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ABSTRACT: Diastereoselective lithiation of (S)-2-ferrocenyl-4-(1-methylethyl)oxazoline followed by addition of HgCl: re-
sulted in the formation by transmetallation of an (S,Sp)-configured mercury substituted complex. Addition to this of [Cp*IrCl:]2
and tetrabutylammonium chloride resulted in a second transmetallation reaction and formation of an (S,Sp,Rir)-configured
chloride-substituted half-sandwich iridacycle as exclusively a single diastereoisomer. By reversing the lithiation diastereose-
lectivity by use of a deuterium blocking group an alternative (S,Rp,Sir)-configured iridacycle was synthesised similarly. Use of
(R)-Ugi’s amine as substrate in the lithiation/double transmetallation sequence gave a (R,Sp,Sir)-configured half-sandwich
iridacycle, complexes of this type being previously unavailable by direct cycloiridation. Lithium to gold transmetallation was
also demonstrated with the synthesis of an (S,5p)-configured Au(l) ferrocenyloxazoline derivative. Use of the (S,Rp,Sir)-irida-
cycle as a catalyst for the formation of a chiral product by reductive amination with azeotropic HCO2H/NEts resulted in a

racemate.

INTRODUCTION

Metallacycles derived from late transition metals have
been studied extensively as catalysts and pre-catalysts for
use in synthesis.! Much of this work has focused on non-ra-
cemic metallacycles displaying planar chirality,? including
examples that have found application in asymmetric cataly-
sis.? The element of planar chirality is typically generated
with relative ease by diastereoselecive ortho-C-H activation
mediated by a chiral auxiliary attached to a suitable sub-
strate, such as ferrocene (Scheme 1 - (a)).# Transmetallation
has also been used for the synthesis of metallacycles,’ this
providing an alternative approach where direct access by C-
H activation is not possible. However, the use of transmetal-
lation for the synthesis of planar chiral metallacycles is rare
(Scheme 1 - (b)).6

Scheme 1. General approaches to the synthesis of pla-
nar chiral ferrocene-based metallacycles.
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We recently reported the synthesis of planar-chiral irida-
cycles by diastereoselective C-H activation of ferrocenylox-
azolines.” In addition to a new element of planar chirality,

this also results in an iridium-based stereogenic center, the
configuration of the former controlling the configuration of
the latter as exemplified by the formation of (S,Sp,S1r)-2
from (S)-1 (Scheme 2). This methodology was subsequently
extended to planar-chiral iridacycles containing a bulky co-
balt-based sandwich complex.? Although successful, C-H ac-
tivation in this way does limit the structure of the iridacycle
with respect to relative stereochemistry of the product, and
the identity of the auxiliary employed. Therefore, as a po-
tentially more versatile approach, transmetallation was in-
vestigated for the synthesis of planar-chiral iridacycles. The
results of this investigation are reported in this Article.

Scheme 2. Diastereoselective cycloiridation of ferro-
cenyloxazoline (S5)-1.7
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RESULTS AND DISCUSSION

Transmetallation typically involves the transfer of an alkyl
or aryl group from an electropositive metal to a metal with
an electronegativity closer to the value for carbon. Simulta-
neous formation of a more polar by-product, typically a hal-
ide salt, from the electropositive metal provides the driving
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force for the reaction.? Use of lithium as the electropositive
metal is attractive given the ubiquity of lithiation as a
method of C-H activation, albeit that the use of organolithi-
ums in this way may alternatively result in reduction of the
transmetallation partner.!® As conditions have been re-
ported for the highly diastereoselective lithiation of ferro-
cenyloxazoline (S)-1,!! this reaction was repeated followed
by the addition of [Cp*IrClz]z in an attempted transmetalla-
tion reaction No iridacycle was observed and the starting
material (§)-1 was recovered from the reaction. In contrast,
diastereoselective lithiation followed by the addition of
HgCl: did lead to transmetallation and isolation of mercury
substituted ferrocenyl oxazoline (S,5p)-3 (Scheme 3). The
structure of this complex was confirmed by an X-ray crys-
tallographic analysis (Figure 1). A small quantity of a second
product was also isolated (16% yield) resulting from double
transmetallation of HgCl2 with two equivalents of lithiated
ferrocenyl oxazoline (see supporting information).

Scheme 3. Diastereoselective lithiation of (5)-1 and
transmetallation with HgCl>.
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Figure 1. A representation of the X-ray structure of (S,5p)-3
(hydrogen atoms omitted for clarity). Principal bond lengths
[A] include: Hg(1)-C(1) = 2.032(6), Hg(1)-N(1) = 2.948(6),
Hg(1)-Cl(1) = 2.295(2). Principal bond angles [°] include: N(1)-
Hg(1)-C(1) = 71.63(2), Cl(1)-Hg(1)-C(1) = 178.1(2), CI(1)-
Hg(1)-N(1) = 108.23(11). Thermal ellipsoids are drawn at the
50% probability level. Flack parameter = -0.014(4).

Scheme 4. Mercuration of (S)-1 by direct C-H activation.
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Direct cyclomercuration of (S)-1 was investigated with
Hg(OAc): followed by acetate/chloride ligand exchange, or
by the use of HgClz in the presence of excess NaOAc (Scheme
4). Both reactions resulted in mercury substituted com-
plexes albeit with no, or very low, diastereoselectivity. Use
of cesium pivalate in place of sodium acetate resulted ina 1
: 1 ratio of diastereoisomers. The formation of both diaster-
eoisomers by C-H activation was used to confirm, using 'H
NMR spectroscopy, the absence of (S,R,)-4 in the product of
the lithiation/transmetallation procedure. For this, the for-
mation of only (§,5p)-3 confirms that transmetallation re-
sults in no erosion of diastereoselectivity following highly
selective lithiation.

