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a b s t r a c t

The reaction of the racemic chiral methyl complex (g5-C5H5)Re(NO)(PPh3)(CH3) (1) with CF3SO3H and
then NH2CH2C6H5 gives [(g5-C5H5)Re(NO)(PPh3)(NH2CH2C6H5)]+ CF3SO3

� ([4a-H]+ CF3SO3
�; 73%), and

deprotonation with t-BuOK affords the amido complex (g5-C5H5)Re(NO)(PPh3)(NHCH2C6H5) (76%). Reac-
tions of 1 with Ph3C

+ X� and then primary or secondary amines give [(g5-C5H5)Re(NO)(PPh3)-
(CH2NHRR0)]+ X� ([6-H]+ X�; R/R0/X = a, H/NH2CH2C6H5/BF4; a0 , H/NH2CH2C6H5/PF6; b, H/NH2CH2(CH2)2-
CH3/PF6; c, H/(S)-NH2CH(CH3)C6H5/BF4); d, CH2CH3/CH2CH3/PF6; e, CH2(CH2)2CH3/CH2(CH2)2CH3/PF6; f,
CH2C6H5/CH2C6H5/PF6; g, -CH2(CH2)2CH2-/PF6; h, –CH2(CH2)3CH2–/PF6; i, CH3/CH2CH2OH/PF6 (62–99%).
Deprotonations with t-BuOK afford the amines (g5-C5H5)Re(NO)(PPh3)(CH2NRR0) (6a–i; 99–40%), which
are more stable and isolated in analytically pure form when R– H. Enantiopure 1 is used to prepare
(RReSC)-[6c-H]

+ BF4
� , (RReSC)-6c, (S)-[6g-H]

+ PF6
� , and (S)-6g. The crystal structures of [4a-H]+ CF3SO3

� ,
a previously prepared NH2CH2Si(CH3)3 analog, [6a0,d,f,h-H]+ PF6

� , (RReSC)-6c, and 6f are determined
and analyzed in detail, particularly with respect to cation/anion hydrogen bonding and conformation.
In contrast to analogous rhenium containing phosphines, 6a–i show poor activities in reactions that
are catalyzed by organic amines.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Amine ligands have played a key role in the development of
coordination chemistry [1]. However, from the viewpoint of organ-
ic functional groups, amine complexes are more closely related to
ammonium salts. Adducts of ammonia, primary amines, and sec-
ondary amines can often be deprotonated, with monocationic
educts affording neutral species of the formula LnMNRR0 (I) [2–6].
These are frequently termed amido or amide complexes, and can
be accessed by alternative pathways [2–9]. Amido complexes bear
a closer relationship to organic amines, although in coordinatively
unsaturated systems with sixteen or fewer metal valence elec-
trons, multiple bonding involving the nitrogen lone pair is com-
monly found [10].

Coordinatively saturated amido complexes can be viewed as
‘‘metal-containing amines”. In principle, amine functionality can
be incorporated into other ligands, such as alkyl complexes of

the formula LnM(CH2)n0NRR0 (II) [11,12]. Given the immense utility
of organic amines in catalysis, metal-containing amines would
seem to hold considerable promise, particularly in view of the
many chiral metal systems available. However, coordinatively sat-
urated species are normally required to block chelation or oligo-
merization processes involving the nitrogen lone pair.
Interestingly, amine centers that are a [2,3,5a,13] or b [11] to elec-
tronically saturated metal centers exhibit enhanced basicities and
nucleophilicities.

In previous work, we have synthesized a number of coordi-
nately saturated chiral-at-rhenium complexes of the formula
[(g5-C5H5)Re(NO)(PPh3)(NHRR0)]+ X� [4–9] and a few species
[(g5-C5H5)Re(NO)(PPh3)(CH2NHRR0)]+ X� [11] in both racemic
and enantiopure form. The latter can be termed ammonium ylide
complexes [14]. These have been deprotonated to the correspond-
ing rhenium containing amines (g5-C5H5)Re(NO)(PPh3)(NRR0) [5–
10] and (g5-C5H5)Re(NO)(PPh3)(CH2NRR0) [11], which are summa-
rized in Chart 1. The former have also been accessed by nucleo-
philic additions to the cationic imine complexes [7–9], and are
one of the few types of chiral-at-rhenium complexes that can un-
dergo racemization at or slightly above room temperature. The
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mechanism has been studied in detail [5b], and involves phosphine
loss with anchimeric assistance from the nitrogen lone pair. In
some cases this is followed by dimerization to give a doubly NRR0

bridged dirhenium complex [5a].
We have had a parallel interest in related rhenium containing

phosphines, and particularly the use of enantiopure (g5-
C5H5)Re(NO)(PPh3)(CH2PRR0) systems to effect enantioselective
phosphine catalyzed carbon–carbon bond forming reactions
[15,16]. Since many of these transformations are also catalyzed
by organic amines, it seemed logical to explore analogous reactions
with rhenium containing amines. Towards this end, we revisited
previously developed syntheses, particularly for ReCH2NRR0 spe-
cies [11], and expanded them with regard to (a) skeletal diversity,
(b) the types of stereogenic units present, and (c) additional func-
tionality that may enhance catalysis. To help guide catalyst design,
we also sought to enlarge the pool of crystallographically charac-
terized complexes. These efforts are narrated below, and further
details are available elsewhere [17].

2. Results

2.1. Syntheses of precursors

As shown in Scheme 1, the racemic or enantiopure methyl com-
plex (g5-C5H5)Re(NO)(PPh3)(CH3) (1) and CF3SO3H rapidly react to
give the triflate complex (g5-C5H5)Re(NO)(PPh3)(OSO2CF3) (2)
[19]. The latter is one of several useful functional equivalents of
the chiral sixteen-valence-electron rhenium Lewis acid [(g5-
C5H5)Re(NO)(PPh3)]+, and readily combines with a variety of
neutral Lewis bases D: to afford the triflate salts [(g5-C5H5)
Re(NO)(PPh3)(D)]+ CF3SO3

� [4,6,19]. Although 2 is isolable, it is
most conveniently generated and used in situ. All steps proceed
with a very high degree of retention at rhenium. Racemic and
enantiopure 1 are in turn generated from commercial Re2(CO)10
in a series of four or seven simple steps, and in 62% and 47% overall
yields, respectively [20].

As shown in Scheme 2, racemic or enantiopure electrophilic
methylidene complexes of the formula [(g5-C5H5)Re(-
NO)(PPh3)(=CH2)]+ X� (3+ X�) can be generated by reactions of
the hydride abstracting agents Ph3C+ X� (X� = PF6

�, BF4
�) and race-

mic or enantiopure 1 [21,22]. Although they can be isolated, they
undergo novel disproportionations at room temperature [22].
Thus, neutral Lewis bases D: are added at low temperatures to give
the cationic adducts [(g5-C5H5)Re(NO)(PPh3)(CH2D)]+ X�

[18,21,23]. All steps again proceed with retention of configuration
at rhenium.

2.2. Rhenium containing amines of the formula (g5-
C5H5)Re(NO)(PPh3)(NHR)

Given the range of complexes in Chart 1, the need for additional
examples was modest [4,5]. Thus, the triflate complex 2 was gen-
erated in situ and treated with benzyl amine (Scheme 1). Workup
gave the amine complex [(g5-C5H5)Re(NO)(PPh3)(NH2CH2C6H5)]+

CF3SO3
� ([4a-H]+ CF3SO3

�) in 73% yield. This analytically pure salt
was characterized by IR and NMR (1H, 13C, 31P) spectroscopy. All
features were routine, and data are summarized in the experimen-
tal section.

Subsequent deprotonation with t-BuOK in THF gave the neutral
amido compound (g5-C5H5)Re(NO)(PPh3)(NHCH2C6H5) (4a) in 76%
yield after workup. However, this species was unstable in solution
and the solid state, and was only characterized by 1H and 31P NMR.
As noted above, related amido complexes undergo facile PPh3 dis-
sociation, which initiates various decomposition pathways.

Crystals of [4a-H]+ CF3SO3
� were grown as described in the

experimental section. Also, in the course of evaluating previously
prepared amine complexes as precursors to amido complexes,
crystals of the trimethylsilylmethyl amine complex [(g5-C5H5)
Re(NO)(PPh3)(NH2CH2Si(CH3)3)]+ CF3SO3

� ([4b-H]+ CF3SO3
�) [4]

were obtained. Only one other compound in this series, the di-
methyl amine complex [(g5-C5H5)Re(NO)(PPh3)(NH(CH3)2)]+

CF3SO3
� ([5-H]+ CF3SO3

�), had been structurally characterized.
Accordingly, the crystal structures of [4a,b-H]+ CF3SO3

� were
determined as summarized in Table 1 and the experimental
section.

The molecular structures of [4a,b-H]+ CF3SO3
� are depicted in

Fig. 1, together with Newman type projections down the N–Re
bonds. Two independent molecules of [4b-H]+ CF3SO3

� were pres-
ent, but the cations exhibited very similar conformations, as re-
flected by the close correspondence of torsion angles. Metrical
parameters are summarized in Table 2. For reference, a Newman
projection of [5-H]+ CF3SO3

� is also provided in Fig. 1 (bottom).
Hydrogen bonding between the triflate anion and an NH bond of

ON PPh3
Re

N
R R'

R/R' = H/H
H/CH3
H/C6H5
CH3/CH3
-(CH2)n- (n = 2-5)
H/CH(CH3)C6H5

ON PPh3
Re

H2C
ON PPh3

Re

CH2

N N

H3C CH3

ON PPh3
Re

H2C H

N N

CH3CH2 CH2CH3H

+

BF4
−

Chart 1. Some rhenium containing amines reported earlier.

a)
ON PPh3
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OSO2CF3
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ON PPh3
Re

H2N

R

CF3SO3

+

−

ON PPh3
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HN

CH2C6H5

4a, 76% [4-H]+ CF3SO3
−

R = a, CH2C6H5, 73%
b, CH2Si(CH3)3, 88%

[4]

b)

c)

R =
CH2C6H5

Scheme 1. Syntheses of complexes with rhenium-NH linkages. (a) CH2Cl2, CF3SO3H,
0 �C; (b) CH2Cl2, NH2CH2C6H5 or NH2CH2Si(CH3)3, 0 �C to room temperature; (c)
THF, t-BuOK.
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the cation (CF3SO2O� � �H� � �NRR0Re) was evident in each case. The
shortest O� � �H� � �N and O. . .H distances (as derived from calculated
hydrogen positions) were 2.953 Å and 2.055 Å in [4a-H]+ CF3SO3

�,
2.864 Å and 1.953 Å in [4b-H]+ CF3SO3

�, and 3.06 Å and 2.37 Å for
[5-H]+ CF3SO3

�. The structures of the cations are further compared
in the discussion section.

2.3. Secondary rhenium containing amines of the formula (g5-
C5H5)Re(NO)(PPh3)(CH2NHR)

As shown in Scheme 2, the methylidene complex 3+ X� was
generated in situ and treated with the primary amines (a) benzyl
amine, (b) n-butyl amine, or (c) (S)-1-phenylethylamine. The mix-
tures were allowed to warm to room temperature, and workups
gave the ammonium ylide complexes [(g5-C5H5)Re(NO)(PPh3)-
(CH2NH2R)]+ X� ([6-H]+ X�; R/X = a, NH2CH2C6H5/BF4; a0,
NH2CH2C6H5/PF6; b, NH2CH2CH2CH2CH3/PF6; c, (S)-NH2CH(CH3)-
C6H5/BF4) in 63–99% yields as analytically pure yellow powders.

The complexes [6a-c-H]+ X� were indefinitely stable as solids,
but showed some decomposition after brief periods in CDCl3. Thus,
NMR spectra were recorded in CD2Cl2, and data are summarized in
the experimental section. In the case of [6c-H]+ BF4

�, two sets of
signals, corresponding to the RReSC and SReSC diastereomers, were
apparent (52:48).

The salts [6a-c-H]+ X� were subsequently deprotonated with t-
BuOK in THF at room temperature. As summarized in Scheme 2,
workups gave the neutral amido complexes (g5-C5H5)
Re(NO)(PPh3)(CH2NHR) (6a–c) in 40–83% yields and 95–99% puri-

ties (31P NMR). These were characterized analogously to [6a-c-H]+

X�. However, unlike their tertiary amine analogs (below), they
decomposed in solution (6a,c > 6b). In the case of 6c, two diaste-
reomers were again apparent.

