cp*M fragments,
which will be discussed in detail (vide infra).

Figure 4. ORTEP diagram for the complex cation of 8c with the atomic num-
bering scheme. The thermal ellipsoids are drawn at the 40 % probability level,
and the hydrogen atoms are omitted for clarity.

(a)

SN-Rh site ——» ﬂ | <—— py-Rhsite

I
% I

C
i——

(b)  SN-Irsite —= ﬁ | ~—— py-Ir site

-

J\ L

) ﬁ ﬂ

I I I I
1.7 16 1.5 1.4  ppm

Figure 5. "H NMR spectra for the Cp* region of (a) 8a, (b) 8b, (c) 8¢, and
(d) 8d in CD50OD at room temperature.

With the aim of understanding SN and py site selectivities of
Cp*M (M = Rh, Ir) fragments, appropriate mononuclear model
complexes [(Cp*MCI)(NSph)ICI [M = Rh (9a), Ir (9b)] and
[(Cp*MCI)(4-Mepy)ICl [M = Rh (10a), Ir (10b)] were synthesized
by reacting [Cp*MCl,], (M = Rh, Ir) with 2 equiv. of 2-(benzyl-
thio)ethanamine (NSph) or 4-methylpyridine (4-Mepy) in CH,Cl,
(Scheme 5). The structures of 9a,b were determined by X-ray
crystallography to be similar to those of 7a,b, in which 4-pyridyl
substituents were replaced by phenyl groups and indicate that
configuration around the M1 and sulfur centers are the same
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as those observed in 7 and 8 (Figures S6 and S7, Supporting
Information). The "H NMR spectra of 9 in CD;0D exhibited a
singlet peak for Cp* ring at 6 = 1.58 (9a), 1.59 ppm (9b) and
the ESI-MS spectra of 9 in CH;0H showed an intense monova-
lent peak for [(Cp*MCI)(NSph)]* at 440.11 (9a) and 530.19 (9b).
The structures of 10a and 10b are isomorphous consisting of a
Cp*MCl, center coordinated by the pyridyl nitrogen atom of 4-
Mepy [M1-N1 2.056(2) A (10a), 2.121(5) A (10b)]. A singlet peak
for the Cp* ring was observed at 6 = 1.56 ppm (10a) and
1.51 ppm (10b), and the coordination of 4-Mepy in solution
was confirmed by the lower field shift of a doublet peak for the
pyridyl 2,6-aromatic protons with respect to non-coordinated
4-Mepy [0 = 8.79 (10a), 8.76 ppm (10b)] in the "H NMR spectra.

\ﬁz‘ Acl é
) I
e P N’N\I.\
cl
HoN, ,S\,© /j:) Cl

M = Rh (9a), Ir (9b) M = Rh (10a), Ir (10b)

Scheme 5. Structures of [(Cp*MCI)(NSph)ICI (9) and [(Cp*MCI)(4-Mepy)ICl
(10) [M, M’ = Rh (a), Ir (b)].

The four competitive reactions, (a) 1 equiv. [Cp*RhCl,], +
1 equiv. [Cp*IrCl,], + 2 equiv. NSph, (b) 1 equiv. [Cp*RhCl,], +
1 equiv. [Cp*IrCl,], + 2 equiv. 4-Mepy, (c) 1 equiv. [Cp*IrCl,], +
2 equiv. NSph + 2 equiv. 4-Mepy, and (d) 1 equiv. [Cp*RhCl],
+ 1 equiv. [Cp*IrCl,], + 2 equiv. NSph + 2 equiv. 4-Mepy in
CDCl; were carried out to investigate metal selectivity for each
ligand. The reactions (a)-(c) led to selective formation of 9b (a),
10b (b), 9b (c) in quantitative yields as confirmed by the H
NMR spectra (Scheme 6). High selectivity of iridium(lll) ion for
these ligands in reactions (a) and (b) can be explained by the
stronger ligand field of iridium(lll) ion relative to rhodium(lll).l'?
Reaction (d) provided a mixture of all dinuclear complexes of
9a, 9b, 10a, and 10c with a ratio of 18:82:82:18. In addition,
two reactions of (e) 1 equiv. 9a + 1 equiv. 10b and (f) 1 equiv.
9b + 1 equiv. 10a in CDCl; at room temperature were examined
as model systems for coordination-site-exchange reactions of
8c and 8d; both reactions (e) and (f) afforded mixtures of 9a,
9b, 10a, and 10b in the same ratio as had been found for
reaction (d).

The site exchange reaction of 8¢ was monitored by 'H NMR
spectroscopy in CDsOD at 55 °C and ultimately afforded four
singlet peaks at 6 = 1.59, 1.60, 1.58, and 1.53 ppm assignable
to four different Cp* rings of Cp*Rh(SN), Cp*Ir(SN), Cp*Rh(py),
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and Cp*Ir(py) in a ratio of 16:84:84:16 (Figure 6), in good agree-
ment with the results of reactions (e) and (f). The ratio of 8a-d
was estimated from the final '"H NMR spectral ratio to be
13:13:3:71. Although complex 8d was quite stable at room tem-
perature, warming the solution at 55 °C for 1 d resulted in a
mixture of 8a-d in the same ratio as had been identified with
8c. Formation of homodinuclear complexes 8a and 8b from
site-exchange reactions of heterodinuclear complexes 8c or 8d
indicates that intermolecular exchange reactions of Cp*M units
are involved in the scrambling reaction (Scheme 7). To confirm
this assertion, a mixture of homodinuclear complexes 8a and
8b in CD;0D was heated at 55 °C and monitored by 'H NMR
spectroscopy. A similar site exchange reaction was noted during
these studies and this exchanged ultimately, reached an equi-
librium mixture of 8a-d in the same ratio as had been noted
previously from 8c and 8d (Figure S12, Supporting Information).
Although there are several examples of mixed-metal dinuclear
complexes containing Cp*Rh and Cp*Ir fragments,'! intermo-
lecular exchange reactions have not been previously mentioned
except for our previous report on the stepwise synthesis of
heterotrinuclear complexes with Pd, Rh, and Ir ions assembled
by a tetraphosphine ligand.B9 Consequently, the coordination-
site-exchange reactions of 8 might constitute an important ex-
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Figure 6. Ratios of SN-Rh, SN-Ir, py-Rh, and py-Ir fragments vs. time as ob-
tained by heating 8c in CD;0D at 55 °C.