Scheme 5. Synthesis of iridacycles by transmetallation
of (5,5p)-3.
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Addition of [Cp*IrClz]2 to (S,Sp)-3 with either dichloro-
methane or acetone as solvent resulted only in the recovery
of starting material (S,Sp)-3. However, when tetrabu-
tylammonium chloride (TBAC) was included, the reaction in
acetone resulted in clean transmetallation (Scheme 5). The
broad 'H NMR spectrum of the product matched that of
chloride ligated iridacycle (S,Sp,Rir)-5 synthesized pre-
vioulsy.” The selectivity of iridacycle formation was deter-
mined following addition of KPFs in acetonitrile and isola-
tion of (S,5p,51r)-2. No other diastereoisomers were ob-
served in the sharp 'H NMR spectrum obtained from this
compound. As ligand substitution reactions in these irida-
cycles have previously been shown to be stereospecific, pro-
ceeding with retention of configuration, this outcome con-
firms that only a single diastereoisomer of (S,Sp,Rir)-5 was
formed on transmetallation. The cationic complex (S,Sp,S1r)-
2 may alternatively be formed, again as a single diastereoi-
somer, directly by performing the transmetallation reaction
in acetonitrile in the presence of KPFs. We also investigated
the mercuration of (1°-(S)-2-(4-methylethyl)oxazolinylcy-
clopentadienyl)(n*-tetraphenylcyclobutadiene)cobalt  (a



cobalt sandwich complex analogue of (5)-1), which gave a
2:1 ratio of a-HgCl substituted complexes. Mercury to irid-
ium transmetallation was found to proceed in low yield giv-
ing a 2:1 ratio of iridacycles (see supporting information).

Scheme 6. Synthesis of (S,Rp)-5-d-4 and subsequent
transmetallation to give (S,Rp,S1r)-5-d-6 and (S,Rp,Rir)-5-
d-7.
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Unlike direct cycloiridation, the lithiation-transmetalla-
tion sequence provides (S,Sp,Sir)-2 free of small quantities of
the planar chiral diastereoisomer (S,Rp,Rir)-7, as well as
avoiding the formation of iridocenium cations.!’? We then
chose to selectively synthesize this alternative isomer by
utilizing a deuterium blocking group to reverse the dia-
stereoselectivity of ferrocenyloxazoline lithiation (ku/kp ~
20).13 Accordingly, (S)-1 was first lithiated as before fol-
lowed by the addition of MeOH-d4 to give selectively deuter-
ated (S,Rp)-2-d-1 (Scheme 6). Use of this in a second lithia-
tion reaction with n-BuLi in THF, followed by the addition
of HgCly, resulted predominantly in the formation of (S,Ry)-
5-d-4 (d.r.=10:1). The pure diastereoisomer was obtained
readily by recrystallisation, and the identity confirmed by X-
ray crystallographic analysis (Figure 2). The X-ray struc-
tures of both mercury containing complexes reveal an es-
sentially linear coordination about this metal [C(1)-Hg-Cl =
178.1(2)° in (S,Sp)-3 and 177.1(2)° in (S,Rp)-5-d-4]. In both
structures the nitrogen is oriented towards mercury such
that the distance between this metal and nitrogen [2.948(6)
Ain (5,5,)-3 and 2.927(5) A in (S,Rp)-5-d-4] is less than the
estimated sum of their van der Waals radii (~3.6 A).14 As
such these complexes are designated as mercuracycles, al-
beit with a weak and labile Hg---N bond as determined for
related complexes.!* This is supported by the similarity of
the oxazoline C=N stretch in (S)-1 and (S,5p)-3 (1657 and
1645 cm! respectively).

Figure 2. A representation of the X-ray structure of (S,5p)-5-d-
4 (hydrogen and deuterium atoms omitted for clarity).
Principal bond lengths [A] include: Hg(1)-C(1) = 2.030(6),
Hg(1)-N(1) = 2.927(5), Hg(1)-CI(1) = 2.303(2). Principal bond
angles [°] include: N(1)-Hg(1)-C(1) = 71.7(2), C1(1)-Hg(1)-C(1)
=177.1(2), C1(1)-Hg(1)-N(1) = 107.88(11). Thermal ellipsoids
are drawn at the 50% probability level. Flack parameter = -
0.015(4).

Transmetallation of (S,Rp)-5-d-4 with [Cp*IrClz]z in the
presence of KPF¢ gave iridacycle (S,Rp,Rir)-5-d-7 as a single
diastereoisomer. The identity of this compound was con-
firmed by comparison of its 1H NMR spectrum to that of the
minor diastereoisomer formed on cycloiridation of (5)-1.7
The only difference was the absence of a cyclopentadienyl
proton signal at 4.85 ppm due to the presence of deuterium.
In addition, a NOESY spectrum revealed an NOE between
the Cp and Cp* moieties in support of the Rir configurational
assignment.” Transmetallation of (S,Rp)-5-d-4 with
[Cp*IrClz]z in the presence of TBAC gave the neutral chlo-
ride ligated complex (S,Rp,Sir)-5-d-6. As observed before
with chloride ligated iridacycles, the 'H NMR spectrum of
this compound was very broad, so its identity and stereo-
chemical integrity were confirmed by conversion into
(S,Rp,Rir)-5-d-7.