Several trends were evident in the spectroscopic data. The
cyclopentadienyl 1H NMR signals of 6a–c (d 4.67–4.83) were up-
field of those of [6a-c-H]+ X� (d 5.11–5.39), but the 13C NMR signals
showed little difference (d 89.9–90.3 versus d 90.9–91.6). The 31P
NMR signals showed the opposite trend (6a–c, d 25.0–27.2; [6a-
c-H]+ X�, d 21.0–22.4). The ReCH2N 13C NMR signal of [6b-H]+

PF6
� (d 27.9) was considerably downfield of those of the other cat-

ions (d 20.0–18.7), all of which have an N-benzyl group. The IR mNO
values of 6a–c (1613–1617 cm�1) were at lower frequencies than
those of [6a-c-H]+ X� (1633–1660 cm�1). This indicates, as also
suggested the 1H NMR data, that the rhenium centers of the neutral
complexes are somewhat more electron rich.

As shown in Scheme 3, the sequence with (S)-NH2CH(CH3)C6H5

was repeated starting with the enantiopure rhenium methyl com-
plex (R)-1 [20,24]. As expected, this gave the enantiopure amine
complex (RReSC)-[6c-H]+ BF4

� (77%). The sample was treated with
t-BuOK in THF analogously to the diastereomer mixture above.
After solvent removal, the crude (RReSC)-6c was extracted with
benzene, and the extract was filtered through Celite. The solvent
was again removed and various crystallization conditions assayed.
Orange crystals were obtained from CH2Cl2/pentane.

Prisms of a solvate of [6a0-H]+ PF6
� were obtained as described

in the experimental section. The crystal structures of [6a0-H]+ PF6
�

and (RReSC)-6c were determined as for the other complexes above.
The molecular structures are shown in Fig. 2, with the configura-
tion of the latter (confirmed by Flack’s test) inverted such that
the rhenium configuration corresponds to that shown for the race-
mates (and other racemic and enantiopure compounds in previous
papers in this series). Metrical parameters are summarized in Table
3. Hydrogen bonding between the hexafluorophosphate anion and
ReCH2NH2 protons was evident in [6a0-H]+ PF6

�, and the shortest
F� � �H and F� � �H� � �N contacts are incorporated into Table 3. These
values are well within the range of other hydrogen bonds between
hexafluorophosphate anions and NH protons of cations [25].

2.4. Tertiary rhenium containing amines of the formula
(g5-C5H5)Re(NO)(PPh3)(CH2NRR0)

As shown in Scheme 2, the methylidene complex 3+ PF6
� was

similarly treated with the secondary amines (d) diethyl amine,
(e) di-n-butyl amine, (f) dibenzyl amine, (g) pyrrolidine, (h) piper-
idine, or (i) methyl 2-hydroxyethyl amine. Workups gave the ylide
complexes [(g5-C5H5)Re(NO)(PPh3)(CH2NHRR0)]+ PF6

� ([6-H]+

PF6
�; R/R0 = d, (CH2CH3)2; e, (CH2CH2CH2CH3)2; f, (CH2C6H5)2; g,

-CH2CH2CH2CH2–; h, –CH2CH2CH2CH2CH2–; i, CH3/CH2CH2OH) as
analytically pure yellow powders in 81–99% yields. These were
characterized analogously to [6a-c-H]+ X�. In the case of [6i-H]+

PF6
�, two sets of signals corresponding to RReSN,SReRN and SReSN,

RReRN diastereomers were apparent (75:25). Interestingly, the di-
n-butyl amine adduct [6d-H]+ PF6

� readily dissolved in non-polar
solvents, including pentane.

The salts [6d-i-H]+ PF6
� were similarly deprotonated with

t-BuOK in THF at room temperature. Workups gave the corre-
sponding analytically pure neutral complexes (g5-C5H5)-
Re(NO)(PPh3)(CH2NRR0) (6d-i) in 85–99% yields. These were
characterized analogously to the other new complexes above. In
the case of 6i, two diastereomers were no longer apparent, consis-
tent with the expected rapid pyramidal inversion at nitrogen. The
spectroscopic properties of [6d-i-H]+ PF6

� and 6d-i were similar to
those of their primary amine derived analogs in the previous sec-
tion. However, these complexes were much more robust in
solution.

R/R'/X = a, H/CH2C6H5/BF4, 62%
a', H/CH2C6H5/PF6, 96%
b, H/CH2CH2CH2CH3/PF6, 97%
c, H/(S)-CH(CH3)C6H5/BF4, 97%
d, CH2CH3/CH2CH3/PF6, 99%
e, CH2CH2CH2CH3/

CH2CH2CH2CH3/PF6, 81%
f, CH2C6H5/CH2C6H5/PF6, 99%
g, -CH2CH2CH2CH2-/PF6, 99%
h, -CH2CH2CH2CH2CH2-/PF6, 96%
i, CH3/CH2CH2OH/PF6, 93%

a, 74%

b, 83%
c, 40%
d, 85%
e, 98%

f, 99%
g, 82%
h, 97%
i, 99%

a)
ON PPh3

Re

CH3

ON PPh3
Re

CH2

1 3+ X−

ON PPh3
Re

H2C

NHRR'

X

+

−

ON PPh3
Re

H2C

NRR'

6 [6-H]+ X−

b)

c)

+

X−

Scheme 2. Syntheses of racemic rhenium containing secondary and tertiary amines
6a–i. (a) CH2Cl2, Ph3C+ X�, �78 �C; (b) CH2Cl2, NHRR0 , �78 �C to room temperature;
(c) THF, t-BuOK.
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Crystals of [6d-H]+ PF6
�, [6f-H]+ PF6

�, [6h-H]+ PF6
�, and 6f, or

solvates thereof, were obtained. X-ray data were collected as de-
scribed above, and refinement afforded the structures in Figs. 3
and 4, and the metrical parameters summarized in Tables 4 and

5. The structures of [6f-H]+ PF6
��(CH2Cl2)1.5 and 6f, the rhenium

moieties of which differ by only a proton, are presented in Fig. 3.
One N-benzyl group adopts a different conformation, as analyzed
further in the discussion section. Hydrogen bonding was again

Table 1
Summary of crystallographic data.a

[4a-H]+ CF3SO3
� [4b-H]+ CF3SO3

� [6a0-H]+ PF6
��(CH2Cl2)0.5�(C6H6)0.5 (RReSC)-6c

Empirical formula C31H29F3N2O4PReS C32H31F3N2O4PReS C34.50H35ClF6N2OP2Re C32H32N2OPRe
Formula weight 799.79 813.82 891.24 677.77
Crystal system triclinic triclinic triclinic orthorhombic
Space group P�1 P�1 P�1 P212121
Unit cell dimensions:
a (Å) 9.2091(2) 10.9357(2) 11.694(2) 9.0902(18)
b (Å) 11.1277(3) 12.6353(2) 12.392(3) 9.753(2)
c (Å) 16.2055(2) 12.9541(3) 13.975(3) 31.266(6)
a (�) 105.008(1) 97.372(1) 92.89(3) 90
b (�) 90.690(1) 101.502(1) 113.33(3) 90
c (�) 106.710(1) 114.504(1) 106.40(3) 90
V (Å3) 1529.56(6) 1550.68(5) 1753.5(6) 2772.1(10)
Z 2 2 2 4
q calcd (Mgm�3) 1.737 1.743 1.688 1.624
l (mm�1) 4.150 4.095 3.695 4.469
F(0 0 0) 788 804 880 1344
Crystal size (mm3) 0.15 � 0.10 � 0.10 0.20 � 0.20 � 0.10 0.30 � 0.20 � 0.20 0.40 � 0.30 � 0.30
H range 2.32 to 27.54 2.13 to 27.51 1.97 to 27.51 2.46 to 26.28
Index ranges (h, k, l) –11,11; –14,14; –21,20 �14,14; �16,16; �16,16 �15,15; �16,16; �18,18 �11,11; �12,12; �38,38
Reflections collected 13258 13445 15631 6408
Independent reflections 7004 7099 8059 5615
Rint 0.0212 0.0167 0.0233 0.0514
Reflections [I > 2r(I)] 6315 6535 7157 4706
Completeness to H 99.5% (27.5) 99.6% 99.9% (27.51) 99.9% (27.5)
Data/restraints/parameters 7004/0/388 7099/6/398 8059/0/433 5615/0/334
Goodness-of-fit on F2 1.052 1.029 1.026 1.083
R indices (final) [I > 2r(I)]
R1 0.0255 0.0362 0.0303 0.0418
wR2 0.0571 0.0942 0.0772 0.0810
R indices (all data)
R1 0.0308 0.0402 0.0373 0.0625
wR2 0.0591 0.0969 0.0808 0.0916
Largest difference peak/hole (eÅ�3) 1.635/–0.974 2.743/–1.414 1.886/�1.695 0.886/�0.863

[6d-H]+ PF6
��CH2Cl2 [6f-H]+ PF6

��(CH2Cl2)1.5 6f [6h-H]+ PF6
��CH2Cl2

Empirical formula C29H35Cl2F6N2OP2Re C39.50H41Cl3F6N2OP2Re C38H36N2OPRe C30H35Cl2F6N2OP2Re
Formula weight 860.63 1028.23 753.86 872.64
Crystal system triclinic triclinic monoclinic triclinic
Space group P�1 P�1 P21/n P�1
Unit cell dimensions:
a (Å) 9.2814(2) 11.0420(2) 13.8657(1) 9.4257(2)
b (Å) 13.7840(3) 13.1712(3) 15.8282(1) 13.8256(3)
c (Å) 14.0177(2) 15.4282(3) 14.9035(1) 13.9046(3)
a (�) 83.819(1) 83.220(1) 90 83.678(1)
b (�) 72.394(1) 86.225(1) 99.440(2) 71.495(1)
c (�) 73.658(1) 66.887(1) 90 74.952(1)
V (Å3) 1639.79(6) 2048.82(7) 3226.56(4) 1658.62(6)
Z 2 2 4 2
q calcd (Mgm�3) 1.743 1.667 1.552 1.747
l (mm�1) 4.026 3.301 3.848 3.982
F(0 0 0) 848 1020 1504 860
Crystal size (mm3) 0.20 � 0.20 � 0.10 0.15 � 0.15 � 0.15 0.10 � 0.10 � 0.10 0.10 � 0.10 � 0.10
H range 2.14 to 27.48 2.06 to 27.50 2.26 to 27.51 2.39 to 27.51
Index ranges (h, k, l) �12,12; �17,17; �18,18 –14,14; –16,17; –20,20 �17,18; �20,19; �19,19 �12,12; �17,17; �18,18
Reflections collected 14180 17381 13276 14386
Independent reflections 7479 9226 7410 7589
Rint 0.0191 0.0205 0.0274 0.0215
Reflections [I > 2r(I)] 6833 8272 5526 6820
Completeness to H 99.4% (27.5) 98.0% (27.5) 99.8% (27.5) 99.5% (27.5)
Data/restraints/parameters 7479/0/389 9226/3/498 7410/0/389 7589/6/407
Goodness-of-fit on F2 1.055 1.070 1.000 1.045
R indices (final) [I > 2r(I)]
R1 0.0239 0.0394 0.0298 0.0329
wR2 0.0560 0.1046 0.0602 0.0879
R indices (all data)
R1 0.0280 0.0458 0.0503 0.0386
wR2 0.0575 0.1080 0.0667 0.0913
Largest difference peak/hole (eÅ�3) 1.633/�0.731 1.668/�1.364 1.615/�0.920 1.481/�2.091

a Data common to all structures: T = 173(2) K; k = 0.71073 Å.

536 S.N. Seidel et al. / Inorganica Chimica Acta 363 (2010) 533–548



Author's personal copy

apparent in the salt, but in contrast to [6a0-H]+ PF6
� involved only a

single fluorine atom of the anion.
The structures of the closely related diethyl amine adduct [6d-

H]+ PF6
��CH2Cl2 and piperidine adduct [6h-H]+ PF6

��CH2Cl2 are
grouped in Fig. 4. The N1–C4–C5 segment in the former twists rel-
ative to that in the latter, as rationalized in the discussion section.
As a result, the ethyl group conformations are analogous to those of
the N–CH2–Cipso segments of the benzyl groups of [6f-H]+

PF6
��(CH2Cl2)1.5. Both salts exhibit hydrogen bonding, but now

two fluorine atoms of the hexafluorophosphate anions participate.
The exact motif is presumably a function of lattice packing forces.

As shown in Scheme 3 (bottom), the entire sequence with pyr-
rolidine was repeated starting with the enantiopure rhenium
methyl complex (S)-(g5-C5H5)Re(NO)(PPh3)(CH3). As expected,

this gave the enantiopure salt (S)-[6g-H]+ PF6
� in 82% yield. A sub-

sequent reaction with t-BuOK in THF at room temperature afforded
the tertiary amine (S)-6g in 89% yield. Both complexes were ob-
tained in analytically pure form and exhibited appreciable optical
rotations (both dextrorotatory). As in the cases above, retention
of configuration at rhenium was presumed.

