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(η6-Benzene)(δ/λ-1,1′-biphenyl-2,2′-diamine)chlorometal(II) hexafluorophosphate (1; metal
) ruthenium, osmium) have been synthesized. The rigid nature of the seven-membered
chelate ring formed by the 1,1′-biphenyl-2,2′-diamine (dabp) ligand renders the complexes
chiral. The resulting C1 molecular symmetry of 1(M)Ru) that we have observed in the solid
state by single-crystal X-ray crystallography is preserved in solution on the NMR time scale.
The four N-H protons of 1(M)Ru,Os) are chemically inequivalent in the 1H NMR spectrum
at 20 °C. Spin-perturbation NMR experiments in acetone solutions reveal pairwise exchange
of the resonances that correspond to the N-H protons on the spin-relaxation time scale.
The three mechanisms that would account for such an exchange (atropisomerization of the
dabp ligand, inversion of stereochemistry at the metal center, and simultaneous inversion
of the stereochemistry at the metal and the ligand) are distinguishable, provided a proper
assignment of the four N-H protons can be made in the NMR spectra. Having made that
assignment, we conclude from 2D EXSY NMR spectroscopy that the mechanism of exchange
is inversion of stereochemistry at the dabp ligand center. This observation contrasts with
previous reports that conformational isomers of dabp can be resolved.

Introduction

Optically active transition-metal complexes have
proven useful in stoichiometric and catalytic stereose-
lective syntheses. The present study involves the chiral
half-sandwich arene-ruthenium complexes (η6-benzene)-
(δ/λ-1,1′-biphenyl-2,2′-diamine)chlorometal(II) hexafluo-
rophosphate (1; metal ) Ru, Os), examples of a class of
compounds that have played an important historical
role in defining the field of optically active transition-
metal complexes.1,2 Brunner and co-workers resolved
the first ruthenium compound that was chiral at the
metal center,3 and in the two decades that followed they
carried out a comprehensive study of the stereochem-
istry of ruthenium complexes.4 Such complexes have
also emerged as important players in the field of
asymmetric catalysis.5,6 The mechanisms by which
stereoisomers of arene-metal complexes are intercon-
verted are therefore significant.

Low-spin d6 ruthenium(II) piano-stool complexes
are generally stereochemically inert.2 Furthermore,
several metal complexes of the potentially atropisomeric
ligand 1,1′-biphenyl-2,2′-diamine (dabp)7-18 and related
ligands19-21 have been reported, and efforts to resolve

conformational isomers have been reportedly success-
ful.8,9 Therefore, we were surprised to learn during spin-
labeling NMR experiments that the lifetime for mag-
netic inequivalence of the stereochemical halves of
the dabp of 1 is about 250 ms at room temperature
(e.g., spin transfer is observed on the spin-relaxation
time scale). We provide evidence herein that 1 under-
goes facial inversion at the dabp ligand center by a
mechanism that involves atropisomerization. Alterna-
tive mechanisms that involve isomerization of the
metal center are ruled out experimentally. The rela-
tive kinetics of atropisomerization of 1(M)Ru) and
1(M)Os) are discussed in the context of ligand mis-
direction.22-24
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Results

Solution and Solid-State Structures of 1(M)Ru).
The rigid nature of the seven-membered chelate ring
formed by the diamine ligand renders 1 chiral. This is
clearly seen in the molecular structure that was deter-
mined by single-crystal X-ray crystallography (Figure
1). In fact, 1(M)Ru) spontaneously resolves and crystal-
lizes in a chiral space group (P212121). In acetone
solution, the four hydrogen atoms that are bound to the
two nitrogen atoms of 1 are chemically inequivalent in
the 1H NMR spectrum at 20 °C. Thus, the C1 molecular
symmetry of 1 that we have observed in the solid state
is preserved in solution.

Assignment of the NMR Spectra of 1(M)Ru,Os).
Guided by the solid-state structure of 1(M)Ru) (Figure
1) and the 2D NMR spectra (Figure 2) we have assigned
the 1H NMR spectra of 1. The COSY spectra clearly
reveal the J-coupling scheme of 1 and thus the con-
nectivity. However, interpretation of the spin-labeling
NMR experiments requires an absolute assignment of
the 1H resonances, and in particular the spatial rela-
tionship between the hydrogen atoms bound to the
nitrogens must be determined (vide infra). A study of
the 1H NMR spectrum of 1(M)Ru) reveals three N-H
resonances at lower frequency (7.6-8.8 ppm) relative
to one that is at higher frequency (4.6 ppm). We assign
the unique resonance to HB (Figure 1). The other three
hydrogens (HA, HC, and HD) are in similar environments
with respect to shielding by the η6-arene and biphenyl
moieties.25 The spatial relationship of HA-D is indicated
by the 2D NOESY spectrum, which suggests close

contacts between HA-H3 and HD-H3′ (Figures 1 and
3). The other NOE contacts in the spectrum are consis-
tent with the assignments made from the COSY spec-
trum. Importantly, the chemical shifts of HA-D are very
temperature dependent (Figure 4), and the relative
chemical shifts of HC and HD change upon raising the
temperature from -88 °C (the temperature at which the
COSY and NOESY spectra were measured) to 20 °C (the
temperature at which the EXSY, vide infra, were
measured). Fortunately, the temperature dependence
is linear (Figure 5), which allows us to make an
unambiguous assignment of the 1H NMR spectra of
1(M)Ru) at 20 °C. The 1H NMR behavior of 1(M)Os),
including the temperature-dependence, is analogous to
that observed for 1(M)Ru).

