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Ethylene Ligand Structures of Os(CO)(C2H4) and Os(CO)g(C2H4) Determined by *H NMR
in Liquid Crystal Solvents
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The ethylene complexes @€0)g(u-n*,171-CoHa) (1) and Os(CO)y-CoHa) (2) have been studied B NMR in

liquid crystal (nematic phase) solvents. Fbror 2, three dipolar couplings were observed and assigned to
intramolecular geminal, cis, and trad—'H dipolar couplings. ThéH NMR spectrum of Os(CQ}**CH,-
CH,)(2-13C) has also been analyzed and two additidf@-1H dipolar couplings have allowed determination of

the absolute bond angles and relative bond lengths of the ethylene porBiddf The observed dipolar couplings

for 2-13C have been corrected for harmonic vibrations. A comparison of the ethylene geom2tnjtbfthat of

other transition metal ethylene complexes and with free ethylene shows thagth@d€ unit of2 is best described

as a metallacyclopropane. Deuterium substitution is used to demonstrate liquid crystal NMR as a stereochemical
probe. The'H NMR spectrum of OfCO)s(u-n1,7'-13CH,CH,) (1-1°C) has also been analyzed in a nematic
phase solvent. The dimetallacyclobutane ringldfC is best described as two rapidly interconverting ring-
puckered conformers @,-symmetry. The liquid crystal NMR derived structural parameter$-féC are compared

with those previously determined by neutron diffraction. The solution and solid-state structures are very similar.
The ethylene complexesand?2 are proposed as structural and spectroscopic models for ethylene chemisorbed
on metal surfaces.

Our need to distinguish deuterium-labeled isotopomers gf Os H }D H p p H H D
(COX(CoHs) (1) (Figure 1) first led us to examine that ., 2/ “l i/
diosmacyclobutane byH NMR spectroscopy in liquid crystal C—C ¢ —i
solventst? More common spectroscopic signatures such as IR / \ /
bands and vicinaP(i) NMR coupling constants were unsuited ~ (€O)Os 0s(CO), (CO)Os Os(CO),

for distinguishingcis- and trans-1-d, (which we needed to .

determine the stereochemistry of ethylene elimination figpsh cis-1-d, trans-1-d,

so we sought another assay of those deuterium-labeled dios+igyre 1. cis- andtrans1-ds.

macyclobutanes. Distance- and isotope-sensitive intramolecular

dipolar couplings observed BiA NMR in liquid crystal solvents  to the metallacyclopropane andcomplex bonding extremes

were uniquely suited to that challenge. familiar from organotransition metal chemisty.
Diosmacyclobutan& and the related osmacyclopropane Os- Because the osmium complexésand 2 were excellent
(COM(n-C2oHy) (2) are, together with Zeise's salt, K[Py0j- vibrational models for type | and typeédhemisorbed ethylene,

C2Hy)] (3), vibrational models for three ways that ethylene is we wanted a detailed knowledge of their ethylene ligand
bound to single-crystal metal surfaces (Figure 2Ethylene structures. While the basic dimetallacyclobutane structure of
bridging two metal surface atoms in a “dibonded” fashion 1 had been clearly established by X-ray diffracfigand with
shows vibrational spectra classified as type Ethylene that much greater precision by neutron diffractiérihe structure
sits atop a single metal atom on a metal surface displays distinctof 2 was much less defined: our X-ray diffraction stéiady 2
vibrational spectra classified as typeot type Il, corresponding had shown its €C bond length to be relatively longdc =
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Figure 2. Ethylene complexe$, 2, and3 and their surface analogues.
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1.49 (2) A) but did not locate the hydrogen atoms of its
coordinated ethylene. And while thElcc NMR coupling
constant and ab initio calculatiohss well as vibrational
assignmentshad supported the metallacyclopropane nature of
2, we sought adirect measure of the bond angles and bond
lengths around the ethylene carbons2nn solution. We _JLJL JL JL UL
therefore turned to NMR spectroscopy in liquid crystal solvénts.

The NMR spectra of molecules dissolved in liquid crystal 2 0 o 0 100 100 oo
solvents display direct dipolar couplings that depend on the Hy

internuclear distances between pairs of magnetically active _ i )
Figure 3. *H NMR spectrum of §-C,H,)Os(CO), 2, oriented in

nuclei. lntra.mmecu'alf dlpo.lar cou_pllng may be. ot_)served for nematic phase ZLI-1565 (E. Merck): (a) experimental and (b)
molecules dissolved in anisotropic solvents (liquid crystals) .iculated.

because the magnetic field oriented solvent molecules prevent L S

the isotropic tumbling ofsolute molecules; the solute thus ~1-**C, though not corrected for harmonic vibrations, may be
becomes partially oriented with respect to the applied magnetic judiciously compared with our earlier neutron diffraction
field direction. Because rates of solute translation and rotation structural results fof.®

are similar to thos_e in isotropi_c solvents, inter- (but not intra-) Experimental and Calculational Details

Ir_noIeCllj_llflr sr?lute _dlpo_lar couplmgslare averagec:] t(()j 0 and narrow OS(COX(U-7-CoHa) (1), OS(COR(u-7-13CH,CHy) (1-2C),
ines (li e those in Figure 3) result. Because hy rogen atoms Os(CO)(5-C2H2) (2), and Os(CQYn-3CH,CH,) (2-13C) were prepared
(often difficult to locate by X-ray or electron diffraction,
especially in molecules containing third-row transition metals (9) Previous applications of liquid crystal NMR to organometallic

; ; PO complexes include the following: (a) Yannoni, C. S.; Caeser, G. P;
such as osmium) can be located relative to other atoms, liquid Dailey, B. P.J. Am. Chem. Sod967, 89, 2833. (b) Mclvor. M. C.J.

crystal NMR is a powerful physical method for probing the Organomet. Cherl971, 27, C59. (c) Khetrapal, C. L.; Kunwar, A.
structure of organometallic complexes in solutfonTwo C.; Kanekar, C. R.; Diehl, PVlol. Cryst. Lig. Cryst1971, 12, 179.
previous studies of ethylene complexes using liquid crystal NMR (d) Kehetrapal, C. L.; Saupe, A.; Kunwar, A. C.; Kanekar, M.