(@ 2NSph + [Cp*RhCl]; + [Cp*IriCll, —— > 9b + [Cp*RhCly):
CDClg, rt
(b) 24-Mepy + [Cp*RhCl], + [Cp*IrIClly —— 10b + [Cp*RhCl],
CDCls, rt
(c) 2NSpy + 24Mepy + |[CpIiChly —— > 9b + 24-Mepy
CDClg, rt
(d) 2NSpy + 24Mepy + [Cp*RhCly, + [Cp*liClly, —— = 9a + 9b + 10a+ 10b
DClg, 1t
Scheme 6. Competitive reactions to investigate metal selectivity between SN and py sites.
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Scheme 7. Coordination-site-exchange reactions of Cp*M units between 8a-d; {M} =

ample of how to scrutinize differences in coordination behav-
iors between the Cp*Rh and Cp*Ir fragments.

Conclusions

In the present study, homodinuclear Cp*Rh"" and Cp*Ir'"" com-

plexes, [(Cp*MCl)(2-pyNSpy)(Cp*MCD](PFe), [M = Rh (5a), Ir
(5b)], [(Cp*M)(2-py-NSpy)(Cp*MCN](PFe)s [M = Rh (6a), Ir (6b)],
and [(Cp*MCI)(4-NSpy)(Cp*MCI,)ICI [M = Rh (8a), Ir (8b)] were
synthesized using a series of SN,, mixed-donor ligands. Hetero-
dinuclear complexes [(Cp*MCI)(4-NSpy)(Cp*M’CI)ICI [M, M’ =
Rh, Ir (8c), Ir, Rh (8d)] were also prepared by the reactions of
mononuclear complexes [(Cp*MCl)(4-NSpy)ICl [M = Rh (7a), Ir
(7b)] with [Cp*MCl,], (M = Ir, Rh). Configurations around the
Cp*MCl metal centers coordinated by 2-pyCH,SR and
H,NC,H,SR moieties were regulated by the configuration of
sulfur atoms leading to selective formation of RyRs/SySs iso-
mers in 6-8, which are retained in solution. On the other hand,
the configuration of the secondary amine nitrogen atom of the
2-pyCH,NHR residue is likely to be racemized to afford four pos-
sible diastereomers of 5. Heterodinuclear complexes 8c,d are
unstable in solution and give a mixture of 8a-d via coordina-
tion-site-exchange of Cp*M fragments, which is promoted by
the stronger binding affinity of iridium(lll) ion for the SN and
py sites relative to rhodium(lll) ion.

Experimental Section

General: All manipulations were carried out under a nitrogen at-
mosphere using standard Schlenk techniques. 2-[(2-Pyridinyl)meth-
ylthiolethanamine (2-NSpy, 1a) and 2-[(4-pyridinyl)methylthio]letha-
namine (4-NSpy, 1b) were prepared by the reported procedures.”!
Reagent grade solvents were dried by the standard procedures and
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were freshly distilled prior to use. IR spectra were recorded using a
Jasco FT/IR-410 spectrophotometer. '"H and ">C{’"H} NMR spectra
were recorded with a JEOL JMN-AL400 spectrometer at 400 and
100 MHz, respectively, and were referenced to TMS as the external
standard. ESI-TOF MS spectra were recorded with a JEOL JMS-
T100LC high-resolution mass spectrometer using positive ionization
mode.

2-(2-Pyridinyl)methylthio-N-(2-pyridinylmethyl)ethanamine (2-
pYNSpy) (2): To a solution of 1a (3.4 g, 20 mmol) in MeOH (200 mL)
was added 2-pyridinealdehyde (2.1 g, 20 mmol). After the solution
was stirred at room temp. for 2 h, NaBH, (0.75 g, 20 mmol) was
added by several portions and the resulting solution was stirred at
room temp. for 1 h. The solvent was removed under reduced pres-
sure. The residue was extracted with CHCl; and washed with water.
The organic phase was dried with Na,SO,. After filtration, the sol-
vent was removed under reduced pressure to afford pale brown oil
2 (91 %, 4.7 g). IR (nujor): ¥ = 3303 (br), 2921 (m), 2851 (m), 1591
(s), 1569 (m), 1473 (m), 1434 (s), 1123 (w), 994 (w), 751 (m) cm™".
"H NMR (400 MHz, CDCl5): 6 = 8.52 (d, 3J = 5 Hz, 1 H), 8.48 (d, 3J =
5Hz 1 H), 761 (dt, > =8,%=2Hz),733(d %=8Hz 1H) 728
(d,3J=8Hz, 1H), 714 (t, 3J =4 Hz, 1 H), 7.12 (t, 3J = 4 Hz, 1 H),
3.88 (s, 2 H), 3.82 (s, 2 H), 2.83 (t, 3J = 6 Hz, 2 H), 2.69 (t, 3J = 6 Hz,
2 H), 241 (br, 2 H) ppm. '*C NMR (100 MHz, CDCl): 6 = 1594,
158.6, 149.1, 149.0, 136.5, 136.2, 122.9, 122.0, 121.74, 121.72, 54.8,
480, 37.9, 32.0 ppm.

2-(2-Pyridinyl)methylthio-N,N-bis[(2-pyridinyl)methyl]lethan-
amine (2-py,NSpy, 3): To a solution of 2-(chloromethyl)pyridine
hydrochloride (0.16 g, 0.10 mmol) in EtOH (10 mL) was added 2
(0.26 g, 0.10 mmol) and NaHCO; (0.84 g, 10 mmol). After the mix-
ture was stirred at 60 °C for 6 d, the resultant solution was filtered
and dried in vacuo. The residue was extracted with CHCl; and
washed with water. The organic phase was dried with Na,SO,. After
filtration, the solvent was removed under reduced pressure and the
crude product was purified with silica gel column chromatography
(CHCI3/MeOH = 95:5) to give dark brown oil 3 (73 %, 2.5 g). IR (nu-
jor): ¥ = 3390 (br), 2924 (m), 2853 (m), 1590 (s), 1569 (s), 1471 (m),
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1434 (s), 1377 (s), 1304 (m), 1148 (w), 994 (m), 761 (s) cm~". "H NMR
(400 MHz, CDCl5): 6 = 8.47-8.44 (m, 3 H), 7.63-7.50 (m, 5 H), 7.26
(s, 1 H), 7.12-7.08 (m, 3 H), 3.78 (s, 4 H), 3.74 (s, 2 H), 2.77-2.72 (m,
2 H), 2.68-2.64 (m, 2 H) ppm. '3*C NMR (100 MHz, CDCl5): 6 = 159.2,
158.5,149.0, 148.7, 136.5, 136.3, 122.8, 122.8, 121.8, 121.7, 60.1, 53.6,
38.2, 29.3 ppm.

