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Diffusional and Internal Rotation in Single and Linked Trinuclear Bis(carbyne) Cluster
Complexes Determined by3C NMR Relaxation Time Measurements
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Carbon-13 NMR relaxation times have been measured as a function of temperature for a family of bis(carbyne)
cluster complexes: (CpCsf)s-CPh} (18), (CpCo}(us-CH)(us-CPh) @b), and X(1,4-GHs)Y with X =Y =
(CpCo}(us-CPh)us-C—) (2); X = (CpCo}(us-CPh)fus-C—), Y = —C=CPh @); or X = Y = —C=CPh d).

These molecules can be regarded as symmetric top molecules in which the phenyl rings are adjacent to zero, one,
or two CpCo; metal cluster units. Molecular rotational diffusion coefficients about the different axes of the
molecules Ppand Ds) obtained from the relaxation times indicate that the motions of the molecules are highly
anisotropic. Rapidhternal rotation of the phenyl rings described by the rotation r&esntributes significantly

to that anisotropy. Phenyl rings adjacent to an alkyne group rotate at a rate comparable to that of free benzene
whereas phenyl rings bound to a (Cpggjoup through ars-carbyne ligand show significantly reduced rates of
rotation. The observed difference in rotation rates is believed to be due primarily to steric interactions between

phenyl rings and their substituents.

Introduction

The use of organometallic complexes as precursors to hew
materials has begun to play an important role in current researchyp, group

in the area of organometallic chemist§. The reasons for this
are severalfold. The ability of metal centers to exhibit multiple,
stable valence staté42including ones involving partially filled
molecular orbitals, can lead to materials with partially filled
electronic bands which are conductive. Additionally, new

inorganic materials have recently been described which have

both novel and useful magnetic properties such as high magneti
saturation and shielding propertfesAlthough much work

remains to be done in the development of such materials, a
common theme in their design is the molecular level engineering

of specific linking groups which facilitate the desired interactions

between metal centers or units. Properties which are known to
be important in the interactions between metal units are the

distance separating units, the nature of intervening or linking

groups between units, and the orientation of one unit relative

to anothef The distance separating two units determines the
magnitude of so-called “through space” interactions which
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include electrostatic charge interactions and dipolar interactions
between unpaired spins. The nature of the linking group
encompasses many factors such as the electronic structure of
its flexibility and its dynamics. The relative
orientation of the MOs of the metal units is of critical importance

in determining the magnetic behavior of a material. Under-
standing the role of each of these factors and developing
methodologies to control and tailor each is one of the current
goals in molecular materials engineering.

Recently, molecular metal cluster complexes have been used
Cas building blocks for such materials, and dimers and oligomers
have been formed as the result of linking several clusters
together. The linking groups have involved metal ions a
number of organic functional groups including alkyries,
alkanes and cyclopentadienorfé. We have begun to explore
the properties of a family of linked, bis(carbyne) cluster
complexes of the form RC<(CpCo}>C—X—C<(CpCo}>C—R
as possible models for conducting organometallic polymers and
new liquid crystalline materials. These complexes, which can
be prepared from the corresponding alkyne complexes by
scission of the &C bond?*%are both thermally and chemically
quite robust. At the same time, they undergo a number of
reversible oxidation reduction reactions which produce a wide
range of mixed valence states.

In the studies described here, the linking group is a 1,4-
disubstituted phenyl group (Figure 1). Several properties make
this group ideal for consideration as a connecting group between
metal centers. It is chemically stable, has a well-defined and
rigid structure which determines the distance and orientation
of the groups bound to it, and has@MO system which can
be utilized in mediating electronic interactions between different
groups. The trinuclear cluster complexes used as monomers
are composed of three CpCo fragments in a triangular array

(7) Bautista, M. T.; White, P. S.; Schauer, C.XAm. Chem. S04994
116 2143-2144.

(8) Barnes, C. E.; Orvis, J. A,; Finniss, G. Il@rganometallics199Q 9,
1695-1697.

(9) Clauss, A. D.; Shapley, J. R.; Wilker, C. N.; Hoffmann, ®gano-
metallics1984 3, 619-623.

(10) Eaton, B.; O’Connor, J. M.; Vollhardt, K. P. Organometallics1986

5, 394-397.