3. Discussion

3.1. Syntheses and stabilities of title complexes

The new rhenium containing amines described above can be di-
vided into three classes: amido complexes ReNRR0 (Scheme 1), sec-
ondary ReCH2NHR species (Scheme 2, 6a–c), and tertiary
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Fig. 1. Molecular structure of the benzyl amine complex [4a-H]+ CF3SO3
� (top left), and Newman-type projection with phenyl rings omitted (middle left); molecular

structure of the trimethylsilylmethyl amine complex [4b-H]+ CF3SO3
� (top right), and Newman-type projection with phenyl rings omitted (middle right); Newman-type

interaction of the dimethyl amine complex [5-H]+ CF3SO3
� with phenyl rings omitted (bottom). Thermal ellipsoids are rendered at the 50% probability level.
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ReCH2NRR0 species (Scheme 2, 6d–i). Each of these can be gener-
ated in high yield by standard transformations. However, consis-
tent with earlier studies, the amido complexes are almost always
unstable at room temperature [5], although they can usually be
isolated as spectroscopically pure powders at low temperatures,
and in one case (R/R0 = Ph/H) crystallized [5a]. This class of com-
pounds is very unlikely to ever provide a practical catalyst.

In contrast, the tertiary rhenium containing amines 6d–i are ro-
bust and are clearly viable candidates for practical catalysts. The
secondary amines 6a–c occupy a middle ground. Although samples
were quite pure by NMR, none gave a satisfactory microanalysis,
and the solids discolorized after several days under nitrogen. These
complexes were less stable in solution, but crystals of (RReSC)-6c
could nevertheless be obtained.

In this context, there is an obvious relationship between 6a–c
and the a-hydroxyalkyl complex (g5-C5H5)Re(NO)(PPh3)(CH2OH)
[21]. All efforts to isolate or even detect the latter have been unsuc-

cessful. Casey has found that the isolable carbonyl substituted ana-
log (g5-C5H5)Re(NO)(CO)(CH2OH) readily converts to a
symmetrical ether with a ReCH2OCH2Re linkage [26]. Furthermore,
related compounds undergo electrophile induced disproportiona-
tions involving initial generation of the methylidene complex 3+

X�, followed by hydride transfer [21]. However, nowell defined rhe-
nium containing decomposition products were noted with 6a–c.

Despite the lability of 6a–c, the successful crystallization of
(RReSC)-6c suggests an alternative strategy for resolving racemic
chiral at rhenium complexes. Before the convenient method
involving the carbonyl complex [(g5-C5H5)Re(NO)(PPh3)(CO)]+

BF4
� was developed [20], the methylidene complex 3+ X� was

combined with a number of chiral tertiary amines to give
[ReCH2NR3]+ species [23] When these were treated with hydride
reductants, the methyl complex 1 was regenerated. However, the
resulting diastereomers did not prove separable, at least with the
chiral amines assayed.

Table 2
Key interatomic distances (Å), bond angles (�), and torsion angles (�) for [4a,b-H]+ CF3SO3

� and the previously reported complex [5-H]+ CF3SO3
� .

[4a-H]+ CF3SO3
� [4b-H]+ CF3SO3

� [4b-H]+ CF3SO3
� [5-H]+ CF3SO3

�

Molecule A Molecule B

Re1–N1 2.169(3) 2.167(3) 2.169(2) 2.193(4)
Re1–P1 2.3548(7) 2.3642(8) 2.3658(8) 2.372(1)
N1–C2 1.494(4) 1.496(4) 1.496(4) 1.478(6)
C2–C21 1.499(4) 1.890(4) 1.896(3) –
O10–N10 1.195(3) 1.194(4) 1.204(4) 1.176(4)

N10–Re1–N1 96.80(11) 96.07(12) 94.35(11) 92.9(2)
N10–Re1–P1 91.87(8) 88.46(9) 92.16(10) 92.4(1)
N1–Re1–P1 90.24(7) 90.26(7) 89.14(7) 95.4(1)
C2–N1–Re1 114.43(18) 116.0(2) 115.70(19) 112.1(3)

P1–Re1–N1–C2 144.4(2) 148.5(2) 143.9(2) 172.4(7)
N10–Re1–N1–C2 52.5(2) 60.0(3) 51.8(2) 79.7(7)
Re1–N1–C2–C21 or –Si1 179.9(2) 173.67(17) 176.44(15) –

O13. . .H1A 2.055 1.998 1.953 2.37(6)
O13. . .N1 2.953 2.916 2.864 3.06(5)

(S)-1

(S)-[6g-H]+ PF6
−, 82% (S)-6g, 89%

a) c)
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+
−
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NH
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Scheme 3. Syntheses of enantiopure rhenium complexes. (a) CH2Cl2, Ph3C+ PF6
� or Ph3C+ BF4

� , �78 �C; (b) CH2Cl2, (S)-1-phenylethyl amine or pyrrolidine, �78 �C to room
temperature; (c) THF, t-BuOK.
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3.2. Structural data

The crystallinity of many of the above complexes has enabled a
wealth of new crystal structures that establish new relationships
and provide further examples of trends noted previously. As
emphasized earlier [27,28], such rhenium complexes are formally
octahedral, with the cyclopentadienyl ligand occupying three coor-
dination sites and the remaining ligands defining L–M–L0 bond an-

gles of ca. 90�. Accordingly, the values in Tables 2–5 range from
99.46(17)� to 84.67(10)�.

As shown in Fig. 1, the benzyl and trimethylsilylmethyl amine
complex [4a,b-H]+ CF3SO3

� adopt solid state P–Re–N–C conforma-
tions with torsion angles of 144.4(2)� and 148.5(2)�–143.9(2)� (Ta-
ble 2). These place the largest group in the interstice between the
small nitrosyl and medium sized cyclopentadienyl ligand, and
roughly anti to the bulky PPh3 ligand. Such torsion angles are typ-
ical for adducts of the Lewis acid [(g5-C5H5)Re(NO)(PPh3)]+ in
which there is a single non-hydrogen substituent on the coordinat-
ing atom of the Lewis base. All of the other structures in this paper
feature Lewis bases with ReCH2N linkages, and the analogous tor-
sion angles range from 145.7� to 177.2(3)�.

Similarly, hydrogen bonding in [4a,b-H]+ CF3SO3
� involves the

NH protons furthest from the PPh3 ligands (Fig. 1). Another com-
mon feature of [4a,b-H]+ CF3SO3

� concerns the orientations of
the CH2-phenyl and trimethylsilyl groups. The carbon-phenyl and
carbon-silicon bonds are essentially anti to the rhenium-nitrogen
bonds, as reflected by the Re–N1–C2–C21 (Cipso) and Re–N1–C2–
Si torsion angles (179.9(2)� and 173.67(17)�–176.44(15)�). Past
studies have established that the largest group on the atom b to
rhenium is normally directed away from the bulky rhenium moi-
ety. The net result is, when viewed from an appropriate perspec-
tive, a ‘‘W”-like P–Re–X–Y–Z conformation as generalized in III in
Fig. 5. This feature is also common to all structures in this paper.

The previously published structure of the dimethyl amine com-
plex [5-H]+ CF3SO3

� in Fig. 1 (bottom) illustrates two features.
First, when the coordinating atom of the Lewis base possesses
two non-hydrogen substituents, the torsion angle involving the
group anti to the PPh3 ligand (C2) is often closer to 180�. This di-
rects the other substituent into a less congested region of the
PPh3/cyclopentadienyl interstice. Second, hydrogen bonding
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Fig. 2. Molecular structure of [6a0-H]+ PF6
��(CH2Cl2)0.5�(C6H6)0.5 with solvate molecules omitted (top left), and Newman-type projection with phenyl rings omitted (bottom

left); molecular structure of the enantiomer of (RReSC)-6c (top right), and Newman-type projection with phenyl rings omitted (bottom right). Thermal ellipsoids are rendered
at the 50% probability level.

Table 3
Key interatomic distances (Å), bond angles (�), and torsion angles (�) for [6a0-H]+

PF6
��(CH2Cl2)0.5�(C6H6)0.5 and (RReSC)-6c.

[6a0-H]+ PF6
��(CH2Cl2)0.5�(C6H6)0.5 (RReSC)-6c

Re1–C1 2.144(4) 2.168(9)
Re1–P1 2.3827(11) 2.349(2)
C1–N2 1.503(5) 1.479(11)
N2–C3 1.502(5) 1.450(11)
O10–N10 1.203(4) 1.213(9)

N10–Re1–C1 94.30(15) 92.9(4)
N10–Re1–P1 93.75(10) 90.9(3)
C1–Re1–P1 84.67(10) 88.5(3)
N2–C1–Re1 113.0(2) 111.7(6)
C3–N2–C1 115.4(3) 113.6(7)

P1–Re1–C1–N2 155.5(3) 145.7a

N2–Re1–C1–N1 62.1(3) 54.9a

Re1–C1–N2–C3 �166.1(3) �171.7a

C1–N2–C3–C21 58.1(5) �76.1a

F15. . .H2A 2.094 –
F15. . .H2B 2.965 –
F16. . .H2A 2.737 –
F16. . .H2B 2.327 –
F15. . .N2 3.896 –
F16. . .N2 2.900 –

a These values were calculated from the atomic coordinates.
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remains possible when the hydrogen occupies the congested inter-
stice between the large PPh3 and nitrosyl ligand [27]. Note that the

N–Re–P bond angles are ca. 90�, whereas the P–Re–cyclopentadi-
enyl (centroid) angles are much larger (ca. 135�).
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Fig. 3. Molecular structure of [6f-H]+ PF6
��(CH2Cl2)1.5 with solvate molecules omitted (top left), and Newman-type projection of the cation with phenyl rings omitted (bottom

left); molecular structure of 6f (top right), and Newman-type projection with phenyl rings omitted (bottom right). Thermal ellipsoids are rendered at the 50% probability
level.
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Fig. 2 presents two molecules, [6a0-H]+ PF6
� and (RReSC)-6c or

solvates thereof, which formally differ by a H/CH3 substitution
and the addition of HPF6. The P–Re–C1–N2 torsion angles are quite
similar (Table 3; 155.3(3)� versus 145.7�). Also, the Re–C1–N2–C3
torsion angles are near ±180� (�166.1(3)�, �171.7�), directing the
N-alkyl group away from the bulky rhenium moiety. However,
the conformations about the N2–C3 bonds differ, as evidenced by
the C1–N2–C3–Cipso torsion angles (58.1(5)�, �76.1�). Thus, the
phenyl groups occupy different positions.

Fig. 3 depicts the structures of 6f and its HPF6 adduct, [6f-H]+

PF6
�, both of which feature a dibenzylamino moiety. The Newman

projections show that the rhenium-carbon conformations vary
slightly, as quantified by a ca. 26� difference in the P1–Re–C2–N1
torsion angles (Table 4). The pro-R benzyl groups (which contain
C60 and C61) adopt similar conformations about the N–CH2 link-

ages. However, the pro-S benzyl groups (C50, C51) do not, as re-
flected by a ca. 136� difference in the C1–N1–C50–C51 torsion
angles. As a consequence, the C50–C51 linkage in [6f-H]+ PF6

� is
gauche to both the C1–N1 and C60–N1 moieties, rendering the
NH group more accessible for hydrogen bonding. Otherwise, the
structures are quite similar. In 6f, the sum of the bond angles about
N1 is 330.5�, indicative of a strongly pyramidalized nitrogen atom
(limiting values for ideal tetrahedral and planar geometries, 328.5�
and 360�). The sum of the C–N–C bond angles in [6f-H]+ PF6

�

(335.3�) is slightly higher.
Fig. 4 depicts the structures of two related salts, the diethyl

amine and piperidine adducts [6d,h-H]+ PF6
�. These differ by the

single carbon atom needed to connect the methyl groups of [6d-
H]+ PF6

�, and crystallize in the same space group and with very
similar lattice constants (Table 1). The only significant difference
involves the N1–C4–C5 linkage or pro-S ethyl group of [6d-H]+

PF6
�, which unlike the corresponding unit in [6h-H]+ PF6

� is not
constrained in a ring. Accordingly, the C5 methyl group twists to
avoid an unfavorable non-bonding 1,5-syn-pentane-type interac-
tion [29] with the C3 methyl group. As a result, the C4–C5 linkage
of [6d-H]+ PF6

� is gauche to both the C1–N1 and C2–N1 moieties,
analogous to the situation for the pro-S benzyl group in [6f-H]+

PF6
�. The sums of the C–N–C bond angles about N1 in [6d,h-H]+

PF6
� are 336.8� and 332.2�, respectively.
By coincidence, all of the chiral at rhenium complexes in this

paper with an S absolute configuration have the same relative con-
figuration. Thus, it is a simple matter to compare the propeller chi-
ralities of the PPh3 ligands [30] in the crystallographically
characterized species. Interestingly with the exception of [6a0-H]+

PF6
� (CH2Cl2)0.5�(C6H6)0.5, all complexes exhibit the same relative

propeller configurations. In no case are any phenyl/phenyl stacking
interactions evident. Such propeller diastereomers of course rap-
idly interconvert in solution. Similar biases involving propeller
configurations have been noted in other series of chiral rhenium
complexes [29].