2-(Benzylthio)ethanamine (NSph, 4): To a solution of cysteamine
hydrochloride (3.4 g, 30 mmo) in EtOH (30 mL) was added benzyl-
chloride (2.5 g, 20 mmol) and NaHCO; (16.9 g, 201 mmol). After
stirring at room temp. for 2 d, the resultant solution was filtered
and dried in vacuo. The residue was extracted with CHCl; and
washed with water. The organic phase was dried with Na,SO,. After
filtration, the solvent was removed under reduced pressure to afford
pale orange oil 4 (76 %, 2.4 g). "H NMR (400 MHz, CDCl5): 6 = 7.25
(m, 5 H, Ar), 3.64 (s, 2 H), 2.75 (t, °J = 6 Hz, 2 H), 2.46 (t, °J = 6 Hz,
2 H), 1.33 (br,, 2 H, NH,) ppm. "*C NMR (100 MHz, CDCl5): 6 = 138.2,
128.6, 128.3, 126.8, 40.9, 36.0, 35.6 ppm.

[(Cp*RhCl),(2-pyNSpy)1(PF¢), (5a): To a solution of [Cp*RhCl,],
(40 mg, 0.065 mmol) in CH,Cl, (5 mL) was added 2 (17 mg,
0.065 mmol), NH4PFs (21 mg, 0.13 mmol), and MeOH (5 mL) and
the resulting mixture was stirred at room temp. overnight. The sol-
vent was removed under reduced pressure to dryness, and
the residue was extracted with CH,Cl,, to which hexane was
carefully added. This mixture was allowed to stand in the refrigera-
tor to afford red crystals of 5a-0.5CH,Cl, (86%, 62 mag).
C34.5HagCl3F1oN3P,Rh,S (5a-0.5CH,Cl,, 1138.93): calcd. C 36.38, H
4.25, N 3.69; found C 36.67, H 4.43, N 3.81. IR (KBr): ¥ = 3646 (w),
3464 (br), 3299 (w), 2970 (w), 2923 (w), 1608 (m), 1452 (m), 1381
(m), 1271 (w), 1162 (w), 1028 (m), 841 (s), 577 (s) cm~'. UV/Vis
(MeCN): Amax (6, Lmol™" cm™) = 241 (50000), 377 (7600) nm. 'H
NMR (400 MHz, CDsCN): 6 = 8.63-8.44 (m, 2 H, py), 8.04-7.94 (m, 2
H, py), 7.66-7.47 (m, 4 H, py), 4.50-3.95 (m, 4 H), 3.01-2.73 (m, 3 H),
2.48-2.43 (m, 1 H), 2.28 (br), 1.70, 1.69, 1.67, 1.66, 1.63, 1.57, 1.56,
1.46 (s, 30 H, CHs;) ppm. 3C NMR (100 MHz, CD5CN): 6 = 160.1,
160.0, 159.9, 159.2, 155.0, 154.8, 154.1, 153.0, 152.7, 152.7, 141.0,
140.7, 140.6, 140.3, 127.8, 127.4, 127.0, 126.9, 126.7, 126.1, 125.7,
123.8, 123.7, 100.8-100.5, 97.4-97.2 (m, Cp*ring), 61.3, 60.5, 59.7,
51.9,51.6,49.8,45.2,45.2,45.1, 34.6, 32.9, 32.4 (aliphatic), 9.77, 9.63,
9.55, 9.38 (Cp*CH3) ppm. ESI-MS (in MeCN): m/z = 949.83 (z1,
{[Cp*,RN,Cl,(2-pyNSpy)I(PFg)}t  (calcd.  950.06)), 580.80 (21,
{Cp*,Rh,Cl5}* (calcd. 580.95)).

[(Cp*IrCl),(2-pyNSpy)1(PF¢), (5b): By a procedure similar to that
for 5a, using [Cp*IrCl,], (50 mg, 0.065 mmol), 2 (16 mmg,
0.065 mmol), and NH4PFs (21 mg, 0.13 mmol), red crystals of
5b-0.5CH,Cl, (53 %, 42 mqg) were isolated. Cz45H4ClsF15IroN3sP,S
(5b-0.5CH,Cl,, 1317.56): calcd. C 31.45, H 3.67, N 3.19, S 2.43; found
C31.51, H 3.55,N 3.35, S 2.41. UV/Vis (MeCN): Anax (e, L mol™" cm™)
=265 (11000), 306 (6100) nm. IR (KBr): ¥ = 3292 (w), 2979 (w), 2925
(w), 1611 (m), 1455 (m), 1387 (m), 1035 (m), 844 (s), 768 (m), 557
(s) cm™". "H NMR (400 MHz, CD3CN): 6 = 8.64-8.45 (m, 2 H, py),
8.05-7.96 (m, 2 H, py), 7.80-7.49 (m, 4 H, py), 6.02 (br), 5.89 (br),
5.76 (br), 5.56 (br), 4.66-4.02 (m, 4 H), 3.45-2.49 (m, 3 H), 1.73, 1.70,
1.69, 1.67, 1.64, 1.55, 1.53, 1.46 (s, 30 H, CH3) ppm. ESI-MS (in

CHsCN): m/z = 1130.28 (z1, {[Cp*,Ir,Cly(2-pyNSpy)](PFe)}* (calcd.
1130.17)), 1094.29 (z1, {[Cp*,Ir,CI(2-pyNSpy)l(PFe),-H}*  (calcd.
1094.20)).