Phys 1971, 22, 1119. (e) Buckingham, A. D.; Yesinowski, J. P.; Canty,

have been reported. A.J.; Rest, A. JJ. Am. Chem. Sod973 95, 2732. (f) Bailey, D.;
Here we report our analyses of thé¢ NMR spectra ofl and Buckingham, A. D.; Mclvor, M. C.; Rest, A. J. Organomet. Chem
2 and their*C-labeled isotopologues observed in liquid crystal 1973 61, 311. (g) Bailey, D.; Buckingham, A. D.; Rest, A. Nlol.

. . Phys 1973 26, 233. (h) Emsley, J. W.; Lindon, J. ®lol. Phys 1974
(nematic phase) solvents. We have determined the absolute 5871373 (i) Cole, K. C.; Gilson, D. F. Rl. Chem. Physl974 60,
C,H4 bond angles, relative £, bond distances, and molecular 1191. (j) McMillin, D. R.; Drago, R. Slnorg. Chem1974 13, 546.
orientation parameters fdr13C and2-13C from observedH— (k) Diehl, P.; Kunwar, A. C.; Zimmermann, H. Organomet. Chem

. f 1977, 135 205. (I) Emsley, J. W.; Evans, J. Chem. Soc., Dalton
1 13- —1
H and 3C—!H dipolar couplings. Our structural results for Trans. 1978 1355. (m) Jokisaari, J.. Raisanen, K. Kuonanoja, J.:

2-13C have been corrected for harmonic vibrations and thus may Pyykko, P.; Lajunen, LMol. Phys 198Q 39, 715. (n) Aydin, R.;
be compared with the structures of ethylene complexes deter- Guenther, H.; Runsink, J.; Schmickler, H.; SeelOg. Magn. Reson.

; ; 198Q 13, 210. (0) Jokisaari, J.; Diehl, ®rg. Magn. Resan198Q
mined by other physical methods. Our structural results for 13, 359, (p) Diehi, P.: Moia, .- Boesiger. H.- Wirz,.Mol. Struct.

1983 98, 297. (q) Gilson, D. F. R.; Fitzpatrick, P. R.; Butler, I. S.

(8) (a) Diehl, P.; Jokisaari, J. IMethods in Stereochemical Analysis Organometallics1984 3, 387. (r) Arumugam, S.; Kunwar, A. C.;
Takeuchi, Y., Marchand, A. P., Eds.; VCH: Deerfield Beach, FL, Khetrapal, C. LJ. Organomet. Chenl984 265, 73. (s) Gilson, D.
1986; Vol. 6, Chapter 2. (b) Diehl, P. Muclear Magnetic Resonance F. R.J. Mol. Struct 1985 127, 121. (t) Fujiwara, H.; Sasaki, Yd.
of Liquid Crystals Emsley, J. W., Ed.; D. Reidel: Dordrecht, 1985; Phys. Chem1987 91, 481. (u) Reference la. (v) Caldarelli, S.;
Chapter 7, pp 147180. (c) Emsley, J. W.; Lindon, J. NMR Catalano, D.; Di Bari, L.; Pasquali, M.; Veracini, C.; Leoni,Bazz.

Spectroscopy Using Liquid Crystal $ehts Pergamon: Oxford, 1975. Chim. Ital 1990 120, 211.
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Table 1. IsotropicJ-Coupling Constants (Hz¥or 1-3C and2-13C

pair 2-15C 1-13%C

2J4em —9.8(2) —9.9(2)
3eis +9.0(2) +7.4(2)
®Jirans +11.1(2) +8.4(2)
Jen +158.1(2) +135.3(2)
2Je +0.3(2) —2.5(2)
o +39.0(2) +34.0(2)

2 The relative signs of all coupling constants have been determined

by spectrum simulation; the absolute signs given are based on the

assumption that)cy is positive.? Jcc was determined from doubkC
labeledl and 2.

and isolated as previously report€dLiquid crystal solvents ZLI-1565
and ZLI-1132 (both E. Merck) and E-38 (BDH Industries) were used
as received. (ZLI-1565 is a eutectic mixture of tyd4'-alkylcyclo-
hexyl)benzonitrile components, two cyclohexylphenyl ether compo-
nents, and two cyclohexylbiphenyl components and thus contains no
functional groups likely to react with or 2; its nematic range is from
—40 to +85 °C.) Solutions of2 and 2-13C in liquid crystal solvents
were prepared by vacuum transfer of the ethylene complex into 5-mm
NMR tubes containing enough degassed liquid crystal solvent (0.5 mL)
to give approximately 0.085 mM solutions. The sample tubes were
then sealed under vacuum. Solutionslaind of1-*3C were prepared

by transferring solutions (approximately 10.8 mg, 0.017 mmol, of the
compound dissolved in cal mL of CH,Cly) by syringe into 5-mm
NMR tubes attached to a vacuum line. After solvent §Ch) removal
under high vacuum, liquid crystal solvent (ca. 0.5 mL) was added to
the NMR tube under a flow of dry No give about 0.04 mM solutions

of 1 and1-13C. Samples were then freezpump-thaw degassed and
flame-sealed under vacuum.