S0020-1669(96)01243-8 CCC: $14.00 © 1997 American Chemical Society



Rotaton in Bis(carbyne) Cluster Complexes

Cp

CO H H

Co " W &

|

Cp  1-(CCoy)
1 aR=Ph b R=H

P Cp
Co H H 0 H H
H "Ca Z, /c}cp H
/ Co H 1 H C\o H H
1-(cCo,) P 1,4-diCCo,) ©P
2
Cp

H H Co H H H H
A< =
/‘vcp
H , H Co H , H H H

1(CCoy)  CP 1.4-(CCo,alkyne) 1-alkyne

3
H H H H H H
H, H H I H H H
1-alkyne 1,4-dialkyne
4

Inorganic Chemistry, Vol. 36, No. 16, 1998533

X

RCp

@%%I

Figure 2. Definitions of axis Iengtha and b and illustrations of
molecular rotational diffusion coefficient®);, and internal rotation
coefficients R. Dg: motion perpendicular to the primary axib
rotation about the primary axidRen internal rotation of phenyl
substituentRcy: internal rotation of Cp ring.
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Spectra were acquired at 9.4 T using a Bruker AMX400-WB NMR
spectrometer operating at a carbon-13 frequency of 100.62 MHz.
Assignment of the carbon resonances was made using heteronuclear
BC{H} correlation spectroscopy. Probe temperatures were calibrated
using methanol or ethylene glycol according to the procedure described
by Van Ge€e® and are believed to be accurate withinQ.

13C spin-lattice relaxation times were measured with the fast
inversion recovery pulse sequeffc€l80°—7t—90°—acq) using relax-
ation delays of Z;—3T; and 12t values ranging from &s to 5T1. A
three-parameter fit was used to obtain the relaxation times from the
data. Nuclear Overhauser enhancements (NOE) were measured by
comparing the intensities of the carbon-13 signals in regular decoupled
and inverse gated decouptédpectra.

Determination of Diffusion Coefficients

Figure 1. lllustrations of compound$—4. Phenyl groups are labeled
according to the number, type, and pattern of substituents to which
they are bound.

The general shape of the compounds investigated in this study
can be approximated by a prolate symmetric top with one long
semiaxis &) and two shorter semiaxes of equal length &s
illustrated in Figure 2 for the linked cluster syste&2n b is
defined as the distance from the center of thg €@angle to
an average cyclopentadienyl hydrogen position. Estimates for
the lengths ok andb were obtained from crystal structures of
complexlaand the linked cluster compléx!! Bond distances
he obtained from these crystal structures were also used to estimate
the axis lengths for the alkyne-substituted clusteand for
bistolan4.

The diffusional motions in these molecules can then be
described by two molecular diffusion coefficients: spinning
about the unigue axig), described by, and tumbling of the
molecule perpendicular to the unique axxsof y), described
by the diffusion coefficienDp. In the cases o and 3, the
large difference in molecular dimensiors> b) leads to the
Sexpectatlon that molecular tumblin®{) will be significantly
slower than rotation about the long axiS). Furthermore,
internal rotation of the phenyRey) and cyclopentadienyl rings
Experimental Section (Rcp) as well as the cobalt cluster fragmeRg§,) must also be
considered as contributing factors to the dynamics of molecular
reorientation of these moleculegde infra

capped on both sides by triply-bridging carbyne ligands. In
this study the monomeric bis(carbyne) complexaand3 and
the linked complex are investigated (Figure 1). The alkyne
4 was also studied for comparison purposes.

In conjunction with our investigations of the electronic
properties of these complexes, we became interested in t
dynamics of the phenyl groups and whether motions of these
groups affect their ability to mediate electronic interactions
between the metal units they link together. A study of the
crystal structures and electrochemical properties of these
complexes will be published elsewhéfe Herein we describe
the results of a detailed analysis of both the molecular motions
and internal rotational dynamics of phenyl-linked bis(carbyne)
complexes. Such information is of interest in the design of
polymer systems based on these and other organometallic unit
and linking entities.