[Cp*,Rh,Cl(2-py,NSpy)1(PFe)s (6a): To a solution of [Cp*RhCl,],
(50 mg, 0.081 mmol) in CH,Cl, (5 mL) was added 3 (28 mg,
0.079 mmol), NH4PF¢ (40 mg, 0.24 mmol), and MeOH (5 mL) and
the resulting mixture was stirred at room temp. overnight. The sol-
vent was removed under reduced pressure to dryness, and the resi-
due was extracted with CH,Cl,. The extract was concentrate to form
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yellow precipitate, which was recovered by filtration and crystallized
from MeCN/Et,O to afford orange crystals of 6a-0.5MeCN (36 %,
38 mg). CaiHs3 5CIF1gN4sP3RN,S (6a-0.5CHSCN, 1317.62): caled. C
37.37, H 4.09, N 4.78; found C 37.28, H 4.10, N 5.16. IR (KBr): ¥ =
3653 (w), 3435 (br), 1610 (m), 1487 (m), 1448 (m), 1165 (w),
1026 (m), 841 (s), 769 (m), 559 (s) cm™'. UV/Vis (MeCN): Amax
(¢, Lmol™" cm™) = 236 (44000), 334 (5100) nm. "H NMR (400 MHz,
CD5CN): 8 = 8.65 (d, 3J = 4 Hz, 1 H), 8.55 (d, 3J = 6 Hz, 1 H), 8.45 (d,
3J=5Hz 1 H), 809 (dt, 3J=8,% =1Hz 1H), 7.95-7.88 (m, 2 H),
7.75(d,3)=8Hz, 1 H), 762 (t,3) =6 Hz, 1 H), 7.56 (t, 3J = 6 Hz, 1
H), 7.50 (t,3J =6 Hz, 1 H), 7.33 (d, 3/ =9 Hz, 2 H), 7.31 (d, 3/ = 9 Hz,
2 H), 463-4.24 (m, 4 H), 4.22 (d, 2J = 16 Hz, 1 H), 4.04 (d, 2J = 17 Hz,
1H),3.95(dt,2/=13,3)=6Hz, 1 H),3.77 (dt, 2J = 12,3) =4 Hz, 1
H), 3.16-3.01 (m, 2 H), 1.72 (s, 15 H, Cp*), 1.64 (s, 15 H, Cp*) ppm.
3C NMR (100 MHz, CD5CN): 6 = 161.0, 160.0, 159.8, 155.3, 152.2,
151.9, 142.0, 141.9, 141.8, 128.7, 128.4, 127.7, 1264, 125.2, 1244,
1014 (d, Jegn = 7 H2), 100.6 (d, Jcgn = 8 H2), 68.2, 66.8, 62.4, 47.9,
302, 10.1, 9.9 ppm. ESI-MS (CHsCN): m/z = 115134 (z1,
{[Cp*,RN,CI(2-pyNSpPy)I(PFe)o}t  (caled. 1151.09)), 1005.34 (21,
{[Cp*,Rh,CI(2-pyNSpy,)I(PFs) — H}* (calcd. 1005.09)), 587.30 (z1,
{[Cp*,Rh(2-pyNSpy,)I}* (calcd. 587.17)).

[Cp*,Ir,Cl(2-py,NSpy)1(PF¢)s (6b): By a procedure similar to that
for 6a, using [Cp*IrCl,], (100 mg, 0.125 mmol), 2 (44 mmg,
0.13 mmol), and NH4PFs (61 mg, 0.38 mmol), red crystals of 6b
(61 %, 114 mg) were isolated. C4oH5,CIF;glraN4P3S (1475.71): caled.
C 32.56, H 3.55, N 3.80; found C 32.31, H 3.37, N 4.09. IR (KBr): ¥ =
3653 (w), 3431 (br), 1612 (m), 1487 (m), 1452 (m), 1165 (w),
1032 (m), 839 (s), 768 (m), 559 (s) cm™". UV/Vis (in MeCN): Amax
(e, Lmol™" cm™) = 266 (36000), 304 (16000) nm. "H NMR (400 MHz,
CD5CN): 6 = 8.67 (dd, 3/ =6,% =1 Hz, 1 H), 854 (d, 3J = 5 Hz, 1
H), 845 (d, 3J =5 Hz, 1 H), 8.11 (dt, 3 = 8,4 =2 Hz, 1 H), 7.97-
7.86 (m, 3 H), 758 (t, 3J = 7 Hz, 1 H), 7.52-7.42 (m, 4 H), 4.71 (d,
2) =19 Hz, 2 H), 452 (d, 3J = 3 Hz, 2 H), 431 (q, 2J = 10 Hz, 2 H),
4.00 (dt, 2J = 12,3 =5Hz 1 H),3.83 (dt, 2 = 12,3/ =4 Hz, 1 H),
3.32 (sex, 3J = 6 Hz, 1 H), 3.15 (dt, 2/ = 10, 3J =4 Hz, 1 H), 1.72 (s,
15 H, Cp*), 1.59 (s, 15 H, Cp*) ppm. ">C NMR (100 MHz, CD5CN): 6 =
161.6, 160.1, 159.5, 154.9, 151.2, 150.9, 141.6, 141.5, 141.4, 1284,
128.1, 127.5, 125.3, 124.5, 123.7, 93.7, 92.0, 70.0, 68.5, 63.9, 49.5,
289, 9.0, 89 ppm. ESI-MS (in MeCN): m/z = 1331.25 (z1,
{[Cp*,Ir,Cl(2-py,NSpy)1(PFg),}*  (caled. 1331.21)), 1185.29 (z1,
{[Cp*,Ir,Cl(2-py,NSpy)I(PFg) — H}* (calcd. 1185.24)).