Dynamic Behavior of 1(M)Ru,Os) in Solution.
Interestingly, spin-perturbation NMR methods reveal
pairwise exchange of the N-H protons of 1 in acetone
solution. The three mechanisms that would account for
such an exchange (atropisomerization of the 1,1′-biphen-
yl-2,2′-diamine ligand, inversion of stereochemistry at
the metal center, and simultaneous inversion of the
stereochemistry at the metal and the ligand) are dis-
tinguishable, provided that an assignment of the N-H
resonances can be made. Consider first a mechanism
that involves inversion of the metal center (Scheme 1).
When 1 is viewed conceptually as a tetrahedral molecule
with one bidentate ligand, inversion at the metal center
involves exchanging the stereochemistry of the two

(24) Ashby, M. T.; Alguindigue, S. S.; Khan, M. A. Inorg. Chim. Acta
1998, 270, 227.

(25) Johnson, C. E.; Bovey, F. A. J. Chem. Phys. 1958, 29, 1021.

Figure 1. Molecular structure of 1(M)Ru) showing the
atom-labeling scheme and the thermal vibration ellipsoids
(50% probability). The labeling scheme of the hydrogen
atoms on N and N′ is the same one used in the discussion
of the NMR experiment. The dashed lines are the close
contacts that are referred to in the discussion of the
NOESY experiments.

Figure 2. 2D-COSY spectrum of 1(M)Ru) at 185 K and
500 MHz (top) illustrating the scalar coupling between
geminal hydrogens that are bound to N and N′. 2D-NOESY
spectrum of 1(M)Ru) at 185 K (bottom) that illustrates
the HA‚‚‚H3 and HD‚‚‚H3′ contacts.
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“unidentate” ligands (the arene and the chloride). In
addition to irregular mechanisms that involve ligand
dissociation, such an exchange could be achieved by an
intramolecular turnstile-type rearrangement involving
a “square planar” transition state.26 Alternatively, the
ligand might undergo atropisomerization27 either via a
syn or anti transition state (vide infra) (Scheme 2).
Finally, it is conceivable that the stereochemistry of the
metal and the ligand might invert simultaneously
(Scheme 3). Such a mechanism might couple some of
the features of the aforementioned mechanisms, per-
haps as a result of meshing of the ligands during

atropisomerization.28 Having made an assignment of the
1H NMR spectrum, we may distinguish between the
three mechanisms of Schemes 1-3.

We conclude from the 2D EXSY NMR spectra of
1(M)Ru) (Figure 3) that the pairwise exchanges of the
N-H resonances on the spin-relaxation time scale are
the result of atropisomerization of the dabp ligand. This
mechanism is further evidenced by the fact that a single
crystal of 1(M)Ru), which happens to crystallize in a
chiral space group (P212121), fails to exhibit a circular(26) Wilkins, R. G. Kinetics and Mechanism of Reactions of Transi-

tion Metal Complexes; VCH: Weinheim, Germany, 1991; p 355.
(27) March, J. Advanced Organic Chemistry, 2nd ed.; McGraw-

Hill: New York, 1977; pp 92-93. (28) Iwamura, H.; Mislow, K. Acc. Chem. Res. 1988, 21, 175.

Figure 3. 2D-EXSY spectrum of 1(M)Ru) at 293 K and
500 MHz that illustrates HATHC and HBTHD chemical
exchange.

Figure 4. 1H NMR spectra of 1(M)Ru) at 500 MHz
illustrating the temperature dependence of the N-H
chemical shifts. Note the relative position of HC and HD
change in raising the temperature from -100 °C (the
temperature at which the 2D-COSY and 2D-NOESY
spectra were collected) and 20 °C (the temperature at which
the 2D-EXSY spectrum was collected).

Figure 5. Linear dependence on temperature observed for
the NH chemical shifts for 1(M)Ru) that allow their
unambiguous assignment at 20 °C.

Scheme 1
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dichroism spectrum when dissolved in acetone. Also, an
analogous complex of (S)-1,1′-binaphthyl-2,2′-diamine (a
ligand that is not likely to undergo atropisomerization)
fails to reveal a similar pairwise exchange of its N-H
resonances.