The cluster complexes—3 were prepared from the corresponding
diphenylacetylene and bistolan alkyne adducts via thermally induced
alkyne scission reactions in refluxing decahydronaphthalene similar to Phenyl Ring Rotation
the procedures described by Vollhardt and coworkr®istolan 4
was synthesized following the procedure of Nguyen é€ aCD,Cl, If both the overall spinning of the entire molecule and the
was dried over Capland degassed by several freeppmp-thaw internal rotation of a phenyl group take place about the primary
cycles before use. NMR samples were prepared in flame-sealed tubesmolecular axis 7, then the total effective spinning rate
after vacuum transfer of the solvent. Concentrations were 76 mM for experienced by the phenyl group is the sDigpn= Dj; + Ren

1,10.4 mM for2, 30 mM for 3, and 93 mM for4. Due toits low  Equations relating the dipolar relaxation times of ellipsoidal
solubility, samples o2 were made up in 10 mm tubes, whereas 5 mm

tubes were used for all other samples.
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molecules undergoing internal rotation to the rotational diffusion Table 1. 3C T, Relaxation Times (3) Obtained forla
coefficients have been developed by Woessner and co-wdfkers.

. . . . ) B T/K Tl,para Tl,ortho Tl,meta Tl,Cp Tl,CpDD
Application of this theory to phenyl ring rotation in carbyne 300.0 131) 2.002) 110Q) 430) 5.42)
Iigands of metal cluster cqmplexes ha}s been described by 5904 1:1(1) 3:4(2) 3:5(2) 3:7(2) 4:2(2)
Richmond and SchwartZ. If internal rotation occurs about an 280.2 1.0(1) 3.0(2) 3.1(2) 3.2(2) 3.7(2)
axis parallel to the main symmetry axis of the ellipsoid, then, 269.8 0.83(8) 2.5(2) 2.6(2) 2.7(2) 3.1(2)
in the extreme narrowing limitzfw < 1), the relationship gig-g g-gg% i%g; iggg 538 g‘l‘rEB
between diffusion coefficients and relaxation time is given by 2384 0:46(5) 1:3(1) 1:3(1) 1:5(1) 1:7(1)
1 )/CZVHZhZ A B C contributes significantly to their overall relaxation. In such
?l_ (.6 6_DD+ 5D, + D, + R+2D + 40D, + R cases, dipolar contributions to the carbon relaxation times

CH . ! 1) T:PP(Cp) may be obtained from the relatién
DD _ 1994
whereA = (3 co€ © — 1)/4,B = 3 sir? © co? ©, C = (3 sirt T, (Cp)= —NOE(exp;rl(eXp) 4)

®)/4, and © is the angle between the-@ bond and the
rotational axis.

For the carbons in the para position the anglés equal to
0. In this case the factok in eq 1 equals 1 anB = C = 0.
Equation 1 then simplifies to

In compoundsl—3 the rotational axes of the Cp rings are
perpendicular to the main axis of the molecule. Equations
relating the relaxation times of the Cp carbons to diffusion
coefficients can be obtained from Woessner’s general equations
describing relaxation in ellipsoidal molecules with internal
rotatiort®® and have been presented by Schwartz and Rich-
mond?® The correlation time of a carbon on a Cp ring depends
on three parameters: the internal rotation Rdg the diffusion
coefficient Dp, and the spinning rat®sco, = Dy + Reo,

1 vt 1 _3781x10°
DD

)

Tl,para—c rCHG 6DD

where standard values fgg, yc, andh and a value of 1.08 A
for the C—H bond lengtk® have been used. From eq 2 one

describing the rotation of the @pos triangle about the main
axis. For the bis(carbyne) systenis and 1b one can

can see that the relaxation of the para carbon gives directly theapproximateDs co, by Dy since the CgCo; moiety accounts for

tumbling rateDg, for the entire molecule, independent of all
other motions.

For the ortho and meta carbo®® equals 60 and 120,
respectively. In either case the coefficients in eq 1 Are

the bulk of the molecule. In the linked cluster systeisitd

3), the two CpCo; units are expected to rotate faster than the
molecular spinning rate. In this casey cannot be used to
approximateDs cq,

Ys4, B = 916, andC = 27/g4 and the relaxation time therefore
depends onRpy,, Dy, and Dg. Using eqs 1 and 2 and the
definition Ds = Dy + Rpp, the ratio Ty orthd T1,paraiS given by

Results and Discussion

Recently Richmond, Schwartz, and co-workers utili2&d
NMR relaxation data to describe the rotational diffusion

Tl,orth0: Tl,meta: 64 3) coefficients for phenyl ring rotation in several trinuclear metal
Tipara  Tipara 14 216 i 162 clusters containing capping carbyne ligatidaich as and6.
D D
5+ — 244> ©
e 0

The ratioDJDp may then be determined by fitting the ratio
T1ohd T1parato €q 3 usingDy/Dp as an adjustable parameter.
Ds can then be obtained usirf@y calculated from eq 2. It
should be noted that this analysis yields only independent values
for Dp and Ds which is the sunD, + Rpp. Separation oDs

into Dy andReh is not possible with dipolar relaxation times of
the phenyl carbons alone. The studies described here extend these measurements to

Finally, the above equations are valid only if the motion of include a series of linked cluster systems based on the (GpCo)
the molecule is in the fast narrowing limit. As discussed below, fragment. These compounds contain up to three different types
this assumption may not be valid for compl2x of phenyl rings within one molecule allowing us to directly
compare the rates of rotation of phenyl rings bound to different
numbers of carbyne and/or alkyne carbons.