[(Cp*RhCI)(4-NSpy)ICl (7a): To a solution of [Cp*RhCl,], (100 mg,
0.16 mmol) in CH,Cl, (5 mL) was added 1b (82 mg, 0.49 mmol)
and the resulting mixture was stirred at room temp. overnight. The
solvent was removed under reduced pressure to dryness, and the
residue was extracted with MeOH to which Et,0 was carefully
added. This mixture was allowed to stand in the refrigerator to af-
ford red crystals of 7a (78 %, 120 mg). C;gH,,CI,N,RhS (477.30):
calcd. C 45.30, H 5.70, N 5.87; found C 45.22, H 5.27, N 5.93. IR (KBr):
Vv = 3167 (m), 3063 (s), 2954 (s), 1599 (s, py), 1589 (m), 1413 (m),
1376 (m, Cp*), 1028 (m, Cp*), 993 (m) cm™". UV/Vis (MeOH): 4.« (&,
L mol=' cm™") = 372 (3000), 269 (7400), 246 (1.8 x 10*) nm. "H NMR
(400 MHz, CDs0D): & = 8.57 (d, 3J = 4 Hz, 2 H), 7.66 (d, 3J = 4 Hz, 2
H), 4.63 (d, 2J =11 Hz, 1 H), 3.97 (dd, 2J = 11,%J =1 Hz, 1 H), 3.11-
3.07 (m, 1 H), 2.97-2.87 (m, 2 H), 2.72-2.65 (m, 1 H), 1.62 (s, 15 H,
CHs) ppm. *C NMR (100 MHz, CD;0D): 0 = 150.4, 145.7, 127.1 (d,
Jern = 4 Hz, py), 99.7 (d, Jegn = 7 Hz), 45.1, 38.9, 36.7, 9.14 (d, Jegp =
3 Hz) ppm. ESI-MS (MeOH): m/z = 441.14 (z1, [RhCp*CI(4-NSpy)1*
(calcd. 441.07)).

[(Cp*IrCl)(4-NSpy)ICl (7b): By a procedure similar to that for 7a,
using [Cp*IrCl,], (50 mg, 0.063 mmol) and 1b (63 mmg, 0.38 mmol),
red crystals of 7b (81 %, 58 mg) were isolated. C;gH,,Cl,IrN,S
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(566.61): calcd. C 38.16, H 4.80, N 4.94, S 5.66; found C 37.88, H 4.68,
N 5.04, S 5.48. IR (KBr): ¥ = 3041 (s), 2959 (s), 2917 (s), 1599 (s), 1590
(m), 1455 (m), 1413 (m), 1177 (m), 998 (m) cm~'. UV/Vis (MeOH):
Amax (€, Lmol™" cm™") = 263 (4900), 332 (1700), 407 (320) nm. 'H
NMR (400 MHz, CD;0D): 6 = 8.56 (dd, 3J = 4, 4J = 2 Hz, 2 H), 7.64
(dd,3J=4,%4=2Hz, 2 H), 484 (d, J=11Hz, 1 H),393(d,J=
12 Hz, 1 H), 3.05-2.90 (m, 3 H), 2.65-2.57 (m, 1 H), 1.62 (s, 15 H,
CH;) ppm. *C NMR (100 MHz, CD;0D): 6 = 150.4, 145.5, 127.2,
92.5, 46.0, 40.2, 34.9, 8.7 ppm. ESI-MS (in MeOH): m/z = 531.20 {z1,
[Cp*IrCI(4-NSpy)]* (calcd. 531.12)}.

[(Cp*RhCI)(Cp*RhCl,)(4-NSpy)ICl (8a): From 1b: To a solution of
[Cp*RhCl,], (100 mg, 0.16 mmol) in CH,Cl, (5 mL) was added 1b
(27 mg, 0.16 mmol). After the resulting mixture was stirred at room
temp. overnight, hexane was carefully added. This mixture was al-
lowed to stand in the refrigerator to afford red crystals of
8a-0.25CH,Cl, (82 %, 104 mq). From 7a: To a solution of 7a (30 mg,
0.063 mmol) in MeOH (5 mL) was added [Cp*RhCl,], (19 mg,
0.031 mmol) in CH,Cl, (5 mL) and the resulting mixture was stirred
at room temp. overnight. The solvent was removed under reduced
pressure to dryness, and the residue was extracted with CH,Cl,, to
which Et,0 was carefully added. This mixture was allowed to stand
in the refrigerator to afford red crystals of 8a-:0.5CH,Cl, (67 %,
33 mg). Cyg25H425Cl45sN,Rh,S (8a-0.25CH,Cl,, 807.57): calcd. C
42.02, H 5.30, N 3.47, S 3.97; found C 41.96, H 5.41, N 3.51, S 3.95.
IR (KBr): ¥ = 3386 (s), 3180 (s), 3056 (s), 2979 (s), 1611 (s, py), 1587
(m), 1452 (s), 1425 (s), 1375 (m, Cp*), 1027 (m, Cp*), 822 (m) cm™".
UVNVis (CH,Cly): Amax (6, Lmol™" cm™") = 245 (10123), 271 (4165),
381 (1640) nm. 'H NMR (400 MHz, CD;0D): 6 = 8.88 (d, J = 5 Hz, 2
H), 7.71 (d, J=6 Hz, 2 H), 462 (d, J = 11 Hz, 1 H), 4.03 (d, /= 11 Hz,
1H), 287 (dt,J=13,J=3Hz, 2 H), 265 (dt, J = 13,J =6 Hz, 2 H),
1.59 [s, 15 H, Cp*(SN-Rh site)], 1.58 [s, 15 H, Cp*(py-Rh site)] ppm.
"H NMR (400 MHz, CDCl3): 6 = 8.91 (br. s, 2 H), 7.62 (d, 3J = 5 Hz, 2
H), 4.60 (d, 2J = 11 Hz, 1 H), 3.85 (d, 2/ = 11 Hz, 1 H), 3.37-3.27 (m,
2 H), 2.84-2.75 (m, 2 H), 1.62 [s, 15 H, Cp*(SN-Rh site)], 1.59 [s, 15
H, Cp*(py-Rh site)] ppm. *C NMR (100 MHz, CDsOD): 6 = 154.6,
147.5, 128.1, 99.9 (d, Jcg = 8 Hz), 96.0 (d, Jegn = 9 Hz), 45.1, 39.0,
36.2, 9.3 (CH5), 9.1 (CH5) ppm. '3C NMR (100 MHz, CDCl): 6 = 153.6,
1452, 126.6, 99.1 (d, "Jegn = 8 Hz), 94.0 (d, Jegn = 9 Hz), 44.4, 38.5,
35.3, 9.6, 9.1 ppm. ESI-MS (MeOH): m/z = 751.06 {z1, [(Cp*RhCl)-
(4-NSpy)(Cp*RhCl,)]* (calcd. 751.02)}, 580.91 [z1, (Cp*,Rh,Cls)*
(calcd. 580.95)], 576.93 {z1, [Cp*,Rh,Cl,(OMe)]* (calcd. 577.00)3,
573.00 {z1, [Cp*,Rh,CI(OMe),]* (calcd. 573.06)}, 441.01 {z1,
[Cp*RhCI(4-NSpy)l* (calcd. 441.06)}.