All 'H NMR spectra were measured on an IBM WP 200 SY (200
MHz) spectrometer.!H NMR spectra were measured at 300 K using
the Bruker temperature control unit supplied with the spectrometer.
All *H NMR spectra were recorded unlocked with a spectral width
(SW) of 5 kHz. Acquisition time and data block size were adjusted to
ensure adequate digital resolution.1 Hz). Subtraction of back-

ground liquid crystal signal was found to enhance the appearance of

spectra of relatively dilute samples band1-13C. All *H NMR spectra
were simulated with the iterative program PANtGupplied with the
spectrometer software. Th&coupling constants used in spectrum
simulations were fixed at their isotropic values previously repdrted
for 2-13C and reported here fdr-'3C (Table 1)'2

Analysis of Structural Parameters from Dipolar Couplings.
When two magnetically active nuclei exhibit dipolar coupling in a liquid
crystal solvent, the magnitude of that coupling depends on the two
gyromagnetic ratios)f andy;), on the angle@j;, subtended between
the internuclearif) vector and the applied magnetic field direction,
and on the inverse-cubed internuclear separatiprf)( according to
eq 1%2 The angular brackets in eq 1 indicate averaging over molecular
vibrational and reorientational motions.

S b i
D; (Hz) 8712%%(2) %

The average orientational dependence of internuclear vector(s)
(3 cog ©; — 10is conventionally expressed in a molecule-fixed,
z coordinate frame by a second-rank Cartesian ter&gr(a, 5 = X,
Y, 2), introduced by Saup®. The Saupe tensor is diagon&l§ = Sga,

1)

(10) For the preparation df and 1-13C see ref 6; fo2 and2-13C see ref
7, for 1-d, and 2-d, see ref 1b.

(11) A computer program known as Parameter Adjustment in NMR by
Iteration Calculation (PANIC) was used for simulation of spectra and
refinement of parameters on an Aspect 2000 computer.

(12) TheJ-coupling constants fdt were determined frotH NMR spectra
of 1-13C and1-13C; in CD,Cl; using the method previously reported
for 2-13C and2-13C; (ref 7).

(13) (a) Saupe, A.; Englert, ®hys. Re. Lett. 1963 11, 462. (b) Saupe,
A.; Englert, G.Z. Naturforsch.1964 193 172.
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o #= () and tracelessSx + Sy + S;; = 0), and thus the 3 3 array
has at most five independent elements.

For “rigid” molecules that exist in only one configuration, and for
which correlation between intramolecular motions and orientation can
be neglected, dipolar coupling may be expressed as shown irfeq 2.
For brevity, the constarlj = (udh/87?)yiy; has been introduced.

D; (Hz) = —k; ;Saﬁmaij Aﬁij/rijsl:l 2

The orientational tensor elemen&,, in eq 2 define the average
orientational order of a suitably chosemolecularcoordinate system
relative to the magnetic field direction; the elements in the angular
brackets Ao and Agj, are Cartesian components of internuclegr (
vectors relative to that molecular coordinate system (the angular brackets
indicate averaging over molecular vibrational motions). A more
common version of eq 2 makes use of trigonometric identities (ég 3).

D; (Hz) = —(k;/2)1r >S,43 co$ 6, — 1) +
cos6,, cos6., +

(SS<x_ S\/y)(cog Gijx - CO§ Gijy) + 48><y ijx iy

4S,,cosb;, cosby, + 45, cosby, cosb,] (3)
In eq 3,0, Oy, andbj, are the angles subtended between internuclear
(ij) vectors and the principal axes of thelecularcoordinate system.

The Sy tensor elements (often called molecular orientation param-
eters) are also experimental unknowns, and for this reason, fewer
structural details may be extracted from liquid crystal NMR experiments
than one might hope. Indeed, the sum of unknown structural and
unknown orientational parametensustbe equal to or less than the
number of observable experimental quantities (unique dipolar couplings)
if one wishes to confirm a structure by experiment.

Fortunately, molecular symmetry often reduces the number of
required orientation parameters and leads to considerable simplification
of eq 3. For a molecule witl,; symmetry, two molecular orientational
parameters &, and S;;) become 0-valued; for a molecule wit,
symmetry, a third molecular orientational parame8y) @lso becomes
0-valued. A table of molecular point group symmetries and the number
of required orientational parameters may be found in refs 8b and 8c.

Equation 3 is the basis for our analysis of the liquid crystal NMR
spectra ofl and 2. A program was written in Microsoft Basic to
compute Cartesian coordinates from variable bond lengths and angles
and was used to fit structural and orientational parameters to observed
dipolar couplings. Structural fitting for the binuclear complexC
was performed with the program SHAPEHIsing the minimization
routine NL2SNOY A normal coordinate analysis @fand itsds- and
13C-labeled isotopologues provided the mass-weighted Cartesian dis-
placement coordinates used to correct the observed dipolar couplings
of 2-13C for harmonic vibrations. The normal coordinate analysi2 of
and its isotopologues will be published elsewhére.

Results

The Rectangular Proton Geometry of 2. The experimental
and calculatedH NMR spectra of partially oriented in Merck
ZL1-1565 (TN) are shown together in Figure 3. Thé¢ NMR
signal for the four protons dtis a singlet in normal (isotropic)
solvents but is split into a 12-line pattern in liquid crystal
solvents.

(14) ForDun, kj = 120.101 06 kHz & for Dcp, kj = 30.204 09 kHz A,
ref 8a, p 59.

(15) (a) Drago, R. SPhysical Methods for Chemist&nd ed.; Saunders:
Fort Worth, 1992; pp 342347. (b) Ebsworth, E. A. V.; Rankin, D.
W. H.; Cradock, S.Structural Methods in Inorganic Chemistry
Blackwell Scientific Publications: Oxford, 1987; pp 78-81.

(16) Diehl, P.; Henrichs, P. M.; Niederberger, WMol. Phys 1971, 20,
139.

(17) Dennis, J. E.; Gay, D. M.; Welsch, R. &n Adaptie Nonlinear Least-
Squares Algorithm, ACM Trans. Math. Softwdr@81, 7.