The NOE for the cyclopentadienyl carbon atomdris 1.61 Carbon-13T; relaxation times were measured over a range
at 300 K and is independent of temperature. This suggests thaof temperatures from 310 to 250 K. Table 1 shows the
coupling with the quadrupole moment of the cobalt atoms experimental relaxation times for the bis(carbyne) cluger
The relaxation times for the ortho and meta carbons of the
phenyl ring are the same within the experimental uncertainty
of our measurements whereas the relaxation times for the para
carbons are significantly shorter. This difference is a strong

c
/ N
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\\/Co
o ¢Cp
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Z\> co(co
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Figure 3. Semilog plots of experimental and calculated diffusion coefficients versus inverse temperature. Symbols represent experimental data;
solid lines, regression fits to the data; dotted lines, predictions of hydrodynamic models discussed in the text. See Figure 1 for substituent symbol
abbreviations.

indication that the reorientation of the phenyl group is aniso- ruled out since it is most efficient in small molecules with high
tropic. All relaxation times increase with increasing tempera- rotation rates and its influence is expected to decrease with
ture, as expected for rotational motions faster than i molecular weight. It is therefore most plausible to assume that
Larmor frequency. The relaxation times obtained for complexes we also have exclusively dipolar relaxation in the linked cluster

2—4 show similar behavior. A complete summary of these data 2 but that the tumbling of a molecule of this size is slow such

is supplied in the Supporting Information. Nuclear Overhauser that the condition for extreme narrowing is no longer satisfied.
enhancements of 200% were found for the phenyl carbons in The more general frequency dependent equations for dipolar
compoundsla, 1b, 3, and4 as expected for molecules whose relaxation have therefore been used to extract the diffusion

correlation times are in the extreme narrowing limije{ < 1) coefficients for2 from the T; values?! These equations are
where relaxation is dominated by dipolar coupling with the included in the Supporting Information.
protons. Using egs 2 and 3, diffusion coefficients were obtained from

In the case of the linked clust@ however, NOEs smaller  the relaxation times fod—4. Semilogarithmic plots of the
than 200% were observed for the phenyl carbons, especially atdiffusion coefficients versus inverse temperature are shown in
lower temperaturesT(= 250 K; G,, 140%, Gm, 170%). Due Figure 3. Dotted lines represent valuednf and Dy obtained
to the chemical and structural similarities betwezand the from hydrodynamic models discussed below. Regression
other molecules it is unlikely that other relaxation mechanisms

such as chemical shift anisotropy play_asignificaqt role in the (21) spiess, H. W.NMR: Basic Principles and ProgressSpringer
relaxation of2. Furthermore, spin rotation mechanisms can be Verlag: New York, 1978; Vol. 15, pp 55214.
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Table 2. Internal Rotation Diffusion Constants far-4 at 298 K

la 1b 2 3 4
1-CCq” 1-CCaq” 1-CCqP 1,4-diCC@®> 1l-alkyne 1-CC¢ 1,4-(alkyne, CC¢) 1l-alkyne 1,4-dialkyne
Do/(ns) ! 45.3(7) 54(1) 36(2) 20(2) 50(4) 34(2) 30(1) 63(1) 50(1)
R/(ns) ! 37.5(7) a4 31(2) 16(2) 45(4) 28(2) 24(1) 46(1) 33(1)
(Ds/Dry )exp 9.2 7.0 23.3 13.1 21.9 14.9 13.2 20.7 16.7
EJ/kJ mol™? 10.7 11.1 10.8 11.4 10.9 11.4 9.34 9.71
Vi/kj mol—t 2.4 2.0 2.9 4.6 2.0 3.1 3.5 1.9 2.7

aDs overall motion of individual phenyl groupR( + Dy); internal rotational diffusional constari®, estimated according to hydrodynamic
“stick” model described in text CpsCos(us-C) substituent abbreviated as GCo