Discussion

Molecular Structure of 1(M)Ru). The molecular
structure of 1(M)Ru) is largely unremarkable (Table
1). The important stereochemical features have already
been pointed out. The observed Ru-N interatomic
distances of 2.17 Å for 1(M)Ru) are comparable to those
that have been reported previously for related com-
pounds such as [(η6-C6Me6)Ru(PMe3)(H)(NH2

iPr)]+ (2.16
Å)29 and [(η6-p-cymene)Ru(H)(H2N-chelate-CdS)(Cl)]+

(2.14 Å).30 It is noteworthy that the crystal structure of
dabp itself has been determined.31 Intramolecular hy-
drogen bonding in the free ligand enforces a conforma-
tion in its solid-state structure that is quite comparable
to the conformation that is observed when dabp is
coordinated (e.g., C2-C1-C1′-C2′ ) 60.4(11)° in
1(M)Ru) and the corresponding torsional angle in the
free ligand is 59.79(8)°). Together, these metric data
suggest the seven-membered chelate ring that is formed

when the dabp ligand is coordinated is not highly
strained and the Ru-N bonds are quite normal.

Mechanism of Isomerization. Surprisingly few
examples of metal complexes of dabp have been
reported,7-18 although it remains a popular component
of chiral Schiff base ligands.32-36 Despite a report to the

(29) Werner, H.; Kletzin, K.; Zolk, R.; Otto, H. J. Organomet. Chem.
1986, 310, C11.

(30) Garcia, G.; Solano, I.; Sanchez, G.; Santana, M. D.; Lopez, G.;
Casabo, J.; Molins, E.; Miravitlles, C. J. Organomet. Chem. 1994, 467,
119.

(31) Ottersen, T. Acta Chem. Scand. 1977, A 31, 480.

(32) Ligtenbarg, A. G. J.; vandenBeuken, E. K.; Meetsma, A.;
Veldman, N.; Smeets, W. J. J.; Spek, A. L.; Feringa, B. L. J. Chem.
Soc., Dalton Trans. 1998, 263.

(33) Flanagan, S.; Dong, J.; Haller, K.; Wang, S.; Scheidt, W. R.;
Scott, R. A.; Webb, T. R.; Stanbury, D. M.; Wilson, L. J. J. Am. Chem.
Soc. 1997, 119, 8857.

(34) Long, R. C.; Hendrickson, D. N. J. Am. Chem. Soc. 1983, 105,
1513.

(35) Frydendahl, H.; Toftlund, H.; Becher, J.; Dutton, J. C.; Murray,
K. S.; Taylor, L. F.; Anderson, O. P.; Tiekink, E. R. T. Inorg. Chem.
1995, 34, 4467.

(36) Pignolet, L. H.; Taylor, R. P.; Horrocks, W. D. J. Am. Chem.
Soc. 1969, 91, 5457.

Scheme 2 Scheme 3

Table 1. Selected Interatomic Distances (Å),
Angles (deg), and Torsion Angle (deg) for 1(M)Ru)

Ru(1)-N 2.172(6) H(A)‚‚‚H(3) 2.34(1)
Ru(1)-N′ 2.172(6) H(B)‚‚‚H(3) 3.39(1)
Ru(1)-Cl(1) 2.413(2) H(C)‚‚‚H(3′) 3.32(1)
Ru(1)-Bzcent

a 1.662(8) H(D)‚‚‚H(3′) 2.27(1)

N-Ru(1)-N′ 84.1(2) Bzcent-Ru(1)-Cl(1) 128.6(3)
N-Ru(1)-Cl(1) 86.2(2) Bzcent-Ru(1)-N 129.7(4)
N′-Ru(1)-Cl(1) 84.5(2) Bzcent-Ru(1)-N′ 128.0(4)

C(2)-C(1)-C(1′)-C(2′) 60(1)
a Bzcent is the centroid of the arene ligand.
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contrary,8 it is significant that in every case where
diastereomers may have been expected upon complex-
ation of dabp, only single isomers were observed.7,13,14

We have recently synthesized [Ru(bipy)2(dabp)]2+ and
found only one diastereomer.37 It is remarkable that a
square-planar Pt(II) complex of dabp has been resolved
wherein the dabp ligand appears to be the only source
of optical activity and that activity is not lost in solution
over a period of hours.9 With the exception of this latter
Pt system, these observations are consistent with the
result of the present study that clearly illustrates that
atropisomerization of the coordinated dabp ligand is
facile for 1. The observation of one diastereomer could
be interpreted as reaction stereospecificity,7,18 but an
alternative explanation is that atropisomerization sim-
ply permits equilibration to give the thermodynamic
diastereomer. It is noteworthy that the atropisomers of
the 6,6′-dimethyl derivative of dabp (dmdabp ) 6,6′-
dimethyl-2,2′-diamino-1,1′-biphenyl) can be resolved.38