Scheme 7. Synthesis of planar chiral Au(I) complex
(5.5p)-8.
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An advantage of using mercuracycles as the transmetalla-
tion intermediate in these reactions is the air and water sta-
bility of these complexes, such that they may be purified
readily to give a single diastereoisomer. A disadvantage is
the toxicity of mercury, and this led us to briefly investigate
the use of gold as an alternative metal. Accordingly, dia-
stereoselective lithiation of (S)-1 as before followed by the
addition of CIAuPPhs gave (5,5p)-8, the 'H NMR spectrum of



which displayed three cyclopentadienyl hydrogen signals
for the disubstituted ring at 4.89, 4.42 and 4.23 ppm, in ad-
dition to characteristic signals for a triphenylphosphine lig-
and. A related synthesis of planar chiral Au(I) and Au(lIl)
species derived from ferrocenyloxazoline (S)-1 was re-
ported recently.’> Attempted transmetallation with
[Cp*IrClz]2 was unsuccessful, and outcome that is likely due
to the preference for halogen ligands to be present in both
transmetallation partners.

Ugi’s amine 9 is the most widely used starting material for
the synthesis of planar chiral ferrocene derivatives,¢ but a
previous attempt by us to use this as a substrate for cy-
cloiridation with [Cp*IrClz]2 was unsuccessful.” These reac-
tions led only to the isolation of ferrocene derivatives
formed as a result of a-substitution, a-oxidation or elimina-
tion. Transmetallation was therefore investigated as an al-
ternative approach starting with the synthesis of (R,S,)-10
(Scheme 8).17 This was obtained with a small quantity of the
alternative R,Rp isomer, and the 10: 1 ratio of diastereoiso-
mers obtained is similar to the ratio of diastereoisomers re-
sulting initially from lithiation under the conditions used
(14 : 1).38 Transmetallation of (R,Sp)-10 in the presence of
excess TBAC proceeded to give a new complex that was pu-
rified by recrystallisation. That a new iridacycle had been
formed was supported by its tH NMR spectrum containing
three cyclopentadienyl hydrogen signals for the disubsti-
tuted ring (4.20, 4.12 and 3.76 ppm), and a singlet integrat-
ing to 15 hydrogens for the Cp* group at 1.71 ppm. Confir-
mation of the product as (R,Sp,Sir)-11 was achieved by an X-
ray crystallographic analysis (Figure 3).

Scheme 8. Synthesis of iridacycle (R,Sp,S1r)-11 via mer-
curated complex (R,Sp)-10.
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The relative configuration of the planar and iridium-cen-
tred elements of chirality in (R,Sp,S1r)-11 is different to that
observed previously in related imine and oxazoline contain-
ing ferrocene and cobalt-sandwich based complexes ob-
tained by cycloiridation.”® The chloride ligand of (R,Sp,Si)-
11 is oriented towards rather than away from iron, chang-
ing the configuration of the pseudo-tetrahedral stereogenic
center. A previous study on imine containing iridacycles
similar to 5 revealed little difference in energy between the
(Sp*,Rirr*) and (Sp*,Sir*)-configured diastereoisomers.” The
selective formation of the former on cycloiridation was

ascribed to a stereoelectronic effect dictating facile dissoci-
ative ligand substitution along a trajectory opposite to iron,
such that base assisted concerted metallation deprotona-
tion followed by introduction of a chloride ligand by substi-
tution, resulted in the relative configuration Sy*,Ri*. As dis-
cussed above, transmetallation of lithiated ferrocenyloxa-
zolines with [Cp*IrClz]2 results in the same outcome.

There are a number of ruthenium, iridium and rhodium
half-sandwich Cp*-containing metallacycles derived from
a-methylbenzylamine, and related derivatives, that have
been synthesized using a variety of procedures.! In almost
all of these the cyclopentadienyl moiety is exclusively or
predominantly syn to the a-methyl group such that this
would appear to be the kinetically and thermodynamically
preferred epimer.2° Iridacycle (R,Sp,Sir)-11 also displays this
syn relationship. All attempts at ligand substitution with
(R,Sp,S1r)-11, for example by treating this complex with KPFe
in MeCN, were unsuccessful and resulted in decomposition.
This outcome is compatible with our previous inability to
synthesize this complex by base promoted cycloiridation.”
That transmetallation is successful is a result of this proce-
dure notrequiring the formation of a coordinatively unsatu-
rated, and in this case unstable, intermediate complex. In
light of this successful transmetallation we sought to extend
this chemistry following modification of the dimethylamino
group of (RSp)-10. However, all attempts to replace this
with a methylamino group by a-substitution were unsuc-
cessful (see supporting information).
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Figure 3. A representation of the X-ray structure of (R,Sp,S1)-
11 (hydrogen atoms omitted for clarity). Principal bond
lengths [A] include: Ir(1)-C(1) = 2.039(4), Ir(1)-N(1)
2.220(3),Ir(1)-CI(1) =2.4257(10), Ir(1)-Cp* (centre of mass)
1.822. Principal bond angles [°] include: N(1)-Ir(1)-C(1)
76.90(17), Cl(1)-Ir(1)-C(1) = 93.42(13), CI(1)-Ir(1)-N(1) =
85.82(14), N(1)-Ir(1)-Cp* = 134.05, C(1)-Ir(1)-Cp* = 132.06.
Thermal ellipsoids are drawn at the 50% probability level.
Flack parameter = -0.024(4).