There are numerous special applications for sterically encum-
bered bases in organic synthesis. In the course of analyzing the
above structures, it was noted that the nitrogen atoms are very
shielded. A representative structure with all atoms at van der
Waals radii (6f) is depicted in Fig. 5. In earlier studies, it was shown
that amido complexes (g5-C5H5)Re(NO)(PPh3)(NHR) may be lithi-
ated to give (g5-C5H5)Re(NO)(PPh3)(NLiR) species [5b]. This sug-
gests the possibility of accessing what might be termed a ‘‘chiral
organometallic LDA”. Unfortunately, the lithiated complexes were
too unstable for practical use in synthesis. However, related spe-
cies derived from 6a–c remain to be investigated.

3.3. Exploratory chemistry

As described elsewhere, complexes 6d–i have been screened as
catalysts for a number of enantioselective transformations that are
known to be effected by chiral organic amines [17]. In all cases, re-
sults have been disappointing. Either no reactions were observed,
or the products were racemic (and the rates modest). Certain reac-
tions are best catalyzed by bifunctional amines, and for this reason
the alcohol containing base 6i was also investigated. This complex
can be compared to the monorhenium species derived from N,N0-
diethylethylene diamine in Chart 1 (bottom right) [11], which rep-
resents another type of bifunctional amine. Since the rhenium
substituted terminus of the diamine is more basic, the ammonium
proton is localized on the ReCH2N moiety.

The salt (RReSC)-[6c-H]+ BF4
� was also used as a lead compound

in a study of enantioselective protonations [31,32]. Naproxen
derivatives could be obtained in up to 30% ee, but the methodology
was not competitive with other protocols. In another thrust, at-
tempts were made to oxidize the pyrrolidine derived species 6g

Table 4
Key bond lengths (Å), bond angles (�), and torsion angles (�) for [6f-H]+

PF6
��(CH2Cl2)1.5 and 6f.

[6f-H]+ PF6
��(CH2Cl2)1.5 6f

Re1–C1 2.167(4) 2.175(3)
Re1–P1 2.3570(11) 2.3586(8)
N1–C50 1.519(6) 1.472(5)
N1–C1 1.528(6) 1.475(4)
O2–N2 1.208(5) 1.214(4)
N1–C50 1.519(6) 1.472(5)

N2–Re1–C1 99.46(17) 96.13(13)
N2–Re1–P1 89.17(13) 91.11(9)
C1–Re1–P1 87.24(12) 86.32(9)
C60–N1–C1 110.2(3) 109.4(3)
C50–N1–C1 112.2(3) 109.4(3)
C60–N1–C50 112.9(4) 111.7(3)
N1–C1–Re1 118.0(3) 116.1(2)

P1–Re1–C1–N1 150.6(3) 177.2(3)
N2–Re1–C1–N1 61.9(3) 86.5(3)
C60–N1–C1–Re1 �72.4(4) �82.8(3)
C1–N1–C50–C51 62.8(5) �74.0(4)
C1–N1–C60–C61 175.7(4) 175.2(3)

F4. . .H1 2.042 –
F4. . .N1 2.884 –

Table 5
Key interatomic distances (Å), bond angles (�), and torsion angles (�) for [6d-H]+

PF6
��CH2Cl2 and [6h-H]+ PF6

��CH2Cl2.

[6d-H]+ PF6
��CH2Cl2 [6h-H]+ PF6

��CH2Cl2

Re1–C1 2.162(3) 2.162(4)
Re1–P1 2.3514(7) 2.3547(10)
N1–C1 1.529(3) 1.532(5)
N1–C4 1.515(3) 1.490(5)
O2–N2 1.206(3) 1.211(5)

N2–Re1–C1 98.67(11) 99.13(15)
N2–Re1–P1 91.32(8) 92.06(11)
C1–Re1–P1 87.62(8) 87.56(11)
N1–C1–Re1 116.48(18) 116.8(3)
C2–N1–C1 110.9(2) 111.1(3)
C2–N1–C4 113.4(2) 110.2(3)
C4–N1–C1 112.5(2) 110.9(3)

P1–Re1–C1–N1 �149.88(18) �151.2(3)
N2–Re1–C1–N1 �58.9(2) �59.6(3)
C2–N1–C1–Re1 84.8(2) 81.6(4)
C4–N1–C2–C3 54.9(4) 56.0(5)
C1–N1–C2–C3 �177.3(3) �179.5(3)
C1–N1–C4–C5 �66.5(3) 179.4(4)
C2–N1–C4–C5 60.5(3) �56.0(5)

F4. . .H1 2.338 2.265
F5. . .H1 2.671 2.589
F4. . .N2 3.074 3.144
F5. . .N2 3.227 3.350
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to an N-oxide [33]. A number of common oxidants (PhIO, dimethyl
dioxirane,m-CPBA, Me3SiOOSiMe3/MeReO3) have given reasonably
clean reactions, but it has not yet proved possible to purify a prod-
uct. Finally, it should be noted that Fu has successfully applied a
series of ferrocene-derived chiral amines (IV, Fig. 5) in a number
of enantioselective reactions [34]. In these systems, the nitrogen
atom is part of a pyridinyl system.

While this study was in progress, it was found that analogous
ReCH2PRR0 species are excellent enantioselective catalysts for a
variety of phosphine-catalyzed transformations [16]. Given the
disappointing results with 6d–i in similar processes, this study
was truncated at the above stage. Nonetheless, this work has
established the ready availability of a variety rhenium contain-
ing tertiary amines with ReCH2NRR0 linkages, as well as their
somewhat less stable secondary ReCH2NHR counterparts.
Also, other types of rhenium containing amines may prove to
be more effective in catalysis, and efforts with quinoline and iso-
quinoline species are in progress and will be reported in due
course [35].

4. Experimental

4.1. General data

All reactions were conducted under nitrogen. NMR spectra were
recorded on Bruker Avance spectrometers (300 or 400 MHz) at 25–
28 �C and referenced to the residual solvent signal (1H: C6D5H,
7.15 ppm; CDHCl2, 5.32 ppm; CD2HCN, 1.93 ppm; 13C{1H}: C6D6,
128.0 ppm; CD2Cl2, 53.5 ppm; CD3CN, 1.30 ppm). IR spectra were
recorded on an ASI React IR�-1000 spectrometer. Mass spectra
were obtained using a Micromass Zabspec instrument. Elemental
analyses were determined with a Carlo Erba EA1110 CHN instru-
ment. Optical rotations were determined as described previously
[36] using a Perkin–Elmer model 341 polarimeter.

Solvents were treated as follows: CH2Cl2 (Staub), distilled from
CaH2; benzene, toluene, diethyl ether, THF, and n-pentane

(5 � Grüssing), distilled from sodium/benzophenone; ethanol and
hexanes (2 � Staub), distilled without additional treatment;
CD3CN, CDCl3, CD2Cl2, and C6D6 (4 � Deutero GmbH), used as
received.

Chemicals were treated as follows: Ph3C+ PF6
� (>95.0%, Fluka)

and Ph3C+ BF4
� (>98%, Fluka) were stored under argon in a glove

box at �32 �C; [37] CF3SO3H (Acros, 99%), n-butyl amine (Acros,
99.8%), benzyl amine (Acros, 99.5+%), (S)-1-phenylethyl amine
(Lancaster, 98%), diethyl amine (Acros, 99%), di-n-butyl amine (Ac-
ros, 99.5%), dibenzyl amine (Acros, 98%), piperidine (Aldrich,
>99.5%), pyrrolidine (Acros, 99+%), methyl 2-hydroxyethyl amine
(Acros, 99+%), t-BuOK (Acros, 98+%, or Aldrich, 1.0 M in THF), and
Celite� 535 (Merck) were used as received.

4.1.1. [(g5-C5H5)Re(NO)(PPh3)(NH2CH2C6H5)]
+ CF3SO3

� ([4a-H]+

CF3SO3
�)

A Schlenk flask was charged with (g5-C5H5)Re(NO)(PPh3)(CH3)
(1; [20] 0.104 g, 0.186 mmol) and CH2Cl2 (5 mL), and cooled to
0 �C. Then CF3SO3H (0.027 mL, 0.048 g, 0.32 mmol) was added with
stirring. After 1 h, benzyl amine (0.061 mL, 0.060 g, 0.56 mmol)
was added. After 30 min, the sample was concentrated by oil pump
vacuum (to ca. 2 mL). Then hexanes (7 mL) were rapidly added and
a yellow powder precipitated, which was collected by filtration,
washed with hexanes (2 � 4 mL), and dried by oil pump vacuum
to give [4a-H]+ CF3SO3

– (0.0520 g, 0.0650 mmol, 73%). M.p. 165–
167 �C (capillary). Elemental Anal. Calc. for C31H29F3N2O4PReS
(799.8): C, 46.55; H, 3.65; N, 3.50; S, 4.01. Found: C, 46.19; H,
3.46; N, 3.40; S, 4.13%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.69–7.38 (m, 4 C6H5,
8H), 7.17–6.96 (m, 4 C6H5, 12H), 5.92 (br s, NHH0, 1H), 5.39 (s,
C5H5, 5H), 4.08–4.01 (m, NH2CH2 and NHH0, 3H); 13C{1H}
(101 MHz): PPh3 at 133.9 (d, 2J(C,P) = 10.9 Hz, o), 132.0 (s, p),
131.9 (d, 1J(C,P) = 55.0 Hz, i), 129.8 (d, 3J(C,P) = 10.8 Hz, m); 137.4,
129.5, 129.3, 129.1 (4 s, CH2C6H5), 120.9 (q, 1J(C,F) = 320 Hz, CF3),
91.7 (s, C5H5), 61.6 (s, NCH2); 31P{1H} (162 MHz): 21.3 (s, PPh3);
19F{1H} (282 MHz): �79.2 (s, CF3SO3).

ON

X

PPh3

Y Z

Re

III

Fe

R1

R1R1

R1

R1

N

R2N

IV

Fig. 5. Additional structural perspectives and catalysts: ‘‘W” like conformation common to all structures (upper left); a class of chiral iron containing amines that have been
extensively exploited by Fu in enantioselective catalysis (upper right); a space filling model of 6f, illustrating the steric congestion about the dibenzyl amino moiety.
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IR:1 1687 (mNO, s). MS:2a 651 (100) [4a]+, 544 (55) [4a–
NHCH2C6H5]+.

4.1.2. (g5-C5H5)Re(NO)(PPh3)(NHCH2C6H5) (4a)
A Schlenk flask was charged with [4a-H]+ CF3SO3

� (0.0700 g,
0.0875 mmol) and THF (5 mL). Then t-BuOK (0.0110 g,
0.0875 mmol) was added with stirring. After 30 min, the solvent
was removed from the nearly homogeneous mixture by oil pump
vacuum. Benzene (6 mL) was added, and the sample was filtered
through a glass frit. The solvent was removed from the filtrate by
oil pump vacuum to give 4a as an orange powder (0.0430 g,
0.0661 mmol, 76%) of ca. 95% purity (31P NMR). Due to the labile
nature of this compound, it was characterized only by NMR (1H,
31P{1H}).

NMR (C6D6, d in ppm). 1H (400 MHz): 7.49–7.47 (m, 4 C6H5, 8H),
7.24–7.19 (m, 4 C6H5, 2H), 7.01–6.96 (m, 4 C6H5, 10H), 5.14 (s,
C5H5, 5H), 4.77 (br s, NH2CH2, 2H); 31P{1H} (162 MHz): 29.4 (s,
PPh3).

4.1.3. [(g5-C5H5)Re(NO)(PPh3)(CH2NH2CH2C6H5)]
+ BF4

� ([6a-H]+

BF4
�)
A Schlenk flask was charged with 1 (0.226 g, 0.405 mmol) [20]

and CH2Cl2 (10 mL), and cooled to �78 �C. Then Ph3C+ BF4
�

(0.176 g, 0.486 mmol) was added with stirring. After 30 min, ben-
zyl amine (0.017 mL, 0.017 g, 0.16 mmol) was added. After
20 min, the cold bath was removed. After 30 min, the sample
was concentrated by oil pump vacuum (to ca. 3 mL). Diethyl ether
(7 mL) was added. A yellow powder precipitated, which was col-
lected by filtration, washed with diethyl ether (2 � 3 mL), and
dried by oil pump vacuum to give [6a-H]+ BF4

��(CH2Cl2)0.5
(0.198 g, 0.249 mmol, 62%)3. M.p. 174–177 �C (capillary). Elemental
Anal. Calc. for C31H31BF4N2OPRe�(CH2Cl2)0.5 (794): C, 47.65; H, 4.06;
N, 3.53. Found: C, 47.44; H, 4.07; N, 3.52%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.49–7.42 (m, 4 C6H5,
12H), 7.28–7.19 (m, 4 C6H5, 8H), 6.80 (br s, NHH0, 1H), 5.29 (br s,
NHH0, 1H), 5.22 (s, C5H5, 5H), 4.08–3.99 (m, ReCHH0, 1H), 3.49–
3.46 (m, ReCHH0 and NH2CH2C6H5, 3H); 13C{1H} (101 MHz): PPh3

at 134.5 (d, 1J(C,P) = 54.3 Hz, i), 133.6 (d, 2J(C,P) = 10.0 Hz, o),
131.6 (s, p), 129.2 (d, 3J(C,P) = 10.0 Hz, m); 131.1, 130.1, 129.7,
129.6 (4 s, CH2C6H5), 90.9 (s, C5H5), 56.0 (s, CH2C6H5), 18.7 (s,
ReCH2); 31P{1H} (162 MHz): 22.1 (s, PPh3).