Metal complexes of dmdabp apparently do not undergo
atropisomerization.14,21

While the results of this study clearly point to a
mechanism for isomerization of 1 that involves atropi-
somerization of the dabp ligand, the exchange matrix
offers no insight into the nature of the transition state.
Atropisomerization of the dabp ligand could take place
via a mechanism that involves conservation of the M-N
bonds and a syn transition state:

The seven-membered chelate ring and the unfavorable
transannular contact of the -NH2 substituents in the
2,2′-positions of the biphenyl group would offer resis-
tance to such an isomerization. Alternatively, one of the
M-N bonds might break, which would allow a more
comfortable anti transition state, albeit with the price
of the M-N bond dissociation energy:

Given the fact the metric data for 1(M)Ru) point to an
entirely normal M-N bond (vide supra), it seems highly
likely that the mechanism is one that does not involve
the breaking of a M-N bond. Furthermore, such a bond
cleavage would give rise to a free aromatic amine group.
Such moieties have low inversion barriers at nitrogen,
which would result in chemical exchange of the geminal
N-H groups, something that is not observed experi-
mentally. Also, M-N bond cleavage would produce a
coordinatively unsaturated (16-electron) transient that
would likely scramble its stereochemistry at the metal
center. Again, this is not indicated. The mechanism of
stereoisomerization of 1 therefore appears to be atro-
pisomerization of the dabp ligand via a syn transition
state. We have previously demonstrated that metals are
capable of lowering the barriers of atropisomeric reac-
tions,22,23 but that does not appear to be the case for
dabp (vide infra).

Finally, it is appropriate to compare the barrier for
atropiomerization of 1 with barriers that have been
previously measured for analogous organic biphenyl
systems. For example, the difference in the barrier for
atropisomerization39 of thiepin 3b (71 kJ mol-1) versus
the oxepin 3a (38 kJ mol-1) presumably reflects the
greater plasticity of the bonds about O versus S.40,41

Another instructive example is the comparison of the
hydrocarbon 3c (50 kJ mol-1)42 versus its 8,8′-dicarboxyl
derivative 3d (98 kJ mol-1).43 The latter comparison
clearly illustrates the importance of substituents in that
efforts to resolve 3c have failed whereas the half-life of
racemization of 3d is 80 min at 33 °C. These few

examples illustrate that the mechanism of isomerization
of 1 could not have been predicted a priori since the
observed energy barrier is within the ranges expected
for the alternative mechanisms that are discussed
herein. While the observed energy barriers do not
differentiate between inversion at the metal versus
inversion at the dabp ligand, the spin tracer experi-
ments (vide supra) clearly demonstrate the mechanism
is atropisomerization of the dabp ligand via a syn
transition state.

Ligand Misdirection. It is also interesting to com-
pare the kinetics of atropisomerization of 1(M)Ru) with
those of 1(M)Os) (Table 2). We have previously shown
that atropisomerization of the 1,1′-biisoquinoline ligand
complexes of Ru and Os exhibit an inverse free-energy
relationship (Os with its stronger metal-ligand bonds
undergoes atropisomerization more readily).23,44,45 This
trend has been attributed to a strengthening of the

(37) Alguindigue, S. S.; Khan, M. H.; Ashby, M. T., unpublished
results.

(38) Meisenheimer, J.; Höring, M. Ber. Dtsch. Chem. Ges. 1927, 60,
1425.

(39) Kurland, R. J.; Rubin, M. B.; Wise, W. B. J. Chem. Phys. 1964,
40, 2426.

(40) Ashby, M. T.; Sheshtawy, N. A. Organometallics 1994, 13, 236.
(41) Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 272.
(42) Mullen, K.; Heinz, W.; Klarner, F. G.; Roth, W. R.; Kindermann,

I.; Adamczak, O.; Wette, M.; Lex, J. Chem. Ber. 1990, 123, 2349.
(43) Iffland, D. C.; Siegel, H. J. Am. Chem. Soc. 1958, 80, 1947.
(44) Ashby, M. T.; Alguindigue, S. S.; Khan, M. A., manuscript in

preparation.
(45) Ashby, M. T.; Schwane, J. D.; Daniel, T. A. Inorg. Chem.,

submitted for publication.
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metal-biisoquinoline bonds in the syn transition state
of atropisomerization.23 In contrast, isomerization reac-
tions that involve a weakening of metal-ligand bonds
result in a regular free-energy relationship (Ru faster
than Os).45 We have previously referred to such com-
parisons between second-row and third-row metal de-
rivative “kinetic element effects”.45 We find for 1 that
there is little difference between the rates of atropi-
somerization of the Ru and Os derivatives. Unfortu-
nately, it was not possible to measure the kinetics of
1(M)Os) over a range of temperatures, since the rate
is too slow below 20 °C and thermal decomposition of
1(M)Os) was observed above 20 °C. However, assuming
the reaction profile of atropisomerization of 1 involves
only one stationary state (the transition state), this
result suggests the M-N bonds of 1 in the transition
state are not significantly perturbed relative to the
ground state. This is perhaps not too surprising given
the aliphatic nature of the RNH2 donor of the dabp
ligand (in contract to the single-sided nature of the 1,1′-
biisoquinoline ligand) and the fact that rehybridization
at nitrogen (thereby redirecting the N σ-donor orbital)
can compensate for strain placed upon the M-N bond
during the atropisomerization process. The similar rates
of atropisomerization for 1(M)Ru) and 1(M)Os) also
lends support to a mechanism that does not involve
cleaving one of the M-N (or M-Cl) bonds, but rather a
syn transition state.