Scheme 9. Synthesis of cobalt sandwich complex based
mercury derivative (R,Sp)-13.
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In an attempt to extend this methodology we also investi-
gated the lithiation and subsequent transmetallation of (R)-
12, a bulky cobalt sandwich complex analogue of Ugi’s
amine (Scheme 9).18 As was found with its ferrocene-based
equivalent, (R)-12 underwent a-substitution, a-oxidation
or elimination on attempted direct cycloiridation (see sup-
porting information). Thus, following highly diastereoselec-
tive lithiation of (R)-12 (>99 : 1),18 addition of excess HgClz
led to the isolation by chromatography of (R,S,)-13 together
with recovered (R)-12. The 'H NMR spectrum of the new
compound displayed a single set of three characteristic cy-
clopentadienyl hydrogen signals at 4.79, 4.64 and 4.27 ppm.
Attempted transmetallation of (RSp)-13 with [Cp*IrClz]2,
under the room temperature conditions used previously, or
on heating at reflux, was unsuccessful and resulted only in
the recovery of starting material (R,Sp)-13. The low reactiv-
ity of bulky cobalt-based sandwich complexes in related
metallation reactions has been noted previously.2!

Scheme 10. Iridacycle catalysed reductive amination.
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In light of the extensive application of half-sandwich irida-
cycles derived from ketimines as catalysts for transfer hy-
drogenation,?2 it was anticipated that the ferrocenyloxazo-
line derived iridacycles of this study could also be applied
to such reactions. In a preliminary investigation, a mixture
of acetophenone and benzylamine underwent reductive
amination when heated with an azeotropic mixture of for-
mic acid and triethylamine in the presence of 1 mol%
(S,Rp,S1r)-5-d-6 (Scheme 10). Following acetylation (see sup-
porting information), the product of this reaction was de-
termined by chiral HPLC to be racemic. On the basis of an
experimental and computational study, the mechanism of
intermediate imine reduction is proposed to proceed by
rate determining iridacycle hydride formation followed by
outer-sphere hydride transfer to the imino bond.?3 In light
of this, it is notable that the use of a related chiral non-race-
mic iridacycle as a catalyst for reductive amination resulted
in a complete absence of stereoinduction.2+

CONCLUSION

Transmetallation is a viable alternative to cycloiridation
as a method for the synthesis of ferrocene-based planar chi-
ral iridacycles. Although lithium to iridium transmetallation
did not prove possible, lithium to mercury followed by mer-
cury to iridium transmetallation reactions were successful.
This process provided access to iridacycles that were previ-
ously unavailable by direct introduction of iridium by C-H
activation. In the first example, the reversal of ferrocenylox-
azoline lithiation diastereoselectivity by use of a deuterium
blocking group led to the exclusive synthesis of the minor
diastereoisomer generated previously by cycloiridation. In
the second example, the transmetallation approach gave ac-
cess to aniridacycle derived from Ugi's amine; whereas pre-
viously attempted cycloiridation had resulted in substrate
degradation. The intermediate mercuracycles generated in
this study are air and water stable, and may be purified to
remove any minor diastereoisomer arising from incomplete
selectivity on substrate lithiation. Gold was investigated as
an alternative to mercury, transmetallation providing ac-
cess to a planar chiral Au(l) species. A preliminary investi-
gation into the use of an enantiomerically and diastereo-
merically pure iridacycle as a catalyst for reductive amina-
tion resulted in the formation of a racemic product.

EXPERIMENTAL SECTION

General remarks. Caution! All organomercurials are highly toxic.
Extreme care is necessary when handling all products and their so-
lutions. Diethyl ether and THF were distilled over sodium and ben-
zophenone ketyl. Acetonitrile and dichloromethane were dried by
distillation from calcium hydride. Methanol was dried over 4 A mo-
lecular sieves. All cycloiridation reactions and reactions involving
the use of dry solvents were carried out under an inert atmosphere
of either nitrogen or argon. Silica gel (60 A pore size, 40 - 63 pm
technical grade) and neutral aluminum oxide (Brockmann I, 50 -
200 pm) were used for chromatography.

Synthesis of (5,5p)-3. (S)-125 (0.15 g, 0.51 mmol) was added to a
flame dried Schlenk tube under an atmosphere of argon and dis-
solved in dry diethyl ether (6 mL). TMEDA (0.10 mL, 0.66 mmol)
was added and the subsequent orange solution was cooled to -78
°C and stirred for 5 minutes after which sec-butyllithium (1.4 M in
hexanes) (0.47 mL, 0.66 mmol) was added slowly. In a separate
Schlenk tube mercury(II) chloride (0.2741 g, 1.01 mmol) was dried
by heating under high vacuum and allowed to cool. After the reac-
tion had stirred for 2 hours the mixture was warmed to 0 °C and a
partial suspension of mercury(Il) chloride was added (using dry
diethyl ether (6 mL)) to the reaction mixture and stirred for 10
minutes. The reaction was allowed to warm to room temperature,
and after an additional 30 minutes, was quenched with saturated
sodium hydrogen carbonate solution. The organics were separated
with H20, washed with brine, dried over MgSO4 and upon removal
of the solvent in vacuo gave a crude product. Column chromatog-
raphy (SiOz, 10% EtOAc/hexane) yielded a yellow solid as a single
diastereoisomer (0.1748 g, 65%). Rt 0.51 (10 % EtOAc in hexane).
Mp: 149 - 152 °C. [a]p?25°C = -312 (¢ 0.2, CHCI3). IR (film): 3093,
2957, 2924, 2869, 1645 (CN). 'H NMR (500 MHz, CDCls): 4.84 (1H,
dd, 3/un = 2.6, 4/un = 1.1 Hz, CpH), 4.52 (1H, apt, 3+3/un = 2.4 Hz, CpH),
4.45 (1H, dd, 2Jun = 9.6, 3Jun = 8.4 Hz, CHH), 4.31 (1H, dd, 3/un = 2.4,
4Jun = 1.1 Hz, CpH), 4.21 (5H, s, CpH), 4.14 (1H, apt, 2*3Jun = 8.2 Hz,
CHH), 3.90 - 3.85 (1H, m, CH), 1.76 - 1.71 (1H, m, CH), 1.06 (3H, d,
3Jun = 6.7 Hz, CHs), 1.02 (3H, d, 3/un = 6.7 Hz, CH3). 13C NMR (125
MHz, CDCl3): 168.6 (€=N), 85.8 (CpCC), 75.5 (CpCH), 74.5 (CpCHg),
73.0 (CpCH), 72.0 (CHz2), 71.8 (CH), 70.2 (CsHs), 70.1 (CpCH), 33.0
(CH), 19.2 (CHs), 18.8 (CHs). High resolution MS (m/z, APCI*):