(18) Anson, C. E.; Grinter, R.; Sheppard, N. Manuscript in preparation.
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Teis Table 3. Observed and Vibrationally Corrected Dipolar Couplings
A and Structural and Orientational ParameterséfC in Nematic
Phase ZLI-1565 (E. Merck)
3 2 D-couplings (Hz)
uncorrected corrected
r
y {rans Dgem= Dty = DipHa) —1516.7(5) —1567.2
rgem Dcis = D(H2H3) = D(H1H4) +355.1(5) +352.0
Dtran5: D(H3H4) =D (H1H) +114(5) +14.3
X D(;H = D(Cld'|1) = D(c10H3) _9279(5) —987.9
@ @ DCH’ = D(Csz) = D(Cch4) +686(5) +69.7
Structural and Orientational Parameters

Figure 4. The rectangular arrangement of the four proton$ and2

- L I uncorrected corrected
and the three unique geometric distances.
rec (B) 1.488(24% 1.488
Table 2. Dipolar Couplings for (GHs)Os(CO) in Different req (A) 1.113(3) 1.083(2)
Nematic Phase Solvents 6 (OHCH) (deg) 112.69(5) 113.48(5)
ool — Oa. (deg) 65.18(4) 62.54(4)
ipolar couplings (Hz) Sn —0.032 675(3) —0.031 622(3)
Merck Merck S« — Sy —0.128 190(3) —0.123 657(3)
pair ZLI-1565 ZLI1-1132 BDH E38 .
a X-ray-determined value.
Dgem= Dy = Dy —1497.6(5) —1265.8(5) —1714.9(5) ) )
Deis= Dty = Diny ~ +349.1(5)  +248.5(5)  +387.9(5) by theo. parameter proposed by Stalick and Ib&rdn Figure
Duans= D(Hghy = Dy +10.3(5) —7.8(5) +7.6(5) 6, ais the angle between the normals of the HCH “methylene”
Fei/fgem= X 1.363(2) 1.361(3) 1.362(3)  planes. The angle. is related to the “bending back” of the

ethylene hydrogenso/2 corresponds to the angle between the
Three unique dipolar couplings may be extracted from trial methylene (CH) plane and the CC bond.

and error simulation of the experimental spectrum shown in  The ethylene ligand geometry @ may be described as a
Figure 3; these couplings are related to the three unique trapezoidal solid (Figure 7) with the four hydrogen atoms
interproton distancesgem rcis, andryans depicted in Figure 4. defining the base and the two carbon atoms defining the apical
However, because two orientational paramet&sand Sy — edge. Just three structural parameters define the rektiaee
S,y) are required to define the orientation of the rectangular of that geometry: thecy/rcc distance ratio, the HCH bond angle
proton geometry o, only a single geometric ratio may be ¢, and the aforementioned parameter. TheC,, molecular
determined from the three observed dipolar couplings. Equation symmetry of2 requires two orientational paramete,(and

4, which results when the three expressionsigin Deis, and S« — Syy) to describe its average orientation in a magnetic field.
Thusfive unknowns must now be determined from the observed
Dyans= (X + 1)">?[D X + Dgerd 4) dipolar couplings.

We obtained two additional dipolar couplings #from 13C—
1H dipolar couplings. Figure 8 shows the NMR spectrum
. . : -13C measured in the liquid crystal solvent ZLI-1565 alon
ful value of X, the unitless r distance ratig? °f_2 . 4 y - vong
HHae/ THHgen with the corresponding calculated spectrum. The five dipolar

Dlpqlar couplings for2 were measured in three different . couplings derived by trial and error simulation of the spectrum
nematic phase solvents, and the results have been placed in

X T of 2-13C have been placed in Table 3. The spectrur2-&iC
Table 2 for comparison. Some variation in the degree of average o\ fiacts five independent dipolar couplings, namely, the
solute orientation (and thus the magnitudes of dipolar couplings) ' !

. . <77 three HH dipolar couplingsD(is, Dgem and Dyang, plus two
was evident. Howgver, the results showed .th".ﬂ al thrfee liquid distinctDcy couplings. The equations containing five unknown
crystal solvents oriented molecules 2fn a similar way; the

invariance of the calculated distance ratishowed that solvent structural and orientational parameters are thus exactly deter-

e mined by the five observed dipolar couplings.
effects on solute structure were _rmmmal. The vaIuE;(()I._36_3) Structural parameters (the CH bond length and the two unique
determined for2 in three nematic phase solvents is similar to

the X value measured for thiirane bond angles) oR-13C were varied independently, and valu_es
: . ' , of S,;andS« — Syy were computed. The mean square deviation
_Analysis of cis- and trans-2-d,. By correcting the three  poqyeen experimental and calculated dipolar couplings was
dipolar COLllp“ngS for2 for the smaller gyromagnetic ratio of  inimized to obtain the best-fit structure. The structural and
deuter!um, H NMR spectra were calculated fors: an(_jtrans orientation parameters for the best-fit structure2dfC have
2-d, (Figure 5b,c). ThéH NMR spectrum ofrans-2-d, in ZLI-

been placed in Table 3. Because liquid crystal NMR cannot
1565 agrees well with the predicted one (Figure 5a). This P q y

- I~ L . determine absolute bond lengthsye have used the X-ray-
analysis illustrates the ability of liquid crystal NMR to distin-  yatarmined CC bond lengthto scale the molecular shape of
guish and assay the stereochemical purity of deuterium-labeled,_13-~ (Figure 7). The bestit structure @-13C has the

isotopomers op, as was previously described fais- andtrans following values: rey = 1.113 A;HCH, 6 = 112.69; (o, =

1-dp. 65.2. The errors accompanying the molecular parameters for
Ethylene Structure of 24°C. The acute angles inherentin .13 shown in Table 3 were estimated by comparing the bond

three-membered rings preclude idealizedltgbridization, that  |engths and angles for structures that had the same (within two

measure of ethylene carbon “rehybridization” for metal olefin  viprationally Corrected Structure of 2- 1°C. The structural

complexes is the nonplanarity of the bound olefin, as defined anq orientational parameters 113C shown in Table 3 were

Dyansare combined,permits only one solution with a meaning-

(19) lttel, S. D.; Ibers, J. AAdv. Organomet. Cheml976 14, 33. (20) stalick, J. K.; Ibers, J. AJ. Am. Chem. Sod97Q 92, 5333.
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Figure 5. 'H NMR spectrum oftrans(CHDCHD)Os(CO), trans-2-d, oriented in nematic phase ZLI-1565 (E. Merck): (a) experimental, (b)
calculated fortrans-2-d, and (c) calculated focis-2-d,.