Table 3. Molecular Diffusion Coefficientd, and Dy, for From Raman studies the rate of rotation of a benzene
Complexesl—4 at 298 K molecule in CRCI, about itsC; axis is 100 £20) ns ' at room

la 1b 2 3 4 temperatur@? This rate can be regarded as the maximum
2alA 130 b 212 20.0 183 rotation rate for any phenyl substituent with no barrier to rotation
Dr(exp)/(nsy™ 4.92(4) 7.7(4) 15(1) 2.3(1) 3.01) other than interactions with a GBI, solvent cage. None of
Dy/(ns)yta 7.8 9.8 4.4 6.3 17.1 the phenyl substituents in this series of molecules exhibit this
D(stick)Dp(exp) 0.68 b 0.80 0.61 0.82 rotation rate.
Dr(slip)/Do(ex 4.23 b 1.85 1.60 1.30 i
(DDII(/DE))stickD( p) P SR As can be seen from Table 2, the valuegf ccq in 2 and

3 are identical within their uncertainties whereas both are
2 Calculated according to the hydrodynamic models discussed in the significantly different fromDs for 1aand1b though all of these
text. ® Not calculated. rates describe the spinning of a phenyl group carrying a single
analyses through the experimental data are shown as solid lines(CpCo}(carbyne) substituentDs 1.akynevalues for3 and4 are
Tables 2 and 3 compare the room temperature diffusion also significantly different even though both characterize the
coefficients derived from the data over all measured tempera- rotation of a phenyl ring with one alkyne substituent. These
tures for all four compounds. differences are due to the contribution which overall molecular
As can be seen in Figure 3, the overall spinning rates of the diffusion (D;) makes to the total rotation of the phenyl rings.
phenyl substituent®s are about an order of magnitude larger That contribution differs from molecule to molecule. For a
than the rate of tumblin®g for all of the complexes described comparison of molecular diffusion between different molecules,
here. This anisotropy in the motions of the phenyl groups can an independent determinationdf is needed. In other studies,
be explained by noting that tumbling of a phenyl group also carbon-13 relaxation times of carbonyl ligands rigidly bound
involves tumbling of the entire molecule about its long axis to the metal skeleton have been used for this purpbsethe
while the spinning motion of a phenyl group involves not only molecules under discussion, however, such a ligand is not
the overall rotation of the molecule but also internal rotation available.
about the single bond connecting the phenyl substituent to a An alternative to the direct measurementyfis the use of
carbyne carbon. Our experimental data yield only the total hydrodynamic models to calculate theoretical valueBeand
rotation rateDs. However, comparing the values &f; for Dy. The simplest theories of anisotropic reorientation of
nonequivalent phenyl groups within one molecule allows one molecules in fluid solution are modifications of the Stokes
to distinguish between the contributions of internal rotation and Einstein—Debye theory of reorientation of spheres in a viscous
molecular shape to the anisotropy in the motions in these medium?® In these models, the reorientation of a symmetric
molecules. For example, complex2s3, and4 each contain top molecule in a solvent with viscosity is given by
two different types of phenyl groups which rotate at different
rates about the main axis of each molecule. Such behavior can 1 kT (5)
only arise if the different phenyl groups show differamternal b 8\myab2
rotation rates since the contribution of the overall molecular
rotation O;) to Ds is equal for all phenyl groups within one  wherea andb are the radii along the long and the short main
molecule. Differences iDswithin a molecule must arise from  axes of the solute molecul®; stands for eitheD; or Dp, and
different values oRppand can be taken as proof of the presence f; are the friction coefficients for the rotation about either axis

of internal motion. relative to a sphere of equal volume.

The observed differences in the spinning rates allow further  In the so-called “stick” limit the solute is assumed to be large
conclusions to be drawn. In the linked cluster syst2rthe in size compared to solvent molecules b > rsonen). The
total rotation rate for the inner phenyl grouPs(i -dicce) iS solvent molecules are thought to stick to the solute and cause