found for [M+H]* = 534.0189, calcd for CicHisClIFeHgNO+H*
534.0199.

Synthesis of (S,Sp,Rir)-5. (5,5)-3 (0.033 g, 0.06 mmol), (pentame-
thylcyclopentadienyl)iridium(III) chloride dimer (0.025 g, 0.03
mmol) and tetrabutylammonium chloride (0.087 g, 0.31 mmol)
were added to a flame dried Schlenk tube under an inert atmos-
phere. Acetone (2 mL) was added and the resulting red solution
was allowed to stir at room temperature overnight. The reaction
mixture was filtered through Celite™ using dichloromethane as the
eluent and the solvent removed in vacuo. Excess tetrabutylammo-
nium chloride was removed by re-dissolving the orange residue in
hexane and separating with brine (4 x 50 mL). The organics were
dried by filtering through a glass wool pad loaded with magnesium
sulfate and removing the solvent in vacuo to give a tacky orange
solid (0.03 g, 74 %). Data as previously reported.”

Synthesis of (S,Sp,S1r)-2. (5,5p)-3 (0.033 g, 0.06 mmol), (pentame-
thylcyclopentadienyl)iridium(III) chloride dimer (0.025 g, 0.03
mmol) and potassium hexafluorophosphate (0.047 g, 0.25 mmol)
were added to a flame dried Schlenk tube under an inert atmos-
phere. Acetonitrile (3 mL) was added and the resulting red solution
was allowed to stir at room temperature overnight. The reaction
mixture was washed with hexane until the hexane layer became
colorless. The solvent from the acetonitrile layer was reduced in
vacuo. Purification was achieved by filtering through a 30 cm pad
of neutral alumina, using acetonitrile as the eluent, and collecting
the first bright orange fractions (subsequent pale yellow fractions
contained starting material and decomposition products). Re-
moval of the solvent in vacuo yielded the desired product as an
amorphous air sensitive orange solid (0.02 g, 34 %). Data as previ-
ously reported.”

Synthesis of (S,Rp)-5-d-4. (S)-2-d-113 (0.260 g, 0.87 mmol) was
added to a flame dried Schlenk tube under an atmosphere of argon
and dissolved in dry tetrahydrofuran (2 mL). The subsequent or-
ange solution was cooled to -78 °C and stirred for 5 minutes after
which n-butyllithium (2.5 M in hexanes) (0.45 mL, 1.13 mmol) was
added slowly. In a separate Schlenk tube mercury(Il) chloride
(0.355 g, 1.32 mmol) was dried by heating under high vacuum and
allowed to cool. After the reaction had stirred for 2 hours the mix-
ture was warmed to 0 °C and a partial suspension of mercury(II)
chloride was added (using dry THF (2 mL)) to the reaction mixture
and stirred for 10 minutes. The reaction was allowed to warm to
room temperature, and after an additional 20 minutes was diluted
with diethyl ether and then quenched with saturated sodium hy-
drogen carbonate. The organics were separated with water,
washed with brine, dried over magnesium sulfate and upon re-
moval of the solvent in vacuo gave a crude product (14:1 mixture
of diastereoisomers). Column chromatography (SiOz, 10 %
EtOAc/hexane) yielded an orange solid that was recrystallized
from diethyl ether and hexane giving the product a single diaster-
eoisomer (0.206 g, 44 %, 99 % D-incorp.). Rr 0.54 (20 %
EtOAc/hexane). Mp: 129 °C. [a]p?25°C = +222 (¢ 0.9, CHCI3). IR
(film): 3090, 2958, 2898, 2871, 1640 (CN). 'H NMR (500 MHz,
CDCl3): 4.53 (1H, brs, CpH), 4.46 (1H, apt, 2+3/us = 8.6 Hz, CHH), 4.30
(1H, brs, CpH), 4.22 (5H, s, CpH), 4.03 (1H, apt, 2*3Jun = 7.7 Hz, CHH),
3.91 - 3.81 (1H, m, CH), 1.71 - 1.62 (1H, m, CH), 1.01 (3H, d, 3/un =
6.5 Hz, CHs), 0.92 (3H, d, 3/un = 6.5 Hz, CHs). 13C NMR (125 MHz,
CDCl3): 168.5 (C=N), 86.4 (CpCC), 75.5 (CpC), 74.2 (CpCHg), 72.9
(CpCH), 72.3 (CHz & CH), 70.2 (CsHs), 33.3 (CH), 19.1 (2CHs). High
resolution MS (m/z, ASAP*): found for [M+H]* = 535.0276, calcd for
C16H17DCIFeHgNO+H* 535.0267.