Conclusions

We conclude that the mechanism of isomerization of
(η6-benzene)(δ/λ-1,1′-biphenyl-2,2′-diamine)chlorometal-
(II) hexafluorophosphate (1, metal ) ruthenium, os-
mium) is inversion of stereochemistry at the dabp ligand
center via a syn transition state. The small “normal”
kinetic element effect (KEE ) ksecond row/kthird row) of 0.51
suggests the metal-ligand bond strengths are not
perturbed significantly during the stereoisomerization.
These results contrast with earlier reports that it is
possible to resolve conformational isomers of metal
complexes of dabp.8,9

Experimental Section

Procurement and Sample Preparation. Acetone-d6 was
dried with molecular sieves and distilled before use. [(η6-C6H6)-
Ru(Cl)2]2,46 (η6-C6H6)Os(NCCH3)(Cl)2,47 and 1,1′-biphenyl-2,2′-
diamine (dabp)48 were synthesized using literature methods.

(S)-1,1′-Binaphthyl-2,2′-diamine (dabn) was used as received
from Aldrich. 1H NMR spectra were recorded on a Varian XL-
500 using residual acetone-d5 (2.04 ppm) as an internal
standard. The NMR samples were prepared in tubes that had
been glass-blown onto Schlenk adapters. The solutions were
freeze-pump-thawed, and the tubes were flame-sealed under
vacuum. Combustion analyses were carried out by Midwest
Microlab.

Synthesis of [(η6-C6H6)Ru(dabp)(Cl)]PF6 (1(M)Ru)).
[(η6-C6H6)Ru(Cl)2]2 (144 mg, 0.29 mmol) and dabp (150 mg, 0.82
mmol) were dissolved in MeOH (20 mL). The resulting solution
was freeze-pump-thawed and left under vacuum, and the
flask was placed in a 70 °C oil bath for 30 min. After the
solution was cooled to room temperature, excess NH4PF6 was
added to precipitate the product. The resulting orange crystals
were filtered, washed with MeOH, and dried under vacuum
(213 mg, 0.39 mmol, 68%). 1H NMR (acetone-d6, 500 MHz, 20
°C): δ 8.25 (br s, 1H, Ha), 7.84 (d, 1H, J ) 8 Hz, H3), 7.52 (t,
1H, J ) 8 Hz, H4), 7.47 (br s, 1H, Hc), 7.43 (br s, 1H, Hd), 7.38
(t, 1H, J ) 8 Hz, H5), 7.27 (m, 3H, H4′,5′,6), 7.10 (d, 1H, J ) 8,
H6′), 7.02 (d, 1H, J ) 8 Hz, H3′), 5.92 (s, 6H, C6H6), 4.17 (br s,
1H, Hb). 1H NMR (acetone-d6, 500 MHz, -88 °C): δ 8.74 (d,
1H, J ) 11 Hz, Ha), 7.95 (d, 1H, J ) 11 Hz, Hd), 7.87 (d, 1H,
J ) 8 Hz, H3), 7.76 (d, 1H, J ) 11 Hz, Hc), 7.50 (t, 1H, J ) 8
Hz, H4), 7.37 (t, 1H, J ) 8 Hz, H5), 7.29 (t, 1H, J ) 8 Hz, H4′),
7.24 (m, 2H, H5′,6), 7.04 (d, 1H, J ) 8 Hz, H6′), 6.94 (d, 1H, J
) 8 Hz, H3′), 5.91 (s, 6H, C6H6), 4.60 (d, 1H, J ) 11 Hz, Hb).
Anal. Calcd for C19H22ClF6N2OPRu (1(M)Ru)‚MeOH): C,
39.61; H, 3.85. Found: C, 38.68; H, 3.90. HRMS (FAB): m/e
calcd for M+ (C18H18ClN2Ru), 399.0195; found, 399.0215 (
0.013. The stoichiometry of methanol in the crystalline product
was confirmed by 1H NMR in CD2Cl2 and X-ray diffraction.