[(Cp*IrCl)(Cp*IrCl,)(4-NSpy)ICI (8b): From 1b by a procedure simi-
lar to that for 8a, using [Cp*IrCl,], (100 mg, 0.13 mmol) and 1b
(22 mmg, 0.13 mmol): red crystals of 8b-0.5CH,Cl, (73 %, 89 mg)
were isolated. From 7b by a procedure similar to that for 8a, using
[Cp*IrCl5]5 (21 mg, 0.026 mmol) and 7b (30 mmg, 0.53 mmol): red
crystals  of 8b:0.5CH,Cl, (72%, 37 mg) were isolated.
Cug.5H43ClsIrN,S (8b-0.5CH,Cl,, 1007.42): caled. C 33.98, H 4.30, N
2.78, S 3.18; found C 33.70, H 4.43, N 2.92, S 3.03. IR (KBr): ¥ = 3574
(s), 3043 (s), 2973 (m), 2918 (m), 1612 (s), 1582 (m), 1455 (m),
1427 (s), 1388 (m), 1031 (m), 860 (m) cm™". UV/Vis (MeOH): Ay (&,
Lmol~" cm™) = 285 (17378), 334 (9834) nm. 'H NMR (400 MHz,
CD;0D): 6 =8.87 (d, J =7 Hz, 2 H), 7.67 (d, J = 6 Hz, 2 H), 5.68 (br.,
1 H), 5.54 (br, 1 H), 4.02 (d, J = 11 Hz, 1 H), 3.04-2.92 (m, 2 H), 2.58
(dt, J=13,J=5Hz 1H), 1.60 [s, 15 H, Cp*(SN-Ir site)], 1.53 [s, 15
H, Cp*(py-Ir site)] ppm. 'H NMR (400 MHz, CDCl3): 6 = 8.93 (d, J =
5 Hz, 2 H), 8.04 (br,, 1 H), 7.54 (d, J = 6 Hz, 2 H), 4.87 (d, 2J = 10 Hz,
1 H), 3.70 (d, 2 = 10 Hz, 1 H), 3.54 (br,, 1 H), 3.37 (br, 1 H), 2.83-
2.71 (m, 2 H), 1.67 [s, 15 H, Cp*(SN-Ir site)], 1.55 [s, 15 H, Cp*(py-Ir
site)] ppm. *C NMR (100 MHz, CD;0D): 6 = 154.7, 147.2, 128.4,92.7,
87.4, 46.2, 40.4, 34.3, 8.9, 8.8 ppm. "*C NMR (100 MHz, CDCl): 6 =
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153.5, 144.8, 126.7, 92.1, 85.8, 45.1, 40.0, 33.4, 9.2, 8.8 ppm. ESI-MS
(in CH3OH): m/z = 929.05 {z1, [(Cp*IrCl)(4-NSpy)(Cp*IrCl,)]I* (calcd.
929.14)}, 747.13 {z1, [Cp*,Rh, (OMe)s]* (calcd. 747.21)}, 531.06 {z1,
[(Cp*IrCl)(4-NSpy)]* (calcd. 531.12)}.

[(Cp*RhCI)(Cp*IrCl,)(4-NSpy)ICl (8c): To a solution of 7a (30 mg,
0.063 mmol) in MeOH (5 mL) was added [Cp*IrCl,], (25 mg,
0.031T mmol) in CH,Cl, (5 mL) at =78 °C, and the resulting solution
was stirred at -78 °C for 5 h. The solvent was removed under re-
duced pressure to dryness, and the residue was extracted with
MeOH to which Et,0 was carefully added. This mixture was allowed
to stand in the refrigerator to afford red crystals of 8c:CH,Cl, (71 %,
42 mg). CooH44ClgIN,RNS (8¢-CH,Cl,, 960.58): calcd. C 36.26, H 4.62,
N 2.92, S 3.34; found C 36.61, H 4.80, N 3.01, S 3.38. IR (KBr): ¥ =
3417 (m), 3066 (m), 2966 (m), 2920 (m), 1614 (m), 1454 (m), 1427
(m), 1380 (m), 1261 (w), 1028 (m) cm~'. UV/Vis (MeOH): Aax (&,
L mol~' ecm™) = 277 (14000), 368 (5300) nm. '"H NMR (400 MHz,
CD50D): 6 = 8.88 (d, 3J = 6 Hz, 2 H), 7.67 (d, 3J = 6 Hz, 2 H), 4.69
(br, 1 H), 467 (d,2J =11 Hz, 1 H), 4.06 (d, 2J = 11 Hz, 1 H), 3.13 (br,,
1 H), 3.01-2.89 (m, 2 H), 2.66 (dt, 2J = 13,3/ =4 Hz, 1 H), 1.59 [s, 17
H, Cp*(SN-Rh site)], 1.54 [s, 15 H, Cp*(py-Ir site)] ppm. '3C NMR
(100 MHz, CD30D): 6 = 154.7, 147.5, 128.4 (d, 2Jcgp = 5 Hz), 99.9 (d,
Yern = 8 Hz), 87.4, 453, 39.0, 36.1, 9.3, 8.8 ppm. ESI-MS (in MeOH):
m/z = 83897 {z1, [(Cp*RhCI)(4-NSpy)(Cp*IrCl,)]* (calcd. 839.08)},
74713 {z1, [Cp*,Rh, (OMe);]* (calcd. 747.21)}, 441.00 {z1,
[Cp*RhCI(4-NSpy)]* (calcd. 441.06)}.