Synthesis of (S,Rp,S1r)-5-d-6. (S,Rp)-5-d-4 (0.0425 g, 0.085 mmol),
(pentamethylcyclopentadienyl)iridium (I1I) chloride dimer
(0.0336 g, 0.042 mmol) and tetrabutylammonium chloride (0.1174
g, 0.422 mmol) were added to a flame dried Schlenk tube under an
inert atmosphere. Acetone (3 mL) was added and the resulting red
solution was allowed to stir at room temperature overnight. The
reaction mixture was filtered through Celite™ using dichloro-
methane as the eluent and the solvent removed in vacuo. Excess
tetrabutylammonium chloride was removed by re-dissolving the

orange residue in hexane (a small amount of acetone was added to
aid dissolution) and separating with brine (4 x 50 mL). The organ-
ics were dried by filtering through a glass wool pad loaded with
magnesium sulfate and removing the solvent in vacuo to give an
orange solid (0.05 g, 90 %). Mp: 165 - 167 °C. [a]p?!5C = +778 (c
0.20, CHCI3). IR (film): 2953, 2923, 2853, 1607. High resolution MS
(m/z, NSI*): found for [M-Cl]* = 625.1599, calcd for Cz26H32FelrNO*
625.1599.

Synthesis of (S,Rp,Rir)-5-d-7. (S,Rp)-5-d-4 (0.034 g, 0.06 mmol),
(pentamethylcyclopentadienyl)iridium(III) chloride dimer (0.025
g, 0.03 mmol) and potassium hexafluorophosphate (0.047 g, 0.25
mmol) were added to a flame dried Schlenk tube under an inert
atmosphere. Acetonitrile (5 mL) was added and the resulting red
solution was allowed to stir at room temperature overnight. The
reaction mixture was separated with hexane until the hexane layer
became colorless. The acetonitrile layer was reduced in vacuo. Pu-
rification was achieved by filtering through a 30 cm pad of neutral
alumina, using acetonitrile as the eluent, and collecting the first
bright orange fractions. Removal of the solvent in vacuo yielded the
desired product as an amorphous air sensitive orange solid (0.028
g,54 %). [a]p?57°C = +665 (¢ 1.89, MeCN).'H NMR (500 MHz, MeCN-
d3):4.82-4.75 (2H, m, CHH + CHH), 4.54 (1H, d, 3/un = 1.5 Hz, CpH),
4.46 (1H, d, 3Jus = 2.0 Hz, CpH), 4.12 (5H, s, CpH), 4.10 (1H, ddd,
3Jun = 8.9, 3Jun = 4.9, 3Jun = 2.4 Hz, CH), 1.91 (15H, s, Cs(CH3)s), 1.89
- 1.87 (1H, m, CH), 0.98 (3H, d, 3/un = 7.2 Hz, CH3), 0.68 (3H, d, 3/un
= 6.7 Hz, CH3). 13C NMR (125 MHz, MeCN-d3): 183.7 (C=N), 91.4
(Cs(CHs3)s), 90.4 (CpClr), 74.4 (CpCC), 74.0 (CpCH), 73.7 (CHz), 72.6
(CpCH), 70.7 (CsHs), 67.5 (CH), 65.9 (CpCD), 30.1 (CH), 19.3 (CH3),
14.5 (CHs), 9.9 (Cs(CHs)s). High resolution MS (m/z, NSI*): found
for [M-(PFs + MeCN)]* = 625.1586, calcd for CzsHs2DFelrNO*
625.1599.

Conversion of (S,Rp,Sir)-5-d-6 into (S,Rp,Rir)-5-d-7. (S,Rp,Sr)-5-d-
6 (0.0170 g, 0.026 mmol) and potassium hexafluorophosphate
(0.0048 g, 0.026 mmol) were added to a flame dried Schlenk tube
under an inert atmosphere. After dissolving in dry acetonitrile the
reaction mixture was stirred for 2 h at room temperature. The re-
action mixture was washed with hexane until the hexane layer be-
came colorless. The acetonitrile layer was reduced in vacuo. Purifi-
cation was achieved by filtering through a 30 cm pad of neutral alu-
mina, using acetonitrile as the eluent, and collecting the first bright
orange fractions. Removal of the solvent in vacuo yielded the de-
sired product as an amorphous air sensitive orange solid (0.01 g,
46 %).

Synthesis of (S,5p)-8. (5)-125 (0.100 g, 0.34 mmol) was added to a
flame dried Schlenk tube under an atmosphere of argon and dis-
solved in dry diethyl ether (5 mL). TMEDA (0.070 mL, 0.44 mmol)
was added and the subsequent orange solution was cooled to -78
°C and stirred for 5 minutes after which sec-butyllithium (1.4 M in
hexanes) (0.310 mL, 0.44 mmol) was added slowly. After stirring
for 2 h the mixture was warmed to 0 °C and a suspension of
chloro(triphenylphosphine)gold(I) (0.250 g, 0.51 mmol) in dry di-
ethyl ether (10 mL) was added via syringe and the resulting mix-
ture stirred vigorously for 1 hour at room temperature. The reac-
tion was quenched with saturated sodium hydrogen carbonate so-
lution, washed with water, dried over magnesium sulfate followed
by removal of the solvent in vacuo to give an orange residue. This
was taken up in hexane and filtered through a glass frit leaving a
white solid behind. The orange filtrate was concentrated and a re-
crystallisation performed from boiling hexane, followed by wash-
ing with ice cooled hexane, to yield an orange solid as a single dia-
stereoisomer (0.14 g, 53 %) Mp: 63 - 64 °C. [a]p?*+0°C = -168 (¢ 0.1,
CHCI3). IR (film): 3067, 2958, 2892, 1642 (CN). 1H NMR (500 MHz,
CDCls): 7.72 - 7.67 (6H, m, PPh3), 7.49 - 7.46 (9H, m, PPh3), 4.90 -
4.88 (1H, m, CpH), 4.44 - 4.41 (1H, m, CpH), 4.25 - 4.20 (2H, m, CpH
+ CHH), 4.16 (5H, s, CpH), 4.01 (1H, apt, 2*3/un = 7.5 Hz, CHH), 3.97
-3.92 (1H, m, CH), 1.81 - 1.64 (1H, m, CH), 0.87 (3H, d, 3/un = 6.8 Hz,
CHs), 0.80 (3H, d, 3/un = 6.8 Hz, CH3). 13C NMR (125 MHz, CDCl3):
169.0 (C=N), 134.6 (d, ¥JJcr = 13.9 Hz, Ar(), 131.7 (d, Yun = 50.0 Hz,
Ar(), 131.1 (d, ¥Ycp = 2.0 Hz, Ar(), 129.0 (d, 3Jcr = 10.7 Hz, Ar(),