Figure 7. Molecular shape of the ethylene ligand2n

Calculated

N

wiR

Experimental

Figure 6. Two views of Ibers’sa. angle (a and b). The definition of
the anglesy; anda/2 (c). The angley is the CCM bisector. ] T Y I T T T I

4000 3000 2000 1000 0 1000 200 3000 4000
derived from dipolar couplings determined from the NMR Figure 8. *H NMR spectrum of CH,CH,)Os(CO), 2-1°C oriented
spectrum. These couplings are averages over molecular vibrain nematic phase ZLI-1565 (E. Merck): (a) experimental and (b)
tions. Therefore, the observed NMR dipolar couplings do not calculated. Peaks marked with an asterisk are from approximately 10%
reflect the equilibrium structure, but rather a vibrationally unlabeled material.
averaged one. A meaningful comparison of structural data
derived from different physical methods should take into account
the effects of molecular vibrations. Since the anharmonic
vibrations affect the bond distances determined from experi-
mental measurements in essentially the same way, it is COMMON, 1y sykora, S.; Vogt, J.; Boesiger, H.; Diehl, 2.Magn. Resan1979
to use a molecular structure corrected for harmonic vibrations 36, 53.

Hz

only, which is called am, structure?® (Molecular structures
determined by liquid crystal NMR are usuafipt corrected for
anisotropic and higher-order vibrational correction terms.) In
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Experimental
-—*M*LU\AUJ.J i i 0
Calculated
W
T T T T T 1 —
23000 2000 1000 0 1000 2000 3000
Figure 9. Neutron diffraction determined structure bf Figure 10. *H NMR spectrum of fCH,CH,)O0s(COJ, 1-°C oriented

in nematic phase ZLI-1565 (TN): (a) experimental and (b) calculated.
general, harmonic vibrational corrections for dipolar couplings Peaks marked with an asterisk arise from approximately 10% unlabeled
between nonbonded nuclei are small, but such corrections formaterial.
directly bonded nuclei are often greater than the experimental + p1e 4. Observed Dipolar Couplingdor 1-°C Oriented in Merck

error?? _ _ ZLI-1565 (TN)
We have used the established procedure to calculate contribu-

tions to the observed dipolar couplings from harmonic vibra- par Dy (expt) (H2)
tions?! The contributions to the observed dipolar couplings Dgem= Dty = Diriaria +429.0(4)
from harmonic vibrations were then eliminated, and vibrationally Bds _=D|5H2”3) _=D|5”1H4’ :22401'42183
corrected dipolar coupling{®) then yielded the, structure Do = D((CH;:';'; — D((zll:;; +697.2(4)
and the vibrationally corrected orientational parameters; these Der = Dicygy = DicioHa) —268.3(4)

have bgen p!aced toqether.WIth. the uncorre?ted pgrameters for 2 The relative signs of all coupling constants have been determined
comparison in Table 3. Vibrational corrections significantly by spectrum simulation: the absolute signs given are based on the
decrease both the CH bond length (ca. 3%) and the amgle assumption thatley is positive.

(ca. 4%), whereas the corrected HCH bond an@les only
slightly greater (0.7%).

Ethylene Structure of the Diosmacyclobutane 3C. Our
X-ray diffraction study ofl impliec® (and our more precise
neutron diffraction study showédthat the puckered diosma-
cyclobutane ring ofl had "axial” and “"equatorial” hydrogen . pling constant will be observed (eq 5);i® the probability

atoms in the solid state that were not equivalent (Figure 9). ¢ finding conformer n, and;® is given by eq 3 for each
However, the'H NMR spectrum of unlabeletiin solution was conformer.

a single, sharp line down te-90 °C, establishing that ring
inversion was rapid on the NMR time scale and that all protons D; = ZPnDij(") 5)
were equivalent in chemical sH#t23(indeed, ab initio calcula- n
tions have predicted the ring inversion barrier Ido be around
1 kcal/mof4).

The 'H NMR spectrum ofl in anisotropic solution was a
12-line pattern (like that o2'9), and three dipolar couplings,

problem has received considerable attention in the liter&bure.
For conformationally “rigid” molecules, a singl8 tensor is
taken to describe the average orientation of solute molecules.
However, if a conformational change (rapid on the NMR time
scale) interconverts one or more conformers, an averaged dipolar

Because the molecular orientation may differ for each
conformer, these averaged dipolar couplings may involve not
only a different structure but also a different avera@dadnsor
; ; for each conformer. As a consequence of these complications,
Dgem Deis, andDyans, were obtained by trial and error Spectrum - g cyral solutions will usually be underdetermined and useful

: c ; . e .
S|muI§tlon. Analy3|s Of the three uniquéH—1H Fj|polar geometric information can only be obtained by making structural
couplings and their predicted changes on deuteration unlquelyassumptiOns

distinguishedcis- andtrans-1-d,. But, just as in the case of
2'2threeH—1H dipolar couplings were not sufficient to define
the ethylene structure df and the additional*C—'H dipolar
couplings were required.

The experimental and calculatéd NMR spectra ofl-13C
oriented in the liquid crystal solvent ZL1-1565 (TN) are
compared in Figure 10. As for the case®#3C, five unique
dipolar couplings were obtained by trial and error simulation
using PANIC and they have been placed in Table 4. Because
only five dipolar couplings are observed fb3C, the dipolar
couplings must represent averaged values (a “froz€p”
symmetric structure like that in Figure 9 would predict more (25 (a) Diehl, P.; Henrichs, P. M.; Niederberger, @tg. Magn. Reson.