considerably slower than that for the outer phenyl groups aviscous drag opposing its rotation. Equations relating the ratio
(Ds,1-ccq) (Table 2). On the other hand, rotation rates for the of the length of the two axes of the ellipsoid withandf, have
linking phenyl group Ds 1 4-(ccgalkyne) and the terminal phenyl  been developed by Perrifi. Using literature values for solvent
substituent on the carbynB{1.ccq) in 3 are quite similar while viscosity?® diffusion coefficients for this model have been
the terminal phenyl substituent on the alkyne grouf shows calculated and are shown in Table 3. For the molecules under
a significantly faster rotation rate. These observations supportdiscussion, the stick model gives the correct order of magnitude
the assertion that the presence of a (Cp(@aybyne) substituent  for D, but slightly underestimates its value. The temperature
introduces a significantly larger barrier to the rotation of the dependencies of the experimental data are also quite similar to
phenyl group than does an alkyne substituent. Binding to a those derived from eq 5. Fitting the data to the Arrhenius
second carbyne reduces the rate of rotation even further,
resulting in the following order for phenyl group rotation rates (22) Tanabe, K; Hiraishi, Mol. Phys.198Q 39, 493.

; ; .1l - (23) Debye, PPolar Molecules Dover: New York, 1929.
with regard to nNumber and subst|t>uent type: 1 alky2&,4 (24) Perrin. F.J. Phys. Radiuni934 5. 497.
alkyne> 1-CCa ~ 1,4-(CCag,alkyne)> 1,4-diCCa (CCa=Cps- (25) Viswanath, D. S.; Natrajan, ®ata Book on the Viscosity of Liquids

Cos(uz-C)). Hemisphere Publ: Bristol, PA, 1989.
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equation gives a range of-d1 kJ moi? for the activation We can obtain approximate values for the internal barrier to
energy associated with molecular tumbling. These values, whenphenyl group rotation from different substitueis using the
compared with the calculated temperature dependendénof  relationshig®

for CH,Cl, according to eq 5 (9.13 kJ md), indicate that the

temperature dependence of the tumbling is determined mainly Ro,
by the viscosity of the solvent. Vi=-RsTIn (7)
When the molecular dimensions of the solute and solvent sts

are similar, the frictional drag on the solute is overestimated

by the stick model, resulting in diffusion coefficients which are  whereRg is the gas constant arit, is the rotation rate of
smaller than observed. Hu and Zwanzig have described afree benzene in methylene chloride. The results (Table 2)
different model for small solute molecufsvhich assumes that  indicate that the presence of onesCps—carbyne substituent

the solute “slips” through the solvent molecules without the raises the barrier by 3 kJ mdiwhile a second cluster fragment
solvent sticking to the molecule. The friction experienced by adds another 1.7 kJ to the barrier. These substituent effects on
the molecules is then described exclusively by the displacementthe barriers to rotation of phenyl groups originate from a
of solvent molecules during rotation. The expression one combination of effects which may be broadly divided into those
obtains forDg in the slip limit is analogous to eq 5 except that involving steric and those involving electronic interactions

the friction coefficientsfy(slip) are different. ForD; in between the substituent and the phenyl group. The discussion
symmetric top molecules, however, the rotation in the slip limit that follows describes the relative contributions of these
depends only on the moment of inertia of the molecule: interactions.
Previous studies of phenyl rotation rates for the tricobalt
. 3 kT carbyne systems GPoz(CO)(u-CO)(CPh) ) and Ca(CO)-
D,(slip) = A (6) (CPh) @)!” have revealed interesting differences. For complex
I

5, phenyl ring rotation was found to be effectively locked on a
nanosecond time scale, whereas for compleke phenyl ring
rotation rate was found to be comparable to the rate of rotation
for free benzene. Consistent with these observations, frontier
orbital theory suggests that Bithe presence of the bridging
CO ligand leads to a preferred orientation of the phenyl
substituent with respect to that ligaPff!resulting in a higher
barrier to phenyl rotation irb than in complex6. Even
considering the uncertainty of our valuesRy;, the carbyne-
bound phenyl substituents i3 appear to be somewhere
between these two extremes.

In trinuclear clusters with three equivalent vertices sucé as
as well as in the complexes investigated in our study, electronic
interactions between the metal fragments and the phenyl groups
do not depend on the orientations of the phenyl group and lead
to a low barrier of activation for phenyl ring rotation. There
are at least two possible causes for the remaining difference in
rotation rates 06 on one hand antl—3 on the other. The first
is that the two phenyl rings interact electronically through the
CpsCaos unit, resulting in a preferred orientation of thesystems
relative to each other. The second is that the barrier is derived
from steric interactions between Cp ligands and the phenyl ring.