Synthesis of [(η6-C6H6)Os(dabp)(Cl)]PF6 (1(M)Os)). (η6-
C6H6)Os(NCCH3)(Cl)2 (75 mg, 0.19 mmol) and dabp (56 mg,
0.30 mmol) were dissolved in MeOH (20 mL). The resulting
solution was freeze-pump-thawed and left under vacuum,
and the flask was placed in a 70 °C oil bath for 20 h. After the
solution was cooled to room temperature, excess NH4PF6 was
added, the volatiles were removed with a rotary evaporator,
and the residue was dissolved in CH2Cl2. The resulting solution
was filtered, and the volatiles were removed under vacuum
to afford 1(M)Os) as a brown solid (75 mg, 0.12 mmol, 60%).
1H NMR (acetone-d6, 500 MHz, 20 °C): δ 8.72 (br s, 1H, Ha),
7.92 (br s, 1H, Hc), 7.77 (d, 1H, J ) 8 Hz, H3), 7.76 (br s, 1H,
Hd), 7.52 (t, 1H, J ) 8 Hz, H4), 7.36 (m, 3H, H4′,5′,5), 7.30 (d,
1H, J ) 8, H6), 7.20 (d, 1H, J ) 8 Hz, H6′), 7.15 (d, 1H, J ) 8
Hz, H3′), 6.21 (s, 1H, C6H6), 5.69 (br s, 1H, Hb). 1H NMR
(acetone-d6, 500 MHz, -90 °C): δ 9.23 (br s, 1H, Ha), 8.32 (br
s, 1H, Hd), 8.17 (br s, 1H, Hc), 7.78 (d, 1H, J ) 8 Hz, H3), 7.49
(t, 1H, J ) 7 Hz, H4), 7.33 (m, 3H, H4′,5′,5), 7.26 (d, 1H, J ) 7
Hz, H6), 7.12 (d, 1H, J ) 7 Hz, H6′), 7.05 (d, 1H, J ) 7 Hz,
H3′), 6.17 (s, 1H, C6H6), 6.15 (br s, 1H, Hb). The sample that
was submitted for combustion analysis was recrystallized from
acetone/ether. The stoichiometry of acetone in the crystalline
product was confirmed by 1H NMR in CD2Cl2. Anal. Calcd for
C21H24ClF6N2OPOs (1(M)Os)‚acetone): C, 36.58; H, 3.51.
Found: C, 37.30; H, 3.51.

Synthesis of [(δ6-C6H6)Ru(dabn)(Cl)]PF6 (2). Compound
2 was synthesized using a procedure analogous to the one that
was used to synthesize 1(M)Ru) (121 mg, 0.19 mmol, 65%).
1H NMR (acetone-d6, 500 MHz, 20 °C): δ 8.44 (d, 1H, J ) 9),
8.25 (q, 2H, J ) 8), 8.10 (d, 1H, J ) 8), 7.94 (m, 2H), 7.62 (d,
1H, J ) 10 Hz), 7.54 (t, 1H, J ) 8 Hz), 7.47 (m, 2H), 7.35 (m,
2H), 7.24 (t, 1H, J ) 8 Hz), 6.98 (d, 1H, J ) 8 Hz), 6.90 (d, 1H,
J ) 8), 5.96 (s, 6H), 4.37 (d, 1H, J ) 10 Hz). Anal. Calcd for
C26H22ClF6N2PRu: C, 48.49; H, 3.45. Found: C, 47.66; H, 3.50.

X-ray Diffraction Study of 1(M ) Ru). Crystallographic
solution and refinement procedures are summarized in Table
3. Diffraction-quality crystals were grown from the reaction
mixture. A Siemens P4 four-circle diffractometer was employed
to collect a θ/2θ data set at 188 K using Mo KR radiation

(46) Zelonka, R. A.; Baird, M. C. Can. J. Chem. 1972, 50, 3063.
(47) Freedman, D. A.; Magneson, D. J.; Mann, K. R. Inorg. Chem.

1995, 34, 2617.
(48) Smith, W. B. J. Heterocycl. Chem. 1987, 24, 745.

Table 2. Comparison of the Kinetic Data Obtained
for the Atropisomerization of the Ru and Os

Derivatives of 1a

k1 (s-1)

temp, °C M ) Ru M ) Os

20 2.71(6) 5.3(6)
25 3.12(7)
30 3.4(1)
40 7.2(8)
50 9.4(9)

a For 1(M)Ru), ∆G283 K
q ) 66.8 kJ mol-1, and for 1(M)Os),

∆G283 K
q ) 65.3 kJ mol-1.
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(0.710 73 Å). The data were corrected for Lorentz and polariza-
tion effects, and an empirical absorption correction based on
ψ-scans was applied. The structure was solved by direct
methods using the Siemens SHELXTL system and refined by
full-matrix least squares on F2 using all of the reflections.49