IR:1 1640 (mNO, s). MS:2b 664 (9) [6a-H]+, 559 (100) [6a–
CH2NH2CH2C6H5]+.

4.1.4. [(g5-C5H5)Re(NO)(PPh3)(CH2NH2CH2C6H5)]
+ PF6

� ([6a0-H]+

PF6
�)
Complex 1 (0.0803 g, 0.143 mmol), [20] CH2Cl2 (10 mL), Ph3C+

PF6
� (0.0583 g, 0.150 mmol), and benzyl amine (0.016 mL,

0.015 g, 0.14 mmol) were combined in a procedure analogous to
that for [6a-H]+ BF4

�. In a similar workup, the sample was concen-
trated by oil pump vacuum (to ca. 5 mL). Then n-pentane (7 mL)
was added. A yellow powder precipitated, which was collected
by filtration, washed with n-pentane (2 � 3 mL), and dried by oil
pump vacuum to give [6a0-H]+ PF6

� (0.111 g, 0.137 mmol, 96%)3.
M.p. 166–169 �C (capillary). Elemental Anal. Calc. for
C31H31F6N2OP2Re (810.6): C, 45.98; H, 3.86; N, 4.46. Found: C,
45.60; H, 3.98; N, 3.45%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.42–7.33 (m, 4 C6H5,
12H), 7.21–7.20 (m, 4 C6H5, 8H), 6.03 (br s, NHH0, 1H), 5.45 (br s,
NHH0, 1H), 5.19 (s, C5H5, 5H), 4.18–4.15 (m, ReCHH0, 1H), 4.06–

3.97 (m, ReCHH0 and CH2C6H5, 3H); 13C{1H} (101 MHz): PPh3 at
134.3 (d, 1J(C,P) = 54.1 Hz, i), 133.6 (d, 2J(C,P) = 10.8 Hz, o), 131.1
(d, 4J(C,P) = 6.5 Hz, p), 129.2 (d, 3J(C,P) = 10.4 Hz, m); 130.1, 129.9,
129.7, 128.6 (4 s, CH2C6H5), 91.0 (s, C5H5), 56.5 (s, NCH2), 19.1 (s,
ReCH2); 31P{1H} (162 MHz): 21.3 (s, PPh3), �143.9 (sep,
1J(P,F) = 712 Hz, PF6).

IR:1 1644 (mNO, s). MS:2a 663 (26) [6a0-H]+, 558 (100) [6a0–
NH2CH2C6H5)]+.

4.1.5. (g5-C5H5)Re(NO)(PPh3)(CH2NHCH2C6H5) (6a)
A Schlenk flask was charged with [6a0-H]+ PF6

� (0.101 g,
0.135 mmol) and THF (5 mL). Then t-BuOK (0.0228 g, 0.203 mmol)
was added with stirring. After 2 h, the solvent was removed from
the nearly homogeneous mixture by oil pump vacuum. Benzene
(7 mL) was added, and the sample was filtered through a Celite
plug. The solvent was removed from the filtrate by oil pump vac-
uum to give 6a as an orange powder (0.0672 g, 0.0993 mmol,
74%) of ca. 95% purity (31P NMR).

NMR (C6D6, d in ppm). 1H (400 MHz): 7.45–7.41 (m, 4 C6H5,
10H), 7.22–7.19 (m, 4 C6H5, 6H), 7.04–6.98 (m, 4 C6H5, 9H), 4.67
(s, C5H5, 5H), 4.27–4.22 (m, ReCHH0, 1H), 4.07–4.03, 3.95–3.93
(2 m, NH2CHH0C6H5, 2 � 1H), 3.87–3.82 (m, ReCHH0, 1H); 13C{1H}
(76 MHz): PPh3 at 137.5 (d, 1J(C,P) = 51.7 Hz, i), 134.2 (d,
2J(C,P) = 10.8 Hz, o), 130.2 (d, 4J(C,P) = 2.2 Hz, p), 129.0 (s (other line
of expected d obscured), m); 128.8, 127.9, 126.8 (3 s, CH2C6H5),
90.3 (s, C5H5), 59.5 (s, NCH2), 20.4 (s, ReCH2); 31P{1H} (162 MHz):
25.0 (s, PPh3), �4.0 (s, free PPh3).4

IR:1 1617 (mNO, s). MS:2a 664 (55) [6a]+, 558 (100) [6a–
NH2CH2C6H5)]+.

4.1.6. [(g5-C5H5)Re(NO)(PPh3)(CH2NH2CH2CH2CH2CH3)]
+ PF6

� ([6b-
H]+ PF6

�)
Complex 1 (0.124 g, 0.222 mmol), [20] CH2Cl2 (6 mL), Ph3C+

PF6
� (0.0947 g, 0.244 mmol), and n-butyl amine (0.024 mL,

0.018 g, 0.24 mmol) were combined in a procedure analogous to
that for [6a0-H]+ PF6

�. A similar workup (sample concentration to
ca. 5 mL; addition of 6 mL of n-pentane) gave [6b-H]+

PF6
��(CH2Cl2)0.33 (0.174 g, 0.216 mmol, 97%) as a yellow powder.3

M.p. 178–180 �C (capillary). Elemental Anal. Calc. for C28H33F6N2O-
P2Re�(CH2Cl2)0.33 (803.3): C, 42.32; H, 4.22; N, 3.48. Found: C,
42.56; H, 4.33; N, 3.57%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.61–7.41 (m, 3 C6H5,
9H), 7.32–7.28 (m, 3 C6H5, 6H), 5.80 (br s, NHH0, 1H), 5.24 (s,
C5H5, 5H), 4.98 (br s, NHH0, 1H), 4.14–4.10 (m, ReCHH0, 1H),
3.99–3.89 (m, ReCHH0, 1H), 2.95–2.90 (m, NH2CH2, 2H), 1.52–
1.49 (m, NH2CH2CH2, 2H), 1.36–1.29 (m, NH2CH2CH2CH2, 2H),
0.91 (t, 3J(H,H) = 5.1 Hz, CH3, 3H); 13C{1H} (101 MHz): PPh3 at
134.5 (d, 1J(C,P) = 54.0 Hz, i), 133.7 (d, 2J(C,P) = 10.6 Hz, o), 131.2
(s, p), 129.2 (d, 3J(C,P) = 10.7 Hz, m); 90.9 (s, C5H5), 52.6 (s, NCH2),
27.9 (s, ReCH2), 19.9 (s, NCH2CH2), 19.7 (s, NCH2CH2CH2), 13.6 (s,
CH3); 31P{1H} (162 MHz): 21.9 (s, PPh3), �144.0 (sep,
1J(P,F) = 712 Hz, PF6).

IR:1 1633 (mNO, s). MS:2a 629 (20) [6b-H]+, 558 (100) [6b–
NH2CH2CH2CH2CH3]+.

4.1.7. (g5-C5H5)Re(NO)(PPh3)(CH2NHCH2CH2CH2CH3) (6b)
The salt [6b-H]+ PF6

� (0.132 g, 0.170 mmol), THF (7 mL), and t-
BuOK (0.0287 g, 0.256 mmol) were combined in a procedure anal-
ogous to that for 6a. An identical workup gave 6b as an orange
powder (0.0885 g, 0.141 mmol, 83%) of ca. 99% purity (31P NMR).

NMR (C6D6, d in ppm). 1H (400 MHz): 7.55–7.51 (m, 3 C6H5, 6H),
7.05–6.98 (m, 3 C6H5, 9H), 4.77 (s, C5H5, 5H), 4.25 (d,
2J(H,H) = 10.4 Hz, ReCHH0, 1H), 3.97 (d, 2J(H,H) = 10.4 Hz, ReCHH0,

1 Powder film, cm�1.
2 m/z (%); the peaks correspond to the most intense signal of the isotope envelope:

(a) FAB, 3-NBA. (b) MALDI TOF, DCTB.
3 With some batches, recrystallization from CH2 Cl2/n-pentane was required to

remove byproducts. 4 The amount of PPh3 increases with time.
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1H), 2.90–2.87 (m, NH2CHH0, 1H), 2.71–2.66 (m, NH2CHH0, 1H),
1.58–1.32 (m, NH2CH2CH2CH2, 4H), 0.91 (t, 3J(H,H) = 7.2 Hz, CH3,
3H); 13C{1H} (101 MHz): PPh3 at 137.5 (d, 1J(C,P) = 51.4 Hz, i),
134.1 (d, 2J(C,P) = 10.4 Hz, o), 130.2 (s, p), 128.6 (d, 3J(C,P) = 10.2 Hz,
m); 90.2 (s, C5H5), 55.6 (s, NCH2), 33.9 (s, NCH2CH2), 21.4 (s,
NCH2CH2CH2), 20.4 (s, ReCH2), 14.7 (s, CH3); 31P{1H} (162 MHz):
26.6 (s, PPh3).

IR:1 1614 (mNO, s). MS:2a 629 (46) [6b]+, 558 (100) [6b–
NHCH2CH2CH2CH3]+.

4.1.8. (SReSC)/(RReSC)-[(C5H5)Re(NO)(PPh3)(CH2NH2CH(CH3)(C6H5))]
+

BF4
� ([6c-H]+ BF4

�)
Complex 1 (0.200 g, 0.358 mmol), [20] CH2Cl2 (8 mL), Ph3C+

BF4
� (0.130 g, 0.394 mmol), and (S)-1-phenylethyl amine

(0.050 mL, 0.048 g, 0.39 mmol) were combined in a procedure
analogous to that for [6a0-H]+ PF6

�. A similar workup (sample con-
centration to ca. 5 mL; addition of 7 mL of n-pentane) gave [6c-H]+

BF4
� (0.264 g, 0.345 mmol, 97%; 48:52 diastereomer mixture) as a

yellow powder.3 M.p. 141–142 �C, dec (capillary). Elemental Anal.
Calc. for C32H33BF4N2OPRe (765.6): C, 50.20; H, 4.34; N, 3.66.
Found: C, 49.92; H, 4.18; N, 3.46%.

NMR (CD2Cl2, d in ppm). 1H (300 MHz): 7.90–7.30 (m, 4 C6H5,
20H), 6.47, 6.11 (2 br s, NHH0 and NHH0, 2 � 1H), 5.39/5.32 (2 s,
C5H5, 5H, 48:52), 4.45–4.23 (m, CHCH3, 1H), 4.06–4.01 (m, ReCHH0,
1H), 3.94–3.90 (m, ReCHH0, 1H), 1.80/1.73 (2 d, 3J(H,H) = 6.9/6.6 Hz,
CH3, 3H, 48:52); 13C{1H} (76 MHz): PPh3 at 134.5/134.4 (2 d,
1J(C,P) = 53.2/53.6 Hz, i), 133.5/133.4 (2 d, 2J(C,P) = 10.6/10.5 Hz,
o), 131.1/131.0 (2 s, p), 129.1/129.0 (2 d, 3J(C,P) = 10.4/10.4 Hz,
m); 137.1/136.4 (2 s, CHi-C6H5), 129.8/129.7 (2 s, CHo-C6H5),
129.6 (s, CHp-C6H5), 127.9/127.4 (2 s, CHm-C6H5), 91.0/90.9 (2 s,
C5H5), 63.5/61.7 (2 s, CH), 20.0 (s, ReCH2), 17.3/16.8 (2 s, CH3);
31P{1H} (121 MHz) 21.1/21.0 (2 s, PPh3, 48:52).

IR:1 1660 (mNO, s). MS:2a 677 (53) [6c]+, 558 (100) [6c–
NH2CH(CH3)(C6H5)]+.