[(Cp*IrCl)(Cp*RhCl;)(4-NSpy)ICI (8d): To a solution of 7b (30 mg,
0.063 mmol) in MeOH (5 mL) was added [Cp*RhCl,], (17 mg,
0.027 mmol) in CH,Cl, (5 mL), and the resulting solution was stirred
at room temp. for 5 h. The solvent was removed under reduced
pressure to dryness, and the residue was extracted with MeOH, to
which Et,O was carefully added. This mixture was allowed to stand
in the refrigerator to afford red crystals of 8d (90 %, 42 mg).
CugHasClaIrN,RAS (875.65): caled. C 3841, H 4.83, N 3.20, S 3.66;
found C 38.29, H 4.74, N 3.24, S 3.50. IR (KBr): ¥ = 3460 (m), 3053
(s), 2968 (s), 2916 (m), 1608 (m), 1452 (m), 1425 (s), 1028 (m), 849
(w) ecm™". UV/Vis (MeOH): Amax (¢, L mol™" cm™") = 247 (20000), 334
(2900), 395 (2700) nm. 'H NMR (400 MHz, CD;0D): 6 = 8.87 (d, 3J =
5Hz 2 H), 7.68 (d, 3J = 7 Hz, 2 H), 5.65 (br,, 1 H), 5.56 (br., 1 H), 4.84
(d, 2J =12 Hz, 1 H), 3.98 (d, 2/ = 11 Hz, 1 H), 3.01-2.91 (m, 3 H),
2.58 (dt, 2 = 13, 3) = 4 Hz, 1 H), 1.60 (s, 15 H, Cp*), 1.58 (s, 15 H,
Cp*) ppm. "3C NMR (100 MHz, CDs0D): 6 = 154.6, 147.2, 128.2, 96.0
(d, Yern = 9 Hz), 92.7, 46.1, 40.4, 344, 9.1, 8.9 ppm. ESI-MS (in
MeOH): m/z = 839.06 {z1, [(Cp*IrCl)(4-NSpy)(Cp*RhCl,)]* (calcd.
839.08)}, 580.91 [z1, (Cp*,Rh,Cls)* (calcd. 580.95)], 576.93 {z1,
[Cp*,Rh,Cl,(OMe)]* (calcd. 577.00)}, 572.96 {z1, [Cp*,Rh,CI(OMe),]*
(calcd. 573.06)}, 531.06 {z1, [(Cp*IrCl)(4-NSpy)]* (calcd. 531.12)}.

[(Cp*RhCI)(NSph)ICI (9a): To a solution of [Cp*RhCl,], (100 mg,
0.16 mmol) in CH,Cl, (10 mL) was added 4 (54 mg, 0.32 mmol).
After the resulting mixture was stirred at room temp. overnight,
hexane was carefully added. This mixture was allowed to stand in
the refrigerator to afford orange crystals of 9a (91 %, 141 mg).
C;oH25CILNRRS (476.31): calcd. C 47.91, H 593, N 2.94; found C
47.71, H 5.56, N 2.99. IR (KBr): ¥ = 3049 (br), 2958 (s), 1589 (s), 1493
(s), 1454 (s), 1377 (m), 1163 (m), 1030 (s), 995 (m), 764 (m), 706
(s) cm™'. UV/Vis (MeOH): Amax (¢, Lmol™" cm™") = 372 (2260), 279
(4050), 247 (12300) nm. "H NMR (400 MHz, CD;0D): 6 = 7.57 (dd,
3)=8,%)=2Hz 2 H), 740-7.33 (m, 3 H), 463 (d, 2J = 11 Hz, 1 H),
3.92 (dd, 2J = 11, *J = 2 Hz, 1 H), 3.08-2.87 (m, 3 H), 2.62 (dt, 2J =
13,% = 4 Hz, 1 H), 1.58 (s, 15 H) ppm. "H NMR (400 MHz, CDCls):
0 =748 (dd,3)=8,% =2Hz 2 H), 7.33-7.26 (m, 3 H), 457 (d, 2J =
11 Hz, 1 H), 3.67 (dd, 2J = 11, 4 = 2 Hz, 1 H), 3.38-3.27 (m, 2 H),
2.89-2.81 (m, 1 H), 2.60 (d, 2J = 15 Hz, 1 H), 1.64 (s, 15 H) ppm. 13C
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NMR (100 MHz, CD50D): 6 = 135.2, 131.7, 129.7, 129.4, 99.5 (d,
Jern = 8 Hz), 45.6, 38.5, 38.3, 9.0 ppm. '3C NMR (100 MHz, CDCl,):
0 =133.2,130.5, 128.6, 128.4, 98.4 (d, "Jcrn = 8 Hz), 44.6, 37.7, 37.6,
9.4 ppm. ESI-MS (in CH;OH): m/z = 440.11 {z1, [Cp*RhCI(NSph)]*
(calcd. 440.05)}.

[(Cp*IrCl)(NSph)ICI (9b): By a procedure similar to that for 9a, us-
ing [Cp*IrCl,]1, (100 mg, 0.13 mmol) and 4 (84 mmg, 0.50 mmol),
red crystals of 9b (81 %, 116 mg) were isolated. C;oH,5Cl,IrNS
(565.62): calcd. C 40.35, H 4.99, N 2.48, S 5.46; found C 39.97, H 5.02,
N 2.51, S 5.46. IR (KBr): ¥ = 3033 (m), 2962 (s), 1589 (m), 1456 (s),
1324 (m), 1178 (m), 1038 (m), 860 (m), 760 (m), 704 (s) cm~". UV/Vis
(MeOH): Aax (&, L mol™" cm™") = 293 (2280), 340 (1040) nm. 'H NMR
(400 MHz, CD50D): 6 = 7.55 (dd, 3J = 8, %) = 2 Hz, 2 H), 7.39-7.32
(m, 3 H),5.56 (br, 1 H),4.81(d,2)=11Hz, 1H),3.86(d,%/=11Hz
1 H), 3.02-2.95 (m, 2 H), 2.86 (dd, 2J = 14, *J = 3 Hz, 1 H), 2.55 (dt,
2)=13,3)=6Hz 1H), 159 (s, 15 H, Cp*) ppm. "H NMR (400 MHz,
CDCls): 6 = 7.46 (dd, 3J = 8,4 = 2 Hz, 2 H), 7.34-7.28 (m, 3 H), 4.72
(d, 2/ =11Hz, 1 H),3.64 (d, ) =11 Hz, 1 H), 3.52 (br), 3.35 (br), 3.22
(dt, 2J =13, %) = 4 Hz, 1 H), 2.93-2.84 (m, 1 H), 2.55 (d, 2J = 12 Hz,
1 H), 1.90 (br), 1.67 (s, 15 H) ppm. '3C NMR (100 MHz, CD;0D): ¢ =
135.0, 131.7, 129.6, 129.3, 92.1, 46.6, 39.5, 36.8, 8.6 ppm. '3C NMR
(100 MHz, CDCl5): 6 = 132.9, 130.5, 128.6, 128.4, 91.3, 45.4, 38.9,
36.2, 9.0 ppm. ESI-MS (in CH3;0H): m/z = 530.19 {z1, [Cp*IrCI(NSph)]*
(calcd. 530.13)}