Using the crystal structure 4&'* as a model, we qualitatively
examined the steric interactions of the phenyl and cyclopenta-
dienyl groups as illustrated in Figure 4. The hydrogen atoms
of the cyclopentadienyl ligands and the phenyl ring may come
as close as 1.2 A in the course of mutual free rotation. This is
less than twice the van der Waal radius of a hydrogen atom in
benzene (1.0 A}2 With the cyclopentadienyl rings kept rigid
in the positions obtained from the crystal structure, force field
calculations using SYBY# yield a barrier to phenyl group
rotation on the order of 1000 kJ md| i. e., orders of magnitude

From Figure 3 one can see that for completasand2—4
the slip model overestimates the valuePefto an even larger
degree than the “stick” model underestimates them. Further-
more, the predicted temperature dependenceD$lip) is
significantly different than experimentally observed, demonstrat-
ing that the motions of these molecules are in the diffusional
region governed by solvent viscosity rather than the inertial
region?’ Table 3 summarizes the experimental valuesOgr
at 298 K and compares them to the values calculated from the
two models. The observed rate of tumbling decreases in the
orderla> 4 > 3 > 2following increasing size of the molecule
as measured by the long axis lengtla)(2 The “stick” model
better describes the diffusional behavior of our molecules and
is therefore the one used to estimate internal rotation rates.

Having calculated values d@, one is now able to separate
Ds into its components and obtain approximate values for the
rate of internal rotation. In Table 3 the experimental r&id
Dp (Ds = Dy + Rep) is compared to the rati®, /Dy expected
for a rigid molecule based on the “stick” model. One can see
that for all investigated moleculé3; is significantly larger than
the value ofD, consistent with a significant contribution from
internal phenyl rotatiorRpy, to the total spinning rat®s. The
theoretical ratio,/Dp)sick, together with the experimental value
for D, gives an approximate value foy from which internal
rotation ratesRpn for individual phenyl groups may be obtained.
These values are summarized in Table 3.

Phenyl groups bearing similar substituents in different
molecules in this series exhibit identical rotation rates: 46(1)
versus 45(4) ng' for Ry.aikyne for 3 and 4, respectively, and
31(2) versus 28(2) ns for Ry.ccq for 2 and 3. One would
also expect the phenyl groups Ia to have the same internal
rotation rate as the _terminal phenyl groups next to a carbyne in (28) (a) Gillen, K. T.; Schwartz, M.. Noggle, J. FMol. Phys.1971, 20,
2 and3. That this is not observedRén 37.5(7) ns' 1a, 44 899. (b) Gillen, K. T.; Noggle, J. HJ. Chem. Phys197Q 53, 80L.
ns11b, versud?l_CCQ(Z) ~ Rl-CCq;(s) ~ 30 ngl) might reflect (c) Wilson, N. K.J. Am. Chem. Sod975 97, 3573. (d) Levy, G. C.;

the fact that the “stick” model does not describe the anisotropy o '?5'%5;-; ?tesg,e'é éﬁi %mMC,hﬁg“r-rgoggthgei 4%%)/51972 26

of thg diffusional motion cor_lsistently fo_r molecules with vyidely 281. (b) Lyerla, J. R.; Grant, D. Ml. Phys. Cheml972 76, 3213.

varying shapes. Self-consistent rotation rates are obtained for(30) Evans, D. G.; Howard, J. A.; Jeffery, J. C.; Lewis, D. B.; Lewis, G.

the more anisotropic, rod-like molecul2s 4 as opposed tta Eglgao_srfg;gqg%fg 2"7-233-3 Parrot, M. J.; Stone, G.JAChem. Soc.,

and 1b, which are more spherical in shape than the otPers. (31) Schilling, B.; Hoffmann, RJ. Am. Chem. Sod979 101, 3456-
3467.

(26) Hu, C.-M.; Zwanzig, RJ. Chem. Phys1974 60, 4354. (32) Bondi, A.J. Phys. Chem1964 68, 441—451.

(27) BoefeR. T.; Kidd, R. G.Annu. Rep. NMR Spectras982 13, 319— (33) Clark, M.; Cramer, R. D., Ill; Van Openbosch, N.¥.Comput. Chem.