We began our structural analysis bf3C where we left off
our investigation of comple®-1°C. Because the available data
(five observables) would allow an exact determination €a
symmetry structure fo2-13C, we first tested the same structure
(a flattened ring) forl-*3C. We then systematically began to
“relax” the C,, symmetry structure toward that in the solid state
(Figure 9), borrowing more and more structural parameters from
the neutron structure. Our end result shows that the solution
structure of1-13C indeed closely resembles that found in the
solid state.

than five dipolar couplings). 1971, 3, 243. (b) Burnell, E. E.; De Lange, C. A. Magn. Reson.
Rapid intramolecular motion (like ring puckering fd) ‘11288939% d;leéldr(;e)zllEnlgSIEY' d]évlyé;nlélemkchugtﬁe?ﬁ %ﬂyshg:t-&ggg
complicates the analysis of liquid crystal NMR data, and the 76, 268. © Burnell E. E.: de Lange,’(:. A.: Mouritsen, b.]GMagn.
Reson.1982 50, 188. (f) Palke, W. E.; Catalano, D.; Celebre, G.;
(22) Niederberger, W.; Diehl, RMol. Phys 1973 26, 571. Emsley, J. W.J. Chem. Phys1996 105 7026. (g) Catalano, D;
(23) Bender, B. R.; Bertoncello, R.; Burke, M. R.; Casarin, M.; Granozzi, Emsley, J. W.; Lapenna, G.; Veracini, C. A. Chem. Phys1996
G.; Norton, J. R.; Takats, Drganometallics1989 8, 1777. 105 10595. (h) Chandrakumar, T.; Burnell, E. Bol. Phys.1997,

(24) RappeA. K.; Castonguay, L. APure Appl. Chem1991, 63, 867. 90, 303. (i) Rendell, J. C. T.; Burnell, E. Blol. Phys 1997, 90, 541.
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Table 6. Dipolar Coupling Fits for Idealize, Structures ofL

rec (A) 1.523 1.523
re (A) 1.097 1.113
062 (deg) 107.6 107.6
Oa (deg) 128.72 116.62
Or (deg) 51.28 42.99
Sz —0.12230 —0.13243
Six 0.11852 0.13581
Sy 0.02259 —0.02063
I I aNot varied in the fit.x direction is along CC bond; direction is
Figure 11. Equivalent conformers | and Il df. along C; axis.
Table 5. Dipolar Coupling Fit forl with Cy, structure while the off-diagonal orientational paramet8g, changes sign
Dj calcd (Hz) exptl (Hz) (as does the term cdgy cos6y) for conformers | and Il in eq
Dgem 14290 +429.0(4) 3. B'ecause one additional orlfantatlonal paramgmi one
Deis —964.2 —964.2(4) additional anglez, are now required, the problem is underde-
Drrans —540.4 —540.4(4) termined by two unknowns and structural assumptionstbe
Dcw +697.2 +697.2(4) made to obtain a meaningful solution; the question is which
Dow —268.3 —268.3(4) two independent structural parameters are least likely to change
parameter value between the solid state and the liquid phase.
0 (deg) 83.9 We began by fixingcn and the HCH anglé to their average
a (deg) 105.6 neutron diffraction determined values. We further assumed
rec (B) 1.523 equal CCH angles at each carbon. With these assumptions, the
ren (A) 0.869 structure forl-13C may be defined with just two independent
S —0.09286 geometric parameters: a new angle(the dihedral angle
S« — Sy 0.10403 .
X 1.9868 between CH bonds on opposite carbons) arfthe same angle
defined as before for @, symmetry structure before imposing
C,, Symmetry Model of 1-3C. As was the case fa@-13C the twistz). The results folC, treatment are shown in column

above, a&C,, model for the ethylene structure dfl3C requires 1 of Table 6. The structural and orientational parameters derived
two orientation parameters and three structural parameters. Therom the best-fit parameters using the neutron valuecgf=

CC bond length was fixed at the neutron diffraction determined 1.097 A gave an rms error of 0.24 Hz. However, the values of
value of 1.523 A while the HCH anglé, thercy bond length, a, and alsor, are unreasonable and also do not reflect those
and the anglex were varied independently. An exact math- found in the neutron structure (the value @fin the neutron
ematical fit was obtained, and the resulting structural and structure is approximately 191and the value ofr is ap-
orientational parameters are shown in Table 5 along with the proximately 33).

calculated and experimental dipolar coupling constants. AS  Recognizing that we did not have corrections for harmonic
Table 5 shows, th€, fit required an unreasonable HCH angle \jnrations (and noting that the uncorrectegh for 2-13C was
(83.9) with an equally unreasonabigidrqem distance ratio 1.113 A), we next setcy = 1.113 A. As before, we fixed the
(X value) of 1.99. We concluded that the time averaged ¢ pond lengthcc = 1.523 A, andJHCH, 6, = 107.6. For

13C | - \ . :
strLéctulr_e C(’jfl %C is notCy, SymenetfnCisc ) these fixed parameters we obtained the results in column 2 of
Idealized C-Symmetry Models of 12°C. We nextconsid- 15110 6. An exact fit to the experimental dipolar couplings is

ered 1-3C as two rapidly interconverting conformers G now obtained. Such an exact fit is not possible wigh values
symmetry (like conformers | and Il in Flgurg 11). Eachof Fhese <1.104 A. While the values aof andz are closer than in the
conformers more closely resembles the ring-puckered dlosma'previous fit to the neutron values, they are still unacceptable.

cyclobutane structure found in our neutron diffraction study of W lized that b f he ob 4 dipol i