[(Cp*RhCl)(4-Mepy)ICI (10a): To a solution of [Cp*RhCl,], (50 mg,
0.081 mmol) in CH,Cl, (5 mL) was added 4-methylpyridine (15 mg,
0.16 mmol). After the resulting mixture was stirred at room temp.
for 2 d, Et,O was carefully added. This mixture was allowed to stand
in the refrigerator to afford orange crystals of 10a (91 %, 141 mg).
C16H5Cl,NRB (402.16): caled. C 47.78, H 5.51, N 3.48; found C 47.62,
H 5.45, N 3.46. IR (KBr): ¥ = 3431 (br), 3032 (w), 2963 (w), 2919 (w),
1617 (s), 1441 (s), 1375 (m), 1214 (s), 1029 (m), 814 (s) cm™". UV/Vis
(CH,CLy): Amax (6, L mol™" cm™") = 405 (2900) nm. "H NMR (400 MHz,
CDCls): 6 =8.79 (d, J =5Hz, 2 H), 715 (d, J = 6 Hz, 2 H), 2.39 (s, 3
H, CH5), 1.56 (s, 15 H, Cp*CH5;) ppm. ">3C NMR (100 MHz, CDCls): 6 =
152.6, 149.6, 126.1, 93.8 (d, Jcpn = 9 Hz), 21.1, 9.0 ppm.

[(Cp*RhCl)(4-Mepy)ICl (10b): By a procedure similar to that for
10a, using [Cp*IrCl,], (50 mg, 0.63 mmol) and 4-methylpyridine
(12 mg, 0.13 mmol), red crystals of 10b (62 %, 38 mg) were isolated.
Cr6H5CloIrN (491.48): caled. C 39.10, H 4.51, N 2.85; found C 38.93,
H 4.31, N 2.83. IR (KBr): ¥ = 3441 (br), 3036 (w), 2964 (w), 2920 (w),
1618 (s), 1443 (s), 1381 (m), 1214 (s), 1028 (m), 816 (s) cm™". UV/Vis
(CH,CL): Amax (6, Lmol™' em™) = 267 (5400), 322 (3100), 427
(300) nm. "H NMR (400 MHz, CDCl3): 6 = 8.76 (d, J = 6 Hz, 2 H), 7.12
(d, J=6Hz, 2 H),2.42 (5,3 H), 1.51 (s, 15 H) ppm. *C NMR (100 MHz,
CDCl3): 6 = 152.5, 149.6, 126.2, 85.5, 21.0, 8.7 ppm.

X-ray Crystallography: Crystals 5a, 6a, 6b, 7a, 7b, 8a-d, 9a, 9b,
10a, 10b were quickly coated with Paratone N oil and mounted
onto the top of a loop fiber at room temperature. Crystal and exper-
imental data are summarized in Tables S1-54 (Supporting Informa-
tion). All data were collected at low temperature with a Rigaku
VariMax Mo/Saturn CCD diffractometer equipped with graphite-
monochromated confocal Mo-K,, radiation using a rotating-anode
X-ray generator RA-Micro7 (50 kV, 24 mA: 7a, 8a, 8b, 8b, 8¢, 9a, 9b,
10a, 10b) and a Rigaku AFC8R/Mercury CCD diffractometer
equipped with graphite-monochromated Mo-K,, radiation using a
rotating-anode X-ray generator (44 kV, 200 mA: 5a; 50 kV, 180 mA:
6a, 8a; 50 kV, 190 mA: 6b, 7b, 8d). A total of 720 (7a, 8b, 8¢, 9a)
and 2160 (5a, 6a, 6b, 7b, 8a, 8d) oscillation images, covering a
whole sphere of 6° < 20 < 55° were corrected by the w-scan method
[-62° < w < 118° (5a, 6a, 6b, 7b, 8a, 8d), -70° < w < 110° (7a, 8b,
8¢, 9a, 9b, 10a, 10b)] with Aw of 0.25° (5a, 6a, 6b, 7b, 8a, 8d) and
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0.5° (7a, 8b, 8¢, 9a, 9b, 10a, 10b). The crystal-to-detector distance
was set at 45 (7a, 8b, 8¢, 9a, 9b, 10a, 10b), 60 (5a, 6a, 6b, 7b, 8a,
8d) mm. The data were processed using the Crystal Clear 1.3.5 pro-
gram (Rigaku/MSQ)!" and corrected for Lorentz-polarization and
absorption effects.['! The structures of complexes were solved by
SHELXL-971"°! (4a, 6a, 6b, 7a) and SIR-92'"1 (7b, 8a, 8b, 8¢, 8d, 9a,
9b, 10a, 10b) and were refined on F? with full-matrix least-squares
techniques with SHELXL-2014/71"% using Crystal Structure 4.2 pack-
age.l'® All non-hydrogen atoms were refined with anisotropic ther-
mal parameters and the C-H hydrogen atoms were calculated at
ideal positions and refined with riding models. All calculations were
carried out on a Pentium PC with Crystal Structure 4.2 package.['®]
In the crystals of 5a, 6a, and 6b solvated molecules were found to
be severely disordered and the dispersed electron density in the
voids were removed by SQUEEZE (PLATON)!"! to improve the main
part of structures.

CCDC 1485628 (for 5a), 1485629 (for 6a), 1485630 (for 6b), 1485631
(for 7a), 1485632 (for 7b), 1485633 (for 8a), 1485634 (for 8b),
1485635 (for 8c), 1485636 (for 8d), 1485637 (for 9a), 1485638 (for
9b), 1485639 (for 10a), and 1485640 (for 10b) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.

Supporting Information (see footnote on the first page of this
article): Tables, figures, and CIF files giving the structural parameters
for compounds 5-10, ORTEP diagrams of 6b, 7b, 8c,b,d, 9a,b, and
10a,b as well as "H NMR spectra of 5a,b, and 8a-d, and ESI-MS of
5-9.
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