103.2 (d, 2JJcp = 122.6 Hz, CpCAu), 79.4 (d, 4Jcr = 4.1 Hz, CpCH), 77.8
(d, 3Jcp = 4.6 Hz, CpCC), 72.4 (CH), 72.1 (d, Jcp = 5.8 Hz, CpCH), 71.0
(d, 3Jcp = 5.1 Hz, CpCH), 69.0 (CHz), 68.9 (CsHs), 32.5 (CH), 19.2
(CHs), 17.9 (CHs).31P NMR (202 MHz, CDCl3): 44.06 (PPhs). High
resolution MS (m/z, APCI+): found for [M+H]+ = 756.1390, calcd for
Cs4H33AuFeNOP+H* 756.1387.

Synthesis of (R,Sp,)-10. (R)-91¢ (0.2572 g, 1.00 mmol) was dis-
solved in diethyl ether (2 mL) in a flame dried Schlenk tube under
an inert atmosphere. n-Butyllithium (0.86 mL, 1.20 mmol) was
added dropwise and the solution stirred at room temperature for
2 h. In a separate dry vessel, mercury(Il) chloride (0.407 g, 1.50
mmol) was heated under high vacuum to ensure it was completely
dry and dissolved in the minimum quantity of diethyl ether once
cool. After 2 h, the mercury(II) chloride solution was added rapidly
to the reaction mixture which was then stirred at room tempera-
ture for 30 minutes. The resulting cloudy orange suspension was
quenched with saturated sodium hydrogen carbonate followed by
the addition of water and diethyl ether. The organic layer was sep-
arated and dried with potassium carbonate followed by removal of
the solvent in vacuo. Column chromatography (SiO2, 1 %
NEts/Et20) gave the product as an orange solid (0.16 g, 33 %). Mp:
98 - 100 °C. [a]p®°C = +26.9 (¢ 1.04, CHCI3). IR (film): 3090, 2968,
2935, 2825, 2779, 1446, 920.82. 'H NMR (500 MHz, CDCls): 4.37
(1H, d, 3/un = 1.8 Hz, CpH), 4.24 (1H, apt, 3*3Jun = 2.3 Hz, CpH), 4.10
(5H,s,CpH), 4.08 - 4.07 (1H, m, CpH), 3.94 (1H, q, 3/un = 6.7 Hz, CH),
2.14 (6H, s, N(CHs)2), 1.14 (3H, d, 3/un = 6.8 Hz, CH3). 13C NMR (125
MHz, CDCl3): 95.4 (CpCC), 84.0 (CpCHg), 72.5 (CpCH), 69.5 (CsHs),
69.2 (CpCH), 68.1 (CpCH), 60.0 (CH), 39.4 (N(CHs)2), 9.2 (CHs). High
resolution MS (m/z, APCI+): found for [M]+ = 493.0171, calcd for
C14H1sCIFeHgN 493.0171.

Synthesis of (R,Sp,Sir)-11. (R,Sp)-10 (0.080 g, 0.16 mmol), (pen-
tamethylcyclopentadienyl)iridium(III) chloride dimer (0.065 g,
0.08 mmol) and tetrabutylammonium chloride (0.226 g, 0.81
mmol) were added to a flame dried Schlenk tube under an inert
atmosphere. Acetone (5 mL) was added and the resulting
brown/orange suspension was allowed to stir at room tempera-
ture overnight. The reaction mixture was filtered through Celite™
using dichloromethane as the eluent and the solvent removed in
vacuo. Excess tetrabutylammonium chloride was removed by re-
dissolving the orange residue in hexane (with a small amount of
dichloromethane added to aid dissolution) followed by washing
with brine (4 x 50 mL). The organic layer was dried by filtering
through a glass wool pad loaded with magnesium sulfate. Removal
of the solvent in vacuo gave ared solid that was recrystallized from
hot dichloromethane and hexane yielding red crystals (0.05 g, 50
%). Mp: 145 - 147 °C. [a]p264°C = +720 (c 0.10, CHCI3). IR (film):
3048, 2966, 2922, 1698, 1458, 1262, 800. 'H NMR (500 MHz,
CDCl3): 4.13 (1H, apt, 3*3Jun = 2.0 Hz, CpH), 4.06 (1H, d, 3/un = 1.2 Hz,
CpH), 3.94 (5H, s, CpH), 3.69 (1H, d, 3/un = 1.6 Hz, CpH), 3.53 (1H,
brq, 3/un = 6.8 Hz, CH), 3.21 (3H, s, N(CH3)), 3.01 (3H, s, N(CH3)),
1.63 (15H, s, Cs(CH3)s), 1.22 (3H, d, 3/un = 6.8 Hz, CHs). 13C NMR
(125 MHz, CDCl3): 102.3 (CpCC), 90.1 (CpClr), 87.2 (Cs(CH3)s), 68.5
(CpCH), 68.1 (CsHs), 67.6 (CpCH), 63.5 (CH), 60.7 (CpCH), 50.5
(N(CH3)), 49.4 (N(CHs)), 9.6 (Cs(CHs)s), 9.3 (CHs). High resolution
MS (m/z, NSI*): [M-Cl]* = 584.1581, calcd for CzsHssFelrN+
584.1586.