4.1.9. (SReSC)/(RReSC)-(g5-C5H5)Re(NO)(PPh3)(CH2NHCH(CH3)(C6H5)
(6c)

The salt [6c-H]+ PF6
� (0.0249 g, 0.325 mmol), THF (10 mL), and

t-BuOK (0.0365 g, 0.325 mmol) were combined in a procedure
analogous to that for 6a. After 30 min, the solvent was removed
by oil pump vacuum. Benzene (7 mL) was added, and the sample
was filtered through a glass frit. Then hexanes (30 mL) were added
to the filtrate with stirring. The mixture was kept at 4 �C. After
16 h, an orange powder precipitated, which was collected by filtra-
tion, washed with hexanes (2 � 4 mL), and dried by oil pump vac-
uum to give 6c (0.100 g, 0.148 mmol, 40%; 48:52 diastereomer
mixture).

NMR (d in ppm). 1H (400 MHz, 50:50 v/v C6D6/CDCl3): 7.40–
7.08 (m, 4 C6H5, 20H), 4.83/4.81 (2 s, C5H5, 5H, 48:52), 3.95–3.66
(m, ReCH2 and CHCH3, 3H), 1.31/1.27 (2 d, CH3, 3H, 48:52);
13C{1H} (101 MHz, CDCl3): PPh3 at 136.7/136.6 (2 d,
1J(C,P) = 50.0 Hz, i), 130.0 (s, p), 122.7/133.7 (2 d, 2J(C,P) = 11.0 Hz,
o), 128.5/128.4 (2 d, 3J(C,P) = 12.0 Hz, m); 129.9 (s, CHC6H5),
127.6 (s, CHC6H5), 127.2 (s, CHC6H5), 90.0/89.9 (2 s, C5H5), 61.7
(s, NCH), 25.6/23.6 (2 s, ReCH3), 17.8/17.1 (2 s, CH2); 31P{1H}
(162 MHz, C6D6): 27.2/26.9 (2 s, PPh3).

IR:1 1613 (mNO, s).

4.1.10. (RReSC)-[(g5-C5H5)Re(NO)(PPh3)(CH2NH2CH(CH3)(C6H5))]
+

[BF4
�] ((RReSC)-[6c-H]+ BF4

�)
A Schlenk was charged with (R)-1 (0.576 g, 1.03 mmol) [20]

and CH2Cl2 (15 mL) and cooled to �78 �C. Then Ph3C+ BF4
�

(0.370 g, 1.12 mmol) was added with stirring. After 30 min, (S)-
1-phenylethyl amine (0.158 mL, 0.150 g, 1.24 mmol) was added.
After 5 min, the cold bath was removed. After 1.5 h, the solvent
was removed by oil pump vacuum. The residue was dissolved

in CH2Cl2 (5 mL). The solution was layered with diethyl ether
(5 mL). After several hours, the yellow needles were collected
by decantation, washed with diethyl ether (2 � 10 mL) and dried
by oil pump vacuum. The mother liquor was layered with diethyl
ether (15 mL) and kept for 12 h at room temperature. A second
crop of yellow needles was similarly isolated. The crops were
combined to give (RReSC)-[6c-H]+ BF4

� (0.610 g, 0.797 mmol,
77%). M.p. 141–142 �C, dec (capillary). Elemental Anal. Calc. for
C32H33BF4N2OPRe: C, 50.20; H, 4.34; N, 3.66. Found: C, 49.92; H,
4.18; N, 3.46%.

NMR (CD3CN, d in ppm). 1H (400 MHz): 7.48–7.21 (m, 4 C6H5,
20H), 6.47 (br s, NHH0, 1H), 6.11 (br s, NHH0, 1H), 5.11 (s, C5H5,
5H), 4.15–4.11 (m, CH, 1H), 3.79–3.77 (m, ReCHH0, 1H), 3.61–3.57
(m, ReCHH0, 1H), 1.55 (d, 3J(H,H0) = 6.8 Hz, CH3, 3H); 13C{1H}
(101 MHz): PPh3 at 135.2 (d, 1J(C,P) = 53.0 Hz, i), 134.5 (d,
2J(C,P) = 11.0 Hz, o), 131.7 (s, p), 128.6 (d, 3J(C,P) = 11.0 Hz, m);
137.6 (s, CH(CH3)C6H5), 130.2 (s, CH(CH3)C6H5), 130.1 (s,
CH(CH3)C6H5), 128.9 (s, CH(CH3)C6H5), 91.6 (s, C5H5), 63.2 (s, CH),
19.1 (s, ReCH2), 16.7 (s, CH3); 31P{1H} (162 MHz): 22.4 (s, PPh3).

IR:1 3227 (mNH, m), 1660 (mNO, s).

4.1.11. [(g5-C5H5)Re(NO)(PPh3)(CH2NH(CH2CH3)2)]
+ PF6

� ([6d-H]+

PF6
�)
Complex 1 (0.123 g, 0.222 mmol), [20] CH2Cl2 (5 mL), Ph3C+

PF6
� (0.0971 g, 0.244 mmol), diethyl amine (0.025 mL, 0.018 g,

0.25 mmol) were combined in a procedure analogous to that for
[6a0-H]+ PF6

�. As the solution warmed, a yellow powder precipi-
tated, which was collected by filtration and washed with n-pen-
tane (5 mL). The filtrate and washings were concentrated by oil
pump vacuum (to ca. 2 mL). Then n-pentane (6 mL) was rapidly
added. A yellow powder precipitated, which was collected by fil-
tration and dried by oil pump vacuum. The two crops were com-
bined to give [6d-H]+ PF6

��CH2Cl2 (0.181 g, 0.219 mmol, 99%).
M.p. 146–149 �C (capillary). Elemental Anal. Calc. for C28H33F6N2O-
P2Re�CH2Cl2 (82 7.2): C, 40.47; H, 4.10; N, 3.25. Found: C, 39.98; H,
4.03; N, 3.19%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.47–7.44 (m, 3 C6H5,
9H), 7.32–7.28 (m, 3 C6H5, 6H), 5.31 (s, C5H5, 5H), 5.22 (br s, NH,
1H), 4.21 (d, 2J(H,H) = 13.2 Hz, ReCHH0, 1H), 3.92–3.88 (m, NHCHH0,
1H), 3.41–3.40 (m, NHCHH0, 1H), 3.09–3.02 (m, ReCHH0 and
NHC0H2, 3H), 1.19–1.12 (m, CH3 and C0H3), 6H); 13C{1H}
(101 MHz): PPh3 at 134.5 (d, 1J(C,P) = 53.7 Hz, i), 133.7 (d,
2J(C,P) = 10.9 Hz, o), 131.2 (s, p), 129.2 (d, 3J(C,P) = 10.2 Hz, m);
91.0 (s, C5H5), 51.6, 48.0 (2 s, NCH2 and NC0H2), 28.3 (s, ReCH2),
8.79, 7.96 (2 s, CH3 and C0H3); 31P{1H} (162 MHz): 21.3 (s, PPh3),
�148.4 (sep, 1J(P,F) = 712 Hz, PF6).

IR:1 1629 (mNO, s). MS:2a 631 (29) [6d-H]+, 558 (100) [6d–
NH(CH2CH3)2]+.

4.1.12. (g5-C5H5)Re(NO)(PPh3)(CH2N(CH2CH3)2) (6d)
The salt [6d-H]+ PF6

� (0.103 g, 0.132 mmol), THF (5 mL), and t-
BuOK (0.0222 g, 0.198 mmol) were combined in a procedure anal-
ogous to that for 6a. An identical workup gave 6d as an orange
powder (0.0710 g, 0.113 mmol, 85%). M.p. 69–71 �C, dec (capil-
lary). Elemental Anal. Calc. for C28H32N2OPRe (629.7): C, 53.40;
H, 5.12; N, 4.45. Found: C, 53.83; H, 5.41; N, 4.10%.

NMR (C6D6, d in ppm). 1H (400 MHz): 7.73–7.51 (m, 3 C6H5, 6H),
7.04–6.95 (m, 3 C6H5, 9H), 4.81 (s, C5H5, 5H), 3.99–3.96 (m, ReCHH0,
1H), 3.79–3.74 (m, ReCHH0, 1H), 3.14–3.09, 2.57–2.52 (2 m, NCH2

and NC0H2, 2 � 2H), 1.15–1.11 (m, 2 CH3, 6H); 13C{1H}
(101 MHz): PPh3 at 137.5 (d, 1J(C,P) = 50.9 Hz, i), 134.1 (d,
2J(C,P) = 10.8 Hz, o), 130.2 (s, p), 128.5 (d, 3J(C,P) = 10.2 Hz, m);
91.1 (s, C5H5), 49.8 (s, NCH2), 25.7 (s, ReCH2), 12.9 (s, CH3);
31P{1H} (162 MHz): 26.2 (s, PPh3).

IR:1 1622 (mNO, s). MS:2a 629 (6) [6d]+, 558 (100) [6d–
N(CH2CH3)2]+.
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4.1.13. [(g5-C5H5)Re(NO)(PPh3)(CH2NH(CH2CH2CH2CH3)2)]
+ PF6

�

([6e-H]+ PF6
�)

Complex 1 (0.505 g, 0.904 mmol), [20] CH2Cl2 (5 mL), Ph3C+

PF6
� (0.385 g, 0.994 mmol), and di-n-butyl amine (0.170 mL,

0.129 g, 0.994 mmol) were combined in a procedure analogous to
that for [6a0-H]+ PF6

�. A similar workup (sample concentration to
ca. 2 mL; addition of 10 mL of n-pentane; washing with 2 � 4 mL
of n-pentane) gave [6e-H]+ PF6

� (0.606 g, 0.729 mmol, 81%) as a
yellow powder. M.p. 142–150 �C, dec (capillary). Elemental Anal.
Calc. for C32H41F6N2OP2Re (832): C, 46.20; H, 4.97; N, 3.37. Found:
C, 46.28; H, 5.10; N, 3.27%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.75–7.46 (m, 3 C6H5,
6H), 7.34–7.29 (m, 3 C6H5, 9H), 5.24 (s, C5H5, 5H), 5.04 (br s, NH,
1H), 4.25 (d, 2J(H,H) = 13.1 Hz, ReCHH0, 1H), 3.98–3.96 (m, NHCHH0,
1H), 3.23–3.21 (m, ReCHH0, 1H), 2.98–2.93 (m, NC0HH0 and
NHCHH0, 3H), 1.45–1.29 (m, CH2CH2 and CH0

2CH0
2, 8H), 0.97–0.91

(m, CH3 and CH0
3, 6H); 13C{1H} (101 MHz): PPh3 at 134.6 (d,

1J(C,P) = 54.2 Hz, i), 133.6 (d, 2J(C,P) = 10.7 Hz, o), 131.3 (s, p),
129.3 (d, 3J(C,P) = 10.3 Hz, m); 91.0 (s, C5H5), 57.6 (s, NCH2), 29.9
(s, ReCH2), 26.4, 24.6 (2 s, NCH2CH2 and NCH2C0H2), 20.3 (s,
NCH2CH2CH2), 13.8, 13.7 (2 s, CH3 and C0H3); 31P{1H} (162 MHz):
22.3 (s, PPh3), –143.8 (sep, 1J(P,F) = 707 Hz, PF6).

IR:1 1625 (mNO, s). MS:2a 685 (3) [6e-H]+, 558 (100) [6e–
NH(CH2CH2CH2CH3)2]+.

4.1.14. (g5-C5H5)Re(NO)(PPh3)(CH2N(CH2CH2CH2CH3)2) (6e)
A Schlenk flask was charged with [6e-H]+ PF6

� (0.200 g,
0.240 mmol) and THF (5 mL). Then t-BuOK (0.0290 g, 0.264 mmol)
was added with stirring. After 1 h, the solvent was removed from
the nearly homogeneous mixture by oil pump vacuum. Then n-
pentane (7 mL) was added, and the sample was filtered through
a glass frit. The solvent was removed from the filtrate by oil pump
vacuum to give 6e as an orange powder (0.161 g, 0.194 mmol,
98%). M.p. 107–108 �C (capillary). Elemental Anal. Calc. for
C32H40N2OPRe (686): C, 56.02; H, 5.87; N, 4.08. Found: C, 55.51;
H, 5.84; N, 3.79%.

NMR (d in ppm). 1H (400 MHz, C6D6): 7.88–7.62 (m, 3 C6H5, 6H),
7.27–7.08 (m, 3 C6H5, 9H), 4.99 (s, C5H5, 5H), 4.19–4.17 (m, ReCHH0,
1H), 4.00–3.96 (m, ReCHH0, 1H), 3.21–3.18, 2.60–2.57 (2 m, NCH2

and NC0H2, 2 � 2H), 1.74–1.58 (m, NCH2CH2CH2 and
NC0H2C0H2C0H2, 2 � 4H), 1.15–1.11 (m, 2 CH3, 6H); 13C{1H}
(101 MHz, CD2Cl2): PPh3 at 136.9 (d, 1J(C,P) = 51.1 Hz, i), 133.9 (d,
2J(C,P) = 10.7 Hz, o), 130.3 (s, p), 128.6 (d, 3J(C,P) = 10.0 Hz, m);
90.9 (s, C5H5), 56.3 (s, NCH2), 30.2 (s, ReCH2), 27.1 (s, NCH2CH2),
21.4 (s, NCH2CH2CH2), 14.5 (s, CH3); 31P{1H} (162 MHz, C6D6):
27.3 (s, PPh3).