18 One such “idealized’C, symmetry conformer may be Ig l;ea 'Ee It 3tbetlter' |tstr?t'(tieo|.serve Ipotar coudp ||ngs

generated from the previo@s, symmetry model by introducing ~ ¢0uld be obtained by letting the idealized symmetry mode
relax to a more realistic solid-state-like structure. This involved

a dihedral twist angles. The ChH units on each carbon are . . .
rotated about the CC bond 2 in equal but opposite directions allowing the two CCH angles on each carbon to differ (while

from their initial eclipsed position (Figure 11). The other Maintaining overallC, symmetry). Our neutron diffraction
conformer may be obtained by a simple reflection through the Study had shown that the average “equatorial” CCH and *axial
xz or yz plane; the two conformers | and Il are enantiomers. CCH angles on each carbon were different: 113.00(and
Because both conformers | and Il bfare equally probable ~ 110-88(25), respectively. The average of the H(£)C(10)~
in solution, intramolecular dipolar couplings are averaged C(9)°—H(4) and H(2)-C(9)-C(10)-H(3) dihedral angles was
equally over both conformers (eq 5). For example, the trans 33.1.
HH-dipolar coupling is averaged over equally probable axial Thus for our final approach to fitting the observed dipolar
axial and equatorialequatorial HH vectors in conformers | and  couplings forl-13C to a solution structure, we chose a new set
Il. Therch vector forDcy also changes orientation with respect  of structural fitting parameters: instead of varyimgndz, we
to the molecular coordinate system in accord with equally used two different values, one for each type of hydrogen, axial
probable “axial” and “equatorial” CH bonds; the nonbonded or equatorial (the previousis the sum of those two values).
CH vector related t®¢y is likewise averaged over conformers We varied the axial and equatorial CCH values independently;
I and II. we fixed rcc and rew, — rcm, to the neutron diffraction
Molecular C, symmetry now requires ¢hird orientation determined values; and of course we varied the three indepen-
parameterS,, in addition t0S,; and S« — S8 The tensor dent order parameters. Obviously, we now had too many
elementsS,;andS,x — Syy are identical for conformers land ll,  independent parameters.
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Table 7. Solution-State Parameters fbrFitted Using Neutron resolution and greater solute orientatfhnwith the inclusion
Diffraction Determined Parameters as “Predicate Observations” of an observed®Pt—1H dipolar coupling and one assumed
parameters comments absqlute bond distance.,), Pt—H and HfH Qistapces were
obtained and were corrected for harmonic vibrations by using
rec (A 1.523 neutron a normal coordinate vibrational analysis of Zeise's salt. The
;2:1 E Ag i'éggggg gee:itﬁ:: f'éoozlsl liquid crystal NMR derived parameters fé«(pyr-ds) and those
OCCH, (deg) 112.86 neutron aw113.0 of 3 determined by neutron diffraction were the same within
OCCH; (deg) 111.8 neutron a#110.875 experimental error. No structural information was obtained
OHCH (deg) 107.78 neutror 107.65 concerning relative carberhydrogen positions.
2 Egggg _71219826 £ = 23.99" neutron= 33.1° Complexes3 and4, and other related Pt(Il) alkerrecom-
Se. 0.156 83 o ' plexes, are held together largely by electron donation from the
S,, —0.138 40 olefin, with little metal % to alkenex* back-bonding and
Sy —0.210 54 consequently little distortion of their ethylene ligaridsAl-

though the structures of other ethylene complexes described as

Calculated and Observed Dipolar Couplings (Hz . )
P plings (Hz) metallacyclopropanes have been determined (chiefly by X-ray

Dj calcd exptl diffraction 28 but also in one case by neutron diffracé®nonly
D(1,3)= Dgem +429.0 +429.0(4) complex2 had been characterized vibrationally in sufficient
D(1,2) = Drans —540.4 —540.4(4) detail to permit comparison with surface ethylene vibrational
D(1,4)= Dy —964.2 —964.2(4) datad
D(1,10)= Dey +697.2 +697.2(4) :

D(2,10)= Dcn —268.3 —268.3(4) The Range of Structural Parameters Forzn?-Ethylene—

Metal Complexes. Table 8 compares the structural parameters

Structural data from other sources may be successfully of several well-characterizeg-ethylene-metal complexes. The
combined with complementary liquid crystal data to obtain @ corresponding structural parameters for free ethylene, thiirane,
more meaningful solution-state structure for underdetermined 4 cyclopropane are included for comparison. The entries in
cases. To do this we add extra equations containing “con- Taple 8 are arranged with increasing CC bond length. The
straints” to the least-squares fitting routine for the dipolar longest CC bond length reported for a mononuclear ethylene
couplings. In our case, we added structural constraints from complex (not shown in Table 8) appears to be 1.486(8) A for
the neutron diffractior) structure (we call these “pre_dicate the complex £°-CsHs)2Zr(%-CoHs)(PMes).3® However, an
observations®®). We give each of these equations aweight of x_ray crystal structure of the same molecule was determined
(2 Hz) 2 for the least-squares fitting. Thus, if the fitted value independently by a different group, and the CC bond distance
gets too far from the value in the equation above, the rms goesyyas found to be significantly shorter, 1.449(6)3A.Indeed,
up, much like the fitting procedure to the experimental dipolar apout 1.50 A appears to be the upper limit for the CC bond
couplings. The results are gathered in Table 7. length in mononuclearpg-C,Hy) transition-metal complexes.

_The inclusion of structural constraints from the neutron of course longer CC bond distances have been reported for
diffraction data gives an excellent fit to the dipolar couplings. coordinated alkenes bearing electron-withdrawing substitd&nts.