Synthesis of (R,Sp)-13. (R)-1218 (0.100 g, 0.18 mmol) was added
to a flame dried Schlenk tube under an inert atmosphere and dis-
solved in dry diethyl ether (5 mL). sec-Butyllithium (1.4 M in hex-
anes) (1.23 mL, 1.8 mmol) was added and the reaction was heated
to 40 °C and allowed to stir for 3 h. In a separate dry vessel, mer-
cury(Il) chloride (0.543 g, 2.0 mmol) was heated under high vac-
uum to ensure it was completely dry and dissolved in the minimum
quantity of diethyl ether once cool. After 3 h, the mercury(II) chlo-
ride solution was added rapidly to the reaction mixture followed
by heating at 40 °C for 15 mins. The resulting cloudy orange sus-
pension was allowed to cool to room temperature, diluted with di-
ethyl ether, and then quenched with saturated sodium hydrogen
carbonate. The organic layer was separated and washed with

water and then brine, dried over potassium carbonate, and the sol-
vent removed in vacuo. Purification by column chromatography
(Si0z, 50 % EtOAc/hexane) yielded the product as a yellow solid
(0.0395 g, 28%). Rr 0.18 (50 % EtOAc/hexane). Mp: 68.8 - 71.4 °C.
[a]p?26°C = +16 (c 0.2, CHCI3). IR (film): 3080, 3058, 3029, 2971,
2938, 2868, 2828, 2784, 1597, 1498, 908, 736, 699. 1H NMR (500
MHz, CDCl3): 7.49 - 7.45 (8H, m, ArH), 7.27 - 7.24 (12H, m, ArH),
4.79 (1H, dd, 3/un = 2.4, 4Jun = 1.2 Hz, CpH), 4.27 (1H, dd, 3/un = 2.4,
4lun = 1.2 Hz, CpH), 4.64 (1H, apt, 3*3/un = 2.4 Hz, CpH), 3.04 (1H,
brq, 3/un = 6.7 Hz, CH), 1.96 (6H, s, N(CH3)2), 0.87 (3H, d, 3/un = 6.7
Hz, CHs). 13C NMR (125 MHz, CDCls): 136.2 (Ar(), 128.8 (Ar(),
128.5 (Ar(C), 126.7 (Ar(), 106.7 (CpCC), 104.7 (CpCHg), 88.9
(CpCH), 84.5 (CpCH), 81.9 (CpCH), 75.23 (C+Ph4), 55.6 (CH), 39.1
(N(CHs3)2), 9.8 (CHs). High resolution MS (m/z, ASAP*): [M+H]*+ =
788.1413, calcd for C37H33ClCoHgN+H* 788.1414.

Iridacycle catalysed reductive amination. To a Schlenk tube was
added acetophenone (0.12 mL, 1.00 mmol), benzylamine (0.13 mL,
1.20 mmol) and (S,Rp,Si)-5-d-6 (0.007 g, 0.01 mmol) followed by
dissolution in methanol (3 mL). A 5:2 mixture of formic acid and
triethylamine (0.5 mL) was then added and the reaction heated to
80 °C and stirred at this temperature overnight following sealing
of the Schlenk tube. After cooling, the reaction was quenched with
water, made basic with potassium hydroxide and extracted with
ethyl acetate. The organic solvent was removed in vacuo and the
residue purified by column chromatography (SiOz, 10 %
EtOAc/hexane) yielding a colorless 0il (0.068 g, 32 %, 0 % ee). Data
as previously reported.2¢ Enantiomeric excess determined follow-
ing acetylation (see supporting information).

Crystal structure analyses - (5,5p)-3 & (5,5p)-5-d-4

For each sample, a single crystal was mounted on a glass fiber and
fixed in the cold nitrogen stream on an Oxford Diffraction Xcalibur-
3/Sapphire3-CCD diffractometer (at UEA). Intensity data were
measured by thin-slice w- and ¢-scans. Data were processed using
the CrysAlisPro-CCD and -RED?7 programs. The structures were
determined by the intrinsic phasing routines in the SHELXT pro-
gram?8 and refined by full-matrix least-squares methods, on F2's, in
SHELXL.2° The non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were included in idealised
positions and their Uiso values were set to ride on the Ueq values
of the parent carbon atoms.

In the final difference map, the highest peaks were close to the mer-
cury atoms.

Scattering factors for neutral atoms were taken from ‘International
Tables’3® Computer programs used in this analysis have been
noted above, and were run through WinGX3! at the University of
East Anglia.

Crystal structure analysis - (R,Sp,Sir)-11

A suitable crystal (0.130x0.120x0.005) mm3 was selected and
mounted on a MITIGEN holder in perfluoroether oil on a Rigaku
FRE+ equipped with VHF Varimax confocal mirrors and an AFC12
goniometer and HyPix 6000 detector diffractometer. The crystal
was kept at T = 100(2) K during data collection. Using Olex2,32 the
structure was solved with the ShelXT28 structure solution program,
using the Intrinsic Phasing solution method. The model was re-
fined with version 2014 /7 of ShelXL2° using Least Squares minimi-
zation.
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