IR (powder film, cm�1):1 1625 (mNO, s). MS:2a 687 (11) [6e]+, 558
(100) [6e–NH(CH2CH2CH2CH3)2]+.

4.1.15. [(g5-C5H5)Re(NO)(PPh3)(CH2NH(CH2C6H5)2)]
+ PF6

� ([6f-H]+

PF6
�)
Complex 1 (0.500 g, 0.895 mmol), [20] CH2Cl2 (5 mL), Ph3C+

PF6
� (0.382 g, 0.985 mmol), and dibenzyl amine (0.25 mL; 0.19 g,

0.99 mmol) were combined in a procedure analogous to that for
[6a0-H]+ PF6

�. A similar workup (sample concentration to ca.
2 mL; addition of 10 mL of benzene) gave [6f-H]+ PF6

� (0.799 g,
0.887 mmol, 99%) as a yellow powder. M.p. 121–129 �C, dec (cap-
illary). Elemental Anal. Calc. for C38H37F6N2OP2Re (900): C, 50.71;
H, 4.14; N, 3.11. Found: C, 50.65; H, 4.16; N, 3.14%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.77–7.51 (m, 5 C6H5,
16H), 7.40–7.26 (m, 5 C6H5, 9H), 4.95 (s, C5H5, 5H), 4.85 (d,
2J(H,H) = 13.3 Hz, ReCHH0, 1H), 4.38–4.34, 4.06–4.04 (2 m, NHCH2

and NHC0H2, 2 � 2H), 3.66–3.64 (m, ReCHH0, 1H); 13C{1H}
(101 MHz): PPh3 at 134.2 (d, 1J(C,P) = 54.2 Hz, i), 133.6 (d,
2J(C,P) = 10.8 Hz, o), 131.4 (d, 4J(C,P) = 1.7 Hz, p), 129.3 (d,
3J(C,P) = 10.3 Hz, m); CPh and C0Ph at 131.3, 131.1, 130.9, 130.6,

130.5, 130.0, 129.9, 129.8; 91.0 (s, C5H5), 60.8, 58.6 (2 s, NCH2

and NC0H2), 28.6 (s, ReCH2); 31P{1H} (162 MHz): 20.1 (s, PPh3),
�142.9 (sep, 1J(P,F) = 707 Hz, PF6).

IR:1 1637 (mNO, s). MS:2a 755 (10) [6f-H]+, 679 (13) [6f–C6H5]+,
558 (100) [6f–NH(CH2C6H5)2]+.

4.1.16. (g5-C5H5)Re(NO)(PPh3)(CH2N(CH2C6H5)2) (6f)
The salt [6f-H]+ PF6

� (0.300 g, 0.330 mmol), THF (7 mL) and t-
BuOK (0.0380 g, 0.340 mmol) were combined in a procedure anal-
ogous to that given for 6a. An identical workup gave 6f as an or-
ange powder (0.197 g, 0.219 mmol, 99%). M.p. 174–176 �C, dec
(capillary). Elemental Anal. Calc. for C38H36N2OPRe (754): C,
60.53; H, 4.81; N, 3.71. Found: C, 60.88; H, 4.97; N, 3.64%.

NMR (C6D6, d in ppm). 1H (400 MHz): 7.45–7.41 (m, 5 C6H5,
10H), 7.22–7.11 (m, 5 C6H5, 6H), 7.04–6.97 (m, 5 C6H5, 9H), 4.67
(s, C5H5, 5H), 4.55, 3.01 (2 d, 2J(H,H) = 13.0 Hz, NCH2 and NC0H2,
2 � 2H), 4.08–4.04 (m, ReCHH0, 1H), 3.48–3.43 (m, ReCHH0, 1H);
13C{1H} (101 MHz): PPh3 at 136.9 (d, 1J(C,P) = 50.8 Hz, i), 134.0 (d,
2J(C,P) = 10.8 Hz, o), 130.2 (s, p), 128.6 (d, 3J(C,P) = 10.3 Hz, m);
CPh at 142.7, 129.9, 128.8, 126.7; 90.8 (s, C5H5), 62.2, 27.6 (2 s,
NCH2 and NC0H2), 30.6 (s, ReCH2); 31P{1H} (162 MHz): 25.1 (s,
PPh3).

IR:1 1625 (mNO, s). MS:2a 753 (11) [6f-H]+, 679 (13) [6f–C6H5]+,
558 (100) [6f–NH(CH2C6H5)2]+.

4.1.17. [(g5-C5H5)Re(NO)(PPh3)(CH2 )]+ PF6
� ([6g-

H]+ PF6
�)

Complex 1 (1.006 g, 1.800 mmol), [20] CH2Cl2 (10 mL), Ph3C+

PF6
� (0.769 g, 1.98 mmol), and pyrrolidine (0.18 mL, 0.15 g,

2.2 mmol) were combined in a procedure analogous to that for
[6a0-H]+ PF6

�. A similar workup (1.5 h at room temperature; sam-
ple concentration to ca. 5 mL; addition of 50 mL of n-pentane; 3 d
before filtration) gave [6g-H]+ PF6

� (1.393 g, 1.800 mmol, >99%) as
a yellow powder. M.p. 180–182 �C, dec (capillary). Elemental Anal.
Calc. for C28H31F6N2OP2Re (773.71): C, 43.47; H, 4.04; N, 3.62.
Found: C, 43.21; H, 4.08; N, 3.88%.

NMR (CD3CN, d in ppm). 1H (400 MHz): 7.52–7.45 (m, 3 C6H5,
9H), 7.35–7.29 (m, 3 C6H5, 6H), 6.15 (br s, NH, 1H), 5.24 (s, C5H5,
5H), 4.33 (d, 2J(H,H0) = 13.2 Hz, ReCHH0, 1H,), 3.92–3.88 (m, ReCHH0,
1H), 3.69–3.67, 3.57–3.53, 2.73–2.71 (3 m, NCHH0 and NC0HH0, 1H,
1H, and 2H), 1.95–1.91 (m, NHCH2CH2CH2, 4H, obscured by
CD3CN); 13C{1H} (101 MHz): PPh3 at 135.3 (d, 1J(C,P) = 53.4 Hz, i),
134.3 (d, 2J(C,P) = 10.7 Hz, o), 131.8 (d, 4J(C,P) = 1.5 Hz, p), 129.8
(d, 3J(C,P) = 10.7 Hz, m); 91.8 (s, C5H5), 60.7, 56.9 (2 s, NCH2 and
NC0H2), 29.9 (s, ReCH2), 24.3, 23.4 (2 s, NCH2CH2 and NCH2C0H2);
31P{1H} (162 MHz): 23.1 (s, PPh3), �142.5 (sep, 1J(P,F) = 703 Hz,
PF6).

IR:1 1633 (mNO, s). MS:2a 627 (11) [6g-H]+, 558 (100) [6g–
C4H8NH]+, 366 (22) [6g–PPh3]+.

4.1.18. (S)-[(g5-C5H5)Re(NO)(PPh3)(CH2 )]+ PF6
�

((S)-[6g-H]+ PF6
�)

A Schlenk flask was charged with (S)-1 (0.135 g, 0.242 mmol)
[20] and CH2Cl2 (4 mL), and cooled to –78 �C. Then Ph3C+ PF6

�

(0.103 g, 0.266 mmol) was added with stirring. After 30 min, pyr-
rolidine (0.022 mL; 0.019 g, 0.27 mmol) was added. After 20 min,
the cold bath was removed. After 30 min, the mixture was concen-
trated by oil pump vacuum (to ca. 2 mL), and a few drops of etha-
nol were added. This sample was added dropwise to a stirred
solution of n-pentane (15 mL). A yellow precipitate formed imme-
diately, which was collected by filtration, washed with n-pentane
(2 � 5 mL), and dried by oil pump vacuum to give (S)-[6g-H]+

PF6
� .CH2Cl2 (0.173 g, 0.199 mmol, 82%). M.p. 125–127 �C, dec (cap-

illary). Elemental Anal. Calc. for C28H31F6N2OP2Re.CH2Cl2 (773.7):
C, 40.57; H, 3.87; N, 3.26. Found: C, 40.50; H, 3.99; N, 3.07%;
[a]25589 = 136� ± 1� (c = 1.00 mg mL�1, CH2Cl2). The NMR, IR, and
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mass spectra were similar to those of the racemate, and are given
elsewhere [17].

4.1.19. (g5-C5H5)Re(NO)(PPh3)(CH2 ) (6g)

A Schlenk flask was charged with [6g-H]+ PF6
� (0.336 g,

0.434 mmol) and toluene (15 mL) and cooled to –78 �C. Then t-
BuOK (1.0 M in THF; 0.52 mL, 0.52 mmol) was added with stirring.
The cold bath was removed. After 30 min, the mixture was filtered
through a Celite plug (4 � 2 cm). The Celite was rinsed with tolu-
ene (3 � 5 mL). The filtrate and rinsings were concentrated by oil
pump vacuum (to ca. 4 mL). Then n-pentane (10 mL) was added.
After 21 h at �78 �C, the supernatant was decanted from an orange
precipitate, which was dried by oil pump vacuum to give 6g
(0.224 g, 0.357 mmol, 82%). M.p. 130–132 �C, dec (capillary). Ele-
mental Anal. Calc. for C28H30N2OPRe (627.74): C, 53.57; H, 4.82;
N, 4.46. Found: C, 53.70; H, 4.79; N, 4.25.

NMR (C6D6, d in ppm). 1H (400 MHz): 7.76–7.36 (m, 3 C6H5, 6H),
7.12–6.95 (m, 3 C6H5, 9H), 4.82 (s, C5H5, 5H), 4.20 (d,
2J(H,H0) = 11.5 Hz, ReCHH0, 1H), 3.72 (dd, 2J(H,H0) = 11.5 Hz,
3J(H,P) = 7.6 Hz, ReCHH0, 1H), 2.92–2.90 (m, NCH2, 2H), 2.70–2.68
(m, NCH0

2, 2H), 1.82–1.81 (m, CH2CH2, 4H); 13C{1H} (101 MHz):
PPh3 at 137.3 (d, 1J(C,P) = 49.6 Hz, i), 133.9 (d, 2J(C,P) = 11.0 Hz,
o), 129.9 (s, p), 128.4 (d, upfield peak obscured by C6D6, m); 90.7
(s, C5H5), 58.5 (s, NCH2), 26.3 (s, ReCH2), 25.0 (s, CH2CH2); 31P{1H}
(162 MHz): 26.8 (s, PPh3).

IR:1 1617 (mNO, s). MS:2a 629 (11) [6g]+, 558 (100) [6g–C4H8N]+,
366 (18) [6g–PPh3]+.

4.1.20. (S)-(g5-C5H5)Re(NO)(PPh3)(CH2 ) ((S)-6g)

A Schlenk flask was charged with (S)-[6g-H]+ PF6
� (0.0903 g,

0.117 mmol) and THF (4 mL). Then t-BuOK (0.0196 g, 0.175 mmol)
was added with stirring. After 30 min, the solvent was removed
from the nearly homogeneous mixture by oil pump vacuum. Then
benzene/pentane (3:1 v/v, 10 mL) was added, and the sample was
filtered through a Celite plug. The solvent was removed from the
filtrate by oil pump vacuum to give (S)-6g�n-pentane as an orange
powder (0.0732 g, 0.107 mmol, 89%). M.p 131–130 �C, dec (capil-
lary). Elemental Anal. Calc. for C28H30N2OPRe�n-pentane (700.3):
C, 56.63; H, 6.05; N, 4.00. Found: C, 56.87; H, 5.84; N, 3.86%;
[a]25589 = 173� ± 2� (c = 1.00 mg mL�1, CH2Cl2). The NMR, IR, and
mass spectra were similar to those of the racemate, and are given
elsewhere [17].