Atomic coordinates and isotropic vibrational parameters for
1(M)Ru) are given in the Supporting Information. Selected
interatomic distances, angles, torsion angles, and other metric
parameters are given in Table 1. A diagram showing the
thermal ellipsoids (at the 50% level) of the molecule and
labeling scheme is given in Figure 1. The dashed lines indicate
close hydrogen atom contacts that are relevant to the NMR
experiments (vide supra). Other data are available as Sup-
porting Information. The structure of 1(M)Ru) was success-
fully solved and refined in the chiral space group P212121.
Statistical tests carried out after structure refinement indicate
the structure presented herein is the correct enantiomorph of
the particular crystal that was selected for data collection from
the presumably racemic mixture. The asymmetric unit con-
tains one [(η6-C6H6)Ru(dabp)Cl]+ cation, one PF6

- anion, and
a methanol solvent molecule. One of the fluorine atoms (F3)
of the PF6

- anion and the oxygen atom of the methanol solvent
molecule may exhibit weak H-bond contact with one of the
nitrogen atoms (N) of the cation. This contact is illustrated in
a unit cell diagram that is available in the Supporting
Information.

Temperature Dependence and Assignment of 1H NMR
Spectrum of 1. Scalar coupling relationships between the
protons were obtained using 1H-1H double-quantum-filtered
homonuclear correlation spectroscopy (dqf-COSY)50 at -88 °C
for 1(M)Ru) and at -90 °C for 1(M)Os), conditions under
which chemical exchange is slow (e.g., Figure 2, top). The
stereochemical relationship between the hydrogen atoms
bound to the two nitrogen atoms was established by phase-
sensitive nuclear Overhauser spectroscopy (NOESY) at -88
°C (M ) Ru) and at -90 °C (M ) Os), (e.g. Figure 2, bottom).
As is explained in the Results, the 2D COSY, NOESY, and
EXSY spectra are completely consistent with this assignment.

It is important to note, however, that the N-H protons of
1(M)Ru,Os) exhibit temperature-dependent chemical shifts
(Figures 4 and 5). Thus, the relative chemical shifts of the
N-H protons change from the temperature at which their
assignments were made (-88 °C for 1(M)Ru) and -90 °C for
1(M)Os)), to the temperature at which the rates of atropi-
somerization were measured (20 °C for 1(M)Ru,Os)).

Symmetry of Magnetic Exchange by 2D EXSY. The
two-dimensional exchange spectroscopy (2D EXSY) pulse
sequence is essentially the same as that used for phase-
sensitive nuclear Overhauser effect spectroscopy (NOESY): d1,
π/2, d2, π/2, τm, π/2, aq.51 However, whereas the aforementioned
NOESY spectrum was collected at -88 °C (M ) Ru) and at
-90 °C (M ) Os), temperatures at which chemical exchange
is slow on the spin-relaxation time scale, the 2D EXSY was
collected at 20 °C (M ) Ru, Os), a temperature at which
chemical exchange is slow on the NMR time scale (i.e.,
apparently static spectra are obtained) but fast on the spin-
relaxation time scale. The relaxation delay d1 was set equal
to 5 times the longest T1 to allow complete longitudinal
relaxation between pulses. Because of the long d1 delay time,
a homospoil-π/2-homospoil presequence was unnecessary. A
mixing time of τm ) 0.5 s was used to obtain the spectrum of
Figure 3; however, varying the τm value had little effect on
the qualitative features of the spectrum. The spectrum of
Figure 3 only illustrates the positive peaks; therefore, the
cross-peaks corresponding to chemical exchange are observed.
Weak negative cross-peaks that correspond to NOE coupling
were also observed. Increasing the threshold of the spectrum
of Figure 3 reveals positive cross-peaks that result from zero-
quantum coherence (zero-quantum-filtered COSY), but the
latter peaks are substantially weaker than the cross-peaks
that are attributed to chemical exchange. Quantitative rate
information can be obtained from 2D EXSY spectroscopy. One
disadvantage to this method is that the cross-peak and
diagonal peak intensities need to be measurable. Errors in
these measurements are propagated into the rate calcula-
tions.52 Another disadvantage is that several mixing times
must be used, leading to the need for large amounts of
instrument time.53 The advantage to this method is in calcu-
lating rate constants in multisite systems. For a two-site
system such as this one, there is no advantage in using 2D
EXSY to determine rate constants. For such systems, line-
shape analysis and magnetization-transfer experiments are
preferable.54

Rates of Atropisomerization by Spin Inversion Trans-
fer (SIT) NMR. SIT rate data were obtained using the
standard pulse sequence: d1, π/2, d2, τ/2, τm, π/2, aq.55-58 The
transmitter offset frequency was set equal to νA, the frequency
of the nucleus to be inverted. The relaxation delay d1 was set
equal to 5 times the longest T1 to allow complete longitudinal
relaxation between pulses. The second delay was set equal to
1/(2|νA - νB|), where |νA - νB| is the frequency difference
between the nucleus to be inverted and the exchanging
nucleus. The mixing time τm was typically varied from 0.001
s to about 5T1. The 90° pulse width was determined experi-
mentally prior to each kinetics run. The rate constants and
T1 relaxation times were obtained by nonlinear least-squares
fit of the equations that describe the recovery of the inverted

(49) SHELXTL Software Package for the Determination of Crystal
Structures; Siemens Analytical X-ray Instruments, Inc., Madison, WI,
1995.