384. 1989 10, 982-1012.
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unhindered
rotation

> steric interaction

L

Figure 4. Rotational cones defined by the rotation of the phenyl and Figure 5. Top view oflain the solid state illustrating the interactions
Cp rings based on the solid state structlaeDistances andd describe of the phenyl ring with only two of the possible three Cp rings
the separations of respective hydrogens of each ligand from the centersimultaneously.

of the metal triangley andd describe the angles betweeandd and

the respective rotation axis of each ligand. Wt 6 ~ 34°, andc ‘L . A
=3.6 A andd = 3.8 A, the smallest distance between the hydrogen Although steric interactions appear to be a significant factor

atoms of the two rings is = 1.22 A. Dotted circles represent van der 1N €xplaining the rotational behavior exhibited by the phenyl
Waals radii of the hydrogens. rings with CpCos substituents, electronic interactions between

higher than observed. If one correlates the rotation of the Cp e Phenyl rings cannot be ruled out. The fact tRaf is
and phenyl groups to minimize steric interactions, the calculated SOMeéwhat larger ib thanlamay be explained by either type
barrier to rotation for the phenyl group drops to 13.8 kJThol ~ ©Of interaction. The absence of a second pheny! rind.n
Although this barrier is still higher than what is observed, these €xcludes any mutual phenyl ring interactions, but one can also
force field calculations do not allow for librational motions of ~€xpect the Cp ring centroids itb to move toward the sterically
the phenyl rings which are expected to lower the barrier to less demandings-CH group, thus reducing steric interactions
rotation. It therefore appears that steric interactions betweenbetween the Cp and phenyl rings.
the phenyl and Cp rings could explain the magnitude of the  |n the case of the rotation of the alkyne-substituted phenyl
barrier to rotation of the phenyl groups with (Cpglay-C) rings in the cluster compleXand bistolar4, steric interactions
substituents. can be ruled out and consistently lower barriers to rotation are
Such steric interactions raise the question of whether the ghserved. In these cases the barrier is therefore believed to be

motions of the two phenyl and Cp rings are completely caused by electronic interaction between thsystems of the
correlated resulting in equal rotation rates for both groups. If phenyl rings through the &C triple bond.

we assum®s cq, ~ Dy in 1laand use the approximate value of
Dy from the hydrodynamic stick model as described above, one
obtains a value oRc, = 95 ns'! for 1aat 298 K. This value

is considerably larger than the internal rotation rate of the phenyl
rings and is not consistent with the presence of correlated
motion. Although the value obtained &, depends strongly

on the estimate made fd@,, the above conclusion still holds
true even if the value db, was twice as large as that obtained

Conclusions

Analysis of the carbon-13 NMR relaxation times of the
protonated carbons in the phenyl rings of the bis(carbyne) cluster
systemsl—3 and in bistolard reveals anisotropic reorientation
of the phenyl rings. Tumbling rates perpendicular to the main

from the “stick” model. At first glance this argument appears axis decrease with increasing size within this family of

to rule out steric interactions as an explanation for the observedcomplexes' Internal rotation of the ph_enyl rings is the main
barrier of rotation. However, when evaluating the crystal contributor to the observed molecular spinning rate and accounts

structure and molecular modeling results, one finds that, in its for the motional anisotropy observed for these complexes. The
most favored configuration, a phenyl ring bound to a (CpE€o) rate of internal rotation _depends on the type of substituent
(carbyne-) fragment is oriented parallel to one of the three Cp attached to the phenyl ring. Steric interactions between the
ligands. It therefore sterically interacts with only two of the Phenyl group and the Cp ligands of the:Cp; fragment appear
three Cp rings at a time (Figure 5) whereas the third Cp ring is t0 be the major factor influencing the barrier to phenyl group
able to spin freely with a very low barrier (0.8 kJ m#l. This rotation.

condition allows the cyclopentadienyl rings to rotate, on average, )
faster than the phenyl ring even in the presence of steric Acknowledgmentis made to the donors of the Petroleum

interaction between the two groups. Research Fund (PRF 29106-AC5) for partial funding of this
It should also be noted that, in the case of a full gear type research.

motion between the phenyl groups and Cp rings, one would

also expect the rates of rotation of the two phenyl ring® in Supporting Information Available:  Tables of 15c NMR T,

(Ri-cce, aNdRy 4dicce) t0 be equal. The experimental observa- relaxation times for com.poundlsa, 2, 3, and4 megsurgd at dn‘ferent

tion of two distinct rotation rates indicates that steric interactions emperatures and equations used to calculate diffusion coefficients for

are large enough to slow down the motion of the phenyl groups complex2 (3 pages). Ordering information is given on any current

but too small to engage a full gear type motion of the entire masthead page.
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