4.1.21. [(g5-C5H5)Re(NO)(PPh3)(CH2 )]+ PF6
� ([6h-

H]+ PF6
�)

Complex 1 (0.390 g, 0.698 mmol), [20] CH2Cl2 (6 mL), Ph3C+

PF6
� (0.298 g, 0.768 mmol), and piperidine (0.076 mL, 0.065 g,

0.77 mmol) were combined in a procedure analogous to that for
[6a0-H]+ PF6

�. The cold bath was removed. After 1 h, the yellow
powder was collected by filtration, washed with n-pentane
(2 � 4 mL), and dried by oil pump vacuum to give [6h-H]+

PF6
��CH2Cl2 (0.583 g, 0.667 mmol, 96%). M.p. 148–151 �C, dec (cap-

illary). Elemental Anal. Calc. for C29H33F6N2OP2Re�CH2Cl2 (873.7):
C, 41.29; H, 4.13; N, 3.73. Found: C, 41.10; H, 4.31; N, 3.25%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.67–7.46 (m, 3 C6H5,
9H), 7.33–7.28 (m, 3 C6H5, 6H), 5.26 (s, C5H5, 5H), 4.90 (br s, NH,
1H), 4.28 (d, 2J(H,H) = 12.9 Hz, ReCHH0, 1H), 4.04–4.00, 3.83–3.80
(2 m, NHCHH0 and NHCHH0, 2 � 1H), 3.54–3.50 (m, ReCHH0, 1H),
2.59–2.57 (m, NHC0HH0, 1H), 2.50–2.47 (m, NHC0HH0, 1H), 1.90–
1.87 (m, NHCH2CH2, 2H), 1.84–1.80 (m, NHC0H0

2C
0H0

2, 2H), 1.73–
1.70 (m, NHCH2CH2CH2, 2H); 13C{1H} (101 MHz): PPh3 at 134.5
(d, 1J(C,P) = 54.1 Hz, i), 133.6 (d, 2J(C,P) = 10.8 Hz, o), 131.3 (s, p),
129.2 (d, 3J(C,P) = 10.3 Hz, m); 91.0 (s, C5H5), 54.3, 53.3 (2 s, NCH2

and NC0H2), 30.9 (s, ReCH2), 23.9, 22.8 (2 s, NC’H2CH2 and

NC0H2C0H2), 22.3 (s, NCH2CH2CH2); 31P{1H} (162 MHz): 20.2 (s,
PPh3), �145.1 (sep, 1J(P,F) = 710 Hz, PF6).

IR:1 1633 (mNO, s). MS:2a 644 (14) [6h-H]+, 558 (100) [6h–
NHCH2CH2CH2CH2CH2]+.

4.1.22. (g5-C5H5)Re(NO)(PPh3)(CH2NCH2CH2CH2CH2CH2) (6h)
The salt [6h-H]+ PF6

� (0.176 g, 0.225 mmol), THF (7 mL), and t-
BuOK (0.0378 g, 0.337 mmol) were combined in a procedure anal-
ogous to that given for 6a. An identical workup gave 6h as an or-
ange powder (0.140 g, 0.218 mmol, 97%). M.p. 179–185 �C, dec
(capillary). Elemental Anal. Calc. for C29H32N2OPRe (641.7): C,
54.27; H, 5.03; N, 4.37. Found: C, 54.33; H, 5.45; N, 4.17%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.41–7.37 (m, 3 C6H5,
15H), 4.99 (s, 3 C5H5, 5H), 3.75 (d, 2J(H,H) = 11.8 Hz, ReCHH0, 1H),
3.47–3.42 (m, ReCHH0, 1H), 2.54–2.51, 2.13–2.11 (2 m, 2 NCH2,
2 � 2H), 1.56–1.43 (m, 2 NCH2CH2, 4H), 1.36–1.33 (m,
NCH2CH2CH2, 2H); 13C{1H} (101 MHz): PPh3 at 136.8 (d,
1J(C,P) = 51.5 Hz, i), 134.0 (d, 2J(C,P) = 10.7 Hz, o), 130.4 (s, p),
128.6 (d, 3J(C,P) = 13.6 Hz, m); 91.0 (s, C5H5), 57.7 (s, NCH2), 31.6
(s, ReCH2), 27.1 (s, NCH2CH2), 25.1 (s, NCH2CH2CH2); 31P{1H}
(162 MHz): 26.1 (s, PPh3).

IR:1 1625 (mNO, s). MS:2a 641 (9) [6h]+, 558 (100) [6h–
NCH2CH2CH2CH2CH2]+.

4.1.23. (SReRN,RReSN)/(SReSN,RReRN)-[(g5-C5H5)Re(NO)(PPh3)-
(CH2NH(CH3)CH2CH2OH)]

+ PF6
� ([6i-H]+ PF6

�)
Complex 1 (0.105 g, 0.188 mmol), [20] CH2Cl2 (5 mL), Ph3C+

PF6
� (0.0804 g, 0.207 mmol), and methyl 2-hydroxyethyl amine

(0.017 mL, 0.016 g, 0.21 mmol) were combined in a procedure
analogous to that for [6a0-H]+ PF6

�. A similar workup (sample con-
centration to ca. 2 mL; addition of 10 mL of n-pentane; washing
with 2 � 4 mL of n-pentane) gave [6i-H]+ PF6

� (0.137 g,
0.176 mmol, 93%) as a yellow powder and 75:25 diastereomer
mixture. M.p. 102–103 �C (capillary). Elemental Anal. Calc. for
C27H31F6N2O2P2Re (777.7): C, 41.70; H, 4.02; N, 3.60. Found: C,
41.46; H, 4.04; N, 3.53%.

NMR (CD2Cl2, d in ppm). 1H (400 MHz): 7.48–7.47 (m, 3 C6H5,
9H), 7.33–7.21 (m, 3 C6H5, 6H), 5.31/5.27 (2 s, C5H5, 5H, 75:25),
4.54/4.48 (2 d, 2J(H,H) = 12.8 Hz, ReCHH0, 1H, 75:25), 4.12 (br s,
OH, 1H), 3.89–3.73 (m, CH2OH and ReCHH0, 3H), 3.31–3.28 (m,
NCHH0, 1H), 3.05–3.02 (m, NCHH0, 1H), 2.85 (s, NCH3, 3H);
13C{1H} (101 MHz): PPh3 at 134.4 (d, 1J(C,P) = 54.2 Hz, i), 133.7 (d,
2J(C,P) = 10.6 Hz, o), 131.4 (s, p), 129.3 (d, 3J(C,P) = 10.5 Hz, m);
91.2 (s, C5H5), 62.8/58.4 (2 s, CH2OH), 56.4 (s, NCH3), 46.1/43.5 (2
s, NCH2), 31.9 (s, ReCH2); 31P{1H} (162 MHz): 22.2/21.7 (2 s, PPh3,
75:25), –143.1 (sep, 1J(P,F) = 707 Hz, PF6).

IR:1 1644 (mNO, s). MS:2a 631 (9) [6i-H]+, 558 (100) [6i–
NH(CH3)(CH2CH2OH)]+.

4.1.24. (g5-C5H5)Re(NO)(PPh3)(CH2N(CH3)CH2CH2OH) (6i)
The salt [6i-H]+ PF6

� (0.128 g, 0.203 mmol), THF (5 mL), and t-
BuOK (0.0342 g, 0.304 mmol) were combined in a procedure anal-
ogous to that for 6a. An identical workup gave 6i as an orange-yel-
low powder (0.127 g, 0.201 mmol, 99%). M.p. 132–136 �C
(capillary). Elemental Anal. Calc. for C27H30N2O2PRe (631.7): C,
51.33; H, 4.79; N, 4.43. Found: C, 51.91; H, 5.20; N, 3.80%5.

NMR (C6D6, d in ppm). 1H (300 MHz): 7.50–7.44 (m, 3 C6H5, 6H),
7.05–6.93 (m, 3 C6H5, 9H), 4.73 (s, C5H5, 5H), 3.93 (d,
2J(H,H) = 11.8 Hz, ReCHH0, 1H), 3.83–3.76 (m, ReCHH0, 1H), 3.65–
3.61 (m, CH2OH), 3.00–2.92 (m, NCH2, 2H), 2.46 (s, NCH3, 3H),
2.35–2.28 (m, OH, 1H); 13C{1H} (76 MHz): PPh3 at 136.8 (d,
1J(C,P) = 51.3 Hz, i), 133.8 (d, 2J(C,P) = 10.6 Hz, o), 130.5 (d,

5 This microanalysis poorly or marginally agrees with the empirical formula, but it
is nonetheless reported as the best obtained to date. The NMR spectra indicate high
purities (P 98%).
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4J(C,P) = 2.0 Hz, p), 128.4 (d, 3J(C,P) = 14.3 Hz, m); 90.4 (s, C5H5),
62.8 (s, CH2OH), 58.4 (s, NCH3), 44.8 (s, NCH2), 30.5 (s, ReCH2);
31P {1H} (121 MHz): 26.8 (s, PPh3).

IR:1 1617 (mNO, s). MS:2a 631 (100) [6i]+, 558 (87) [6i–
N(CH3)(CH2CH2OH)]+.

Crystallography. A. Complex [4a-H]+ CF3SO3
� was dissolved in

CH2Cl2 and layered with hexane. After 5 d at 4 �C, yellow prisms of
[4a-H]+ CF3SO3

� were collected. Data were collected using a Non-
ius KappaCCD area detector as outlined in Table 1. Cell parameters
were obtained from 10 frames using a 10� scan and refined with
6734 reflections. Lorentz, polarization, and absorption corrections
were applied [38]. The space group was determined from system-
atic absences and subsequent least-squares refinement. The struc-
ture was solved by direct methods. The parameters were refined
with all data by full-matrix-least-squares on F2 using SHELXL-97
[39]. Non-hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms were fixed in idealized positions
using a riding model. Scattering factors were taken from literature
[40].

B. Complex [4b-H]+ CF3SO3
� was prepared as described earlier

[4], crystallized from toluene/hexane, and analyzed as described
for [4a-H]+ CF3SO3

� (cell parameters from 10 frames using a 10�
scan; refined with 13624 reflections). The structure was solved
and refined as described for [4a-H]+ CF3SO3

�. The unit cell con-
tained two sets of two independent salt molecules, with the cat-
ions of each set having identical configurations at rhenium.

C. Complex [6a0-H]+ PF6
� was dissolved in CH2Cl2 and layered

with benzene. After 4 d at 4 �C, orange prisms of [6a0-H]+

PF6
��(CH2Cl2)0.5�(C6H6)0.5 were collected and analyzed as described

for [4a-H]+ CF3SO3
� (cell parameters from 10 frames using a 10�

scan; refined with 7963 reflections). The CH2Cl2 molecule showed
displacement disorder (C200; 50:50 occupancy about an inversion
center).

D. Complex [6d-H]+ PF6
� was dissolved in CH2Cl2 and layered

with n-pentane. After 3 d at 20 �C, orange prisms of [6d-H]+

PF6
��CH2Cl2 were collected and analyzed as described for [4a-H]

CF3SO3
� (cell parameters from 10 frames using a 10� scan; refined

with 7410 reflections). The structure was solved and refined as de-
scribed for [4a-H] CF3SO3

�.
E. Complex [6f-H]+ PF6

� was dissolved in CH2Cl2 and layered
with benzene. After 2 d at 4 �C, orange prisms of [6f-H]+

PF6
��(CH2Cl2)1.5 were collected and analyzed as described for [4a-

H]+ CF3SO3
� (cell parameters from 10 frames using a 10� scan; re-

fined with 8913 reflections). The structure was solved and refined
as described for [4a-H]+ CF3SO3

�. One CH2Cl2 molecule showed dis-
placement disorder (C200–Cl21; 50:50 occupancy about an inver-
sion center).

F. Complex [6h-H]+ PF6
� was dissolved in CH2Cl2 and layered

with benzene. After 2 d at 4 �C, orange prisms of [6h-H]+

PF6
��CH2Cl2 were collected and analyzed as described for [4a-H]+

CF3SO3
� (cell parameters from 10 frames using a 10� scan; refined

with 7341 reflections). The structure was solved and refined as de-
scribed for [4a-H]+ CF3SO3

�. One CH2Cl2 molecule exhibited dis-
placement disorder (C100/Cl11/Cl12, C101/Cl13/Cl14), which
refined to a 60:40 occupancy ratio.

G. Complex (RReSC)-6c was generated as described in the text,
and dissolved in n-pentane and layered with CH2Cl2. After 3 d at
room temperature, orange prisms of (RReSC)-6c were collected
and analyzed as described for [4a-H]+ CF3SO3

� (cell parameters
were from 10 frames using a 10� scan; refined from 15 reflections).
The structure was solved and refined as described for [4a-H]+

CF3SO3
�. The absolute configuration was confirmed by Flack’s test

(absolute structure parameter �0.024(14); theory for correct and
inverted structures, 0 and 1) [41].

H. Complex 6f was dissolved in CH2Cl2 and layered with n-pen-
tane. After 2 h at 20 �C, orange prisms of 6fwere collected and ana-

lyzed as described for [4a-H]+ CF3SO3
� (cell parameters from 10

frames using a 10� scan; refined with 7042 reflections). The struc-
ture was solved and refined as described for [4a-H]+ CF3SO3

�.

Supporting information available

CIF files with crystallographic data for [4a,b-H]+ CF3SO3
�, [6a’-

H]+ PF6
��(CH2Cl2)0.5�(C6H6)0.5, [6d-H]+ PF6

��CH2Cl2, [6f-H]+

PF6
��(CH2Cl2)1.5, [6h-H]+ PF6

��CH2Cl2, (RReSC)-6c, and 6f.
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