(50) Rance, M.; Sorensen, O. W.; Bodenhausen, G.; Wagner, G.;
Ernst, R. R.; Wüthrich, K. Biochem. Biophys. Res. Commun. 1983, 117,
479.

(51) Abel, E. W.; Coston, T. P. J.; Orrell, K. G.; Sik, V.; Stephenson,
D. J. Magn. Reson. 1986, 70, 34.

(52) Macura, S.; Farmer, B. T.; Brown, L. R. J. Magn. Res. 1986,
70, 493.

(53) Heise, J. D.; Raftery, D.; Breedlove, B. K.; Washington, J.;
Kubiak, C. P. Organometallics 1998, 17, 4461.

(54) Perrin, C. L.; Dwyer, T. J. Chem. Rev. 1990, 90, 935.
(55) Alger, J. R.; Prestegard, J. H. J. Magn. Reson. 1977, 27, 137.
(56) Kuchel, P. W.; Chapman, B. E. J. Theor. Biol. 1983, 105, 569.
(57) Robinson, G.; Kuchel, P. W.; Chapman, B. E. J. Magn. Reson.

1985, 63, 314.
(58) Bellon, S. F.; Chen, D.; Johnston, E. R. J. Magn. Reson. 1987,

73, 168.

Table 3. Crystal Data for Compound 1(M)Ru)
formula C19H22ClF6N2OPRu
fw 575.88
space group P212121
cryst syst orthorhombic
a, Å 9.9001(13)
b, Å 11.099(2)
c, Å 19.462(2)
V, Å3 2138.6(5)
T, K 188(2)
Z 4
Dcalcd, g mL-1 1.79
µ, mm-1 1.00
cryst size, mm3 0.18 × 0.26 × 0.26
no. of indep rflns 2327
θ range (deg) 2.09-25.01
final R indicesa (I > 2σ(I))

R1 0.0460
wR2 0.1166

R indices (all data
used in refinement)

R1a 0.0509
wR2b 0.1296

GOFc 1.141
a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑[w(Fo

2 - Fc
2)]/∑[w(Fo

2)2]]1/2;
w ) 1/∑[σ2(Fo)2 + (aP)2 + (bP)], P ) (Fo)2[1/3 + [2(Fo)2/3]] for Fo

2

g 0 (otherwise zero). c GOF ) [∑[w(Fo
2 - Fc

2)/(n - m)]1/2, where n
) no. of reflections observed and m ) no. of parameters.
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resonance (A) and the effect on the resonance that corresponds
to the hydrogen atom(s) that are undergoing chemical ex-
change (B):

The effective first-order rate constants are represented as the
sum of the two first-order rate constants for the pathways that
lead to a loss of magnetization, chemical exchange and spin-
lattice relaxation:

The present case is a special one for which K ) 1, ka ) kb, and
T1a ≈ T1b. Therefore, the usual Block equations for SIT may
be simplified as

where c1 and c2 are defined by

The data consisting of peak amplitude versus delay time τm

were analyzed by fitting eqs 2 and 3 to the experimental data.
The numerical analysis was performed with the nonlinear
least-squares regression program SPIRAL.59 Using the known
values of M∞

A and M∞
B, the nonlinear regression yielded values

and estimated errors for kobs, M0
A, M0

B, and T1. Typical fits for
spin transfer and inversion recovery are illustrated in the
Supporting Information. The kinetic data (kobs’s) that were
obtained from the SIT experiments and the conditions that
were employed for each experiment are summarized in Table
2.60
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Supporting Information Available: Cell packing dia-
gram of 1(M)Ru) illustrating intermolecular hydrogen bond-
ing, tables of fractional coordinates of the non-hydrogen atoms,
anisiotropic thermal parameters, hydrogen atom parameters,
and complete distances and angles for 1(M)Ru), a fit of sample
SIT data for 1(M)Ru), and a figure similar to Figure 5 for
1(M)Os). This material is available free of charge via the
Internet at http://pubs.acs.org.
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(59) Jones, A. Comput. J. 1970, 13, 301.
(60) Green, M. L. H.; Wong, L.-L.; Sella, A. Organometallics 1992,

11, 2660.

A {\}
ka

kb
B

ka
eff ) ka + 1/T1a (1)

Mz
A(t) ) c1 exp(-t/T1) + c2 exp(-t(2k + 1/T1)) + M∞

A (2)

Mz
B(t) ) c1 exp(-t/T1) - c2 exp(-t(2k + 1/T1)) + M∞

B (3)

c1 ) (M0
A - M∞

A + M0
B - M∞

B)/2 (4)

c2 ) (M0
A - M∞

A + M0
B - M∞

B)/2 (5)
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