The ethylene structure derived from the liquid crystal data The entries in Table 8 show thajc and the Ibersx parameter

L?;fmg lis (tr;(e et;yiler;; srtT:uizlturr(ian]oﬁtlat(tairrpl;ne_clj_hby r)1(eu'|[|r Or?t are the most sensitive parameters of ethylene rehybridization.
fit toat%eoobseer(\:/i% disolarS co?l (Tin ssa%g t(r)]e ﬁeutr?)r:3 d?f?raition Fors*-ethylene complexes, increases with metat- * back-
P piing bonding until it reaches the value; characteristic of a

e e o o e ol e mealacyclapropani. The gl s e ange betvesn

there is no evidence for any isomeric formslefC other,than , nprmals of the planes that bisect the1@—C angle, (see

two equivalentC, symmetric conformers Figure 6¢). The data in _Table 8 also show that the HCH angle,
: 0, andrcy are not sensitive parameters of ethylene rehybrid-

Discussion ization for 2-ethylene complexes. . This was first rationalized
g ) ) by Tolman and co-workers who pointed out that the s-character
~ Two studie$'! prior to ours had established that NMR in in the CH bonds of cyclopropane is about equal to that in
liquid crystal solvents was an excellent physical method for ethylene®2 Indeed, the measurédey coupling constant for
determining the structures of metadthylene complexe 2-13C (158 HzJ lies in the narrow range between that for

solution McMillin and Drago had studied the ethylene ligand  gthylene (156 Hz) and that for cyclopropane (160 Hz).
structure oftrans PtCL(C,Ha)(pyridine) @) usingH NMR in Our liquid crystal NMR measured value affor 2 (62.5) is
a liquid crystal solvent. They observed three dipolar couplings, nearly twice the value of: for Zeise's sal (a = 32.5) and

(?igsignclzjgis&r andrptra,:nﬁlated ;%V\EZ:Z? guns'?liﬁrégteéfr;gn is similar to that of other compounds described in the literature

couplings,dgifjmno?szice tttr)andsefirimoththe iigjand structurep and as metallacyclopropanes (we also note that our experimentally
. : . - measured angle is significantly larger than the value

the molecular orientation af in the liquid crystal solvent, and ge 9 ylarg (38

thus, only one geometric rati®Hu,J/rHh,.,) could be deduced

from the ||qU|d Crystal NMR experiment: that ratiQ‘chs/rHngnﬁ (28) Cohen, S. A.; Auburn, P. R.; Bercaw, J.EAm. Chem. Sod983

. d . 105 1136. Gund, A.; Keppler, B. K.; Nuber, Baorg. Chem 199
for 4 was essentially the same as the corresponding ratio for 34‘52788. PP 9 3

Zeise’s salt3, determined by neutron diffractici. (29) Schultz, A. J.; Brown, R. K.; Williams, J. M.; Schrock, R. R.Am.
Emsley and Evans reexaminéqpyr-ds) but used a different o) iﬂem- 39%223;;0% }EG?’-ThewaIt U Rawsch, M..DOrganomet
liquid crystal solvent mixture which gave both better line Chem 1988 356,C83. T ’
(31) Binger, P.; Mller, P.; Benn, R.; Rufinska, A.; Gabor, B.; Kgar, C.;
(26) Wong, T. C.; Burnell, E. EJ. Magn. Resonl976 22, 227. Betz, P.Chem. Ber1989 122 1035.

(27) Love, R. A.; Koetzle, T. F.; Williams, G. J. B.; Andrews, L. C.; Bau, (32) Tolman, C. A.; English, A. D.; Manzer, L. horg. Chem1975 14,
R. Inorg. Chem.1975 14, 2653. 2353.
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Table 8. The Range of Structural Parameters for Ethylene Complexes
complex rec(R) ren(A) 0 (deg) a (deg) o (deg) ref
ethylene 1.335(3) 1.090(3) 116.6(8) 0 0 34
Pt(GH4)2(CoF4) 1.365(8) 1.080 114.9 32 74 35
1.378(8) 1.078 118.6 32 74
K[PtCl3(CzHa)] 1.375(4) 1.087(8) 114.9(6) 325 71.2 27
[PtCI(TMEDA)(C;H4)]CIO4 1.376(3) 1.083(3) 115(1) 32.0 71.6 36
Pt(GHa)3 1.402(7) 1.102(5) 111.5(4) 31 74 35
[WH(C3H4)O,CCH=CH,(PMey),], 1.443(3) 1.091(5) 113.1(4) 60.7 71.0 37
Cp*Ta(GH,)(CHCMes)(PMes) 1.474(3) 1.090(7) 114.1(5) 68.5 70.9 29
Os(CO)(CzH.) 1.488(24) 1.083(2) 113.5(1) 62.4 70.5 this work
thiirane 1.484(3) 1.083(2) 115.8 58.4 65.9 38
cyclopropane 1.504(4) 1.083(5) 114.5(9) 60 60 39

calculated by DFT techniqu&. The structural parameters of
2, that is rcn, 6, anda, closely resemble those of thiirane,
consistent with the close vibrational analogy betw@eand
thiirane?

Summary and Conclusions

We have usedH NMR and liquid crystal solvents to locate
the hydrogen atoms of the coordinated ethylene in Os{@O)

(33) Li, J.; Schreckenbach, G.; Ziegler, lhorg. Chem 1995 34, 3245.

(34) Kuchitsu, K.J. Chem. Phys1966 44, 906.

(35) Howard, J. A. K.; Spencer, J. L.; Mason, S.oc. R. Soc. London,
Ser. A1983 386, 145.

(36) Gervasio, G.; Mason, S. A.; Maresca, L.; Natile)i@rg. Chem1986
25, 2207.

(37) Alvarez, R.; Carmona, E.; Galindo, A.; Gutlez, E.; Marin, J.; Monge,
A.; Poveda, M. L.; Ruiz, C.; Savariault, J. Mrganometallics1989
8, 2430.

(38) Okiye, K.; Hirose, C.; Lister, D. G.; Sheridan,Ghem. Phys. Lett.
1974 24, 111.

(39) Yamamoto, S.; Nakata, M.; Fukuyama, T.; KuchitsuJKPhys. Chem.
1985 89, 3298.

CoHa), 2, in the solution phase We have also confirmed that
the solution phase and solid-state structuregupfi(i1-CoHa)-
Os(CO), 1, closely resemble one another. We conclude by
suggesting that NMR in liquid crystal solvents should find more
widespread use in locating hydrogen atoms in organometallic
complexes (especially those containing heavy atoms), or in
solving structural problems for which suitable single crystals
cannot be obtained.
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