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Abstract: The principal elements of the 13C N M R chemical shielding tensor have been determined for the bridging methylene 
unit in Cw-(M-CH2)(M-CO)[FeCp(CO)I2

 f r ° m a combination of a Herzfeld-Berger analysis of the C P / M A S spectrum and 
a nonlinear least-squares fit of the proton-decoupled 13C powder pattern. The 13CH2 unit is both spatially isolated from other 
magnetic nuclei in the solid and largely motionally decoupled from dipolar interactions with the Cp ring protons. For the 
purpose of interpreting the proton-coupled 13C powder pattern, we have assumed that the carbon site of the dimetallocyclopropane 
unit lies on the intersection of two perpendicular mirror planes of symmetry. With this assumption, there are six possible 
relative orientations of the 13CH2 unit with respect to the principal axis system of the 13C chemical shielding tensor; simulations 
of the proton-coupled 13C powder patterns have been compared to the experimental spectrum, and the orientation of the chemical 
shielding tensor with respect to the molecular frameworks has been assigned. The C-H bond length and the H - C - H bond 
angle were obtained from the dipolar coupling tensor. A single, very large paramagnetic chemical shielding tensor element 
is a result of relatively weak carbon-metal bonds through two carbon atomic p orbitals and strong C-H bonds with the remaining 
carbon p orbital. Thus, these results are consistent with a molecular orbital analysis in which the methylene unit has cr-donating 
ai and ir-accepting b, valence orbitals. 

Introduction 
The chemical and physical properties of bridging methylene 

metal dimers are fascinating.1 With a hydride acceptor, (M-
CH2)Gt-CO)[FeCp(CO)]2 can be converted to a bridging methine 
metal cation;2 treatment with a noncoordinating acid yields an 
agostic methyl-bridged cation.3 Such reaction chemistry should 
be influenced in part by the charge resident on the bridging 
methylene carbon.4 Two measures of carbon charge have yielded 
differing results. The binding energies of the C,s orbital for several 
bridging methylene metal dimers are significantly less than for 
cyclopropane, indicative of a negative charge relative to the al
iphatic reference.5 Yet, for a>(M-C2H2)(M-CO)[FeCp(CO)]2, 
solid-state deuterium NMR shows that the electric field gradient 
at deuterons bound to carbon is nearly the same as found for 
deuterium bound to an aliphatic carbon site, suggesting the same 
charge as the reference.6 The wide range of chemical and physical 
properties relative to an aliphatic methylene site emphasizes the 
importance of the metal-carbon interaction. A molecular orbital 
picture of the bonding between a CH2 unit and the metal dimer 
has been developed by a number of groups.7 The salient features 
are carbon-based c-donating a] and 7r-accepting b] valence orbitals 
interacting with metal-based orbitals. With the presence of 
low-lying metal-carbon antibonding orbitals, one can anticipate 
an unusual 13C NMR chemical shielding interaction. Herein, we 
report the results of a solid-state 13C NMR study of a bridging 
methylene metal dimer, cis-(Ai-l3CH2)(Ai-CO)[FeCp(CO)]2. 

An important feature of NMR studies is the ability of the 
spectroscopist to predict the general features of the spectrum on 
the basis of a knowledge of the interaction Hamiltonians, molecular 
geometry, molecular dynamics, and electronic structure. Because 
one aspect of these results is so clearly defined, the major ori
entation of the chemical shielding tensor, this study provides a 
textbook example for what is often considered an obtuse area of 
NMR spectroscopy, the prediction of chemical shielding inter
actions based upon molecular and electronic structure. 

With respect to the spectroscopy, there are two features of note 
in this work. First, in the context of I2S spin systems, this study 
is one of the few in which orientation of the 13C chemical shielding 
tensor8,9 has been determined with use of a powder sample10 rather 
than a single crystal, though rather more examples now exist for 
15N.""14 Several techniques have been developed for dealing with 
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powdered samples: separated local field,15"17 analyses of critical 
frequencies,13-18 dipolar modulation,19,20 and matching a dipolar 
coupled powder pattern.18 '21"23 In this work, calculated proton-
coupled 13C powder patterns were matched to the experimental 
spectrum. As a check, a separated local field spectrum was also 
calculated and matched to the corresponding experimental 
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spectrum. Second, the 13C chemical shift anisotropy for the 
bridging methylene site is very large, much larger than a typical 
methylene site24 and exceeded only by sites such as metal carbonyls 
and carbon monoxide.25,26 In fact, it is this very large chemical 
shift anisotropy that makes possible a qualitative correlation 
between the orientation of the chemical shielding tensor and the 
electronic structure of the bridging methylene unit. 

Theory 
Electronic Structure and the Chemical Shielding Tensor. 

Chemical shielding is a sum of paramagnetic and diamagnetic 
contributions: aaa = (T00

1*" + ffaa
dia (a = x, y, z). Herein we 

use 13C chemical shifts referenced to TMS with positive shifts to 
higher frequency; i.e., the isotropic chemical shift of benzene is 
128.7 ppm. Therefore, aai^

n is positive and o-aa
dia is generally 

negative. For 13C sites in diamagnetic compounds, the diamagnetic 
contribution has a limiting value of about -90 ppm26 and has less 
orientational dependence than the paramagnetic contribution.27,28 

Thus, we assume that most of the chemical shielding anisotropy 
will be due to the paramagnetic term; the component along the 
x-axis is given here: 

axr
i (TMS) = 

SirmK*o(Ek- E0) I , \ I «" ^-/ I / 

Uijs^kWtlLltthfro) (D 

where n0 is the permittivity of free space, e is the charge of the 
electron, and m is the mass of the electron.29 The wave functions 
^0 and \f/k refer to ground and excited molecular states as do, 
respectively, the state energies, E0 and Ek. With the origin at 
carbon, r, is the distance to the ith electron and L1x is the angular 
momentum operator for the /th electron. In spite of the complexity 
of eq 1, many useful results have been obtained by evaluating eq 
1 with use of wave functions derived from molecular orbital 
calculations.30"32 

Generally, there is not sufficient information to evaluate the 
integrals contained in eq 1. For this reason, a set of approximations 
is commonly applied for a simple chemical shielding analysis. 
These approximations are the following: 

(1) The ground- and excited-state molecular wave functions 
can be approximated by high-lying bonding and low-lying anti-
bonding orbitals, <j> and <j>*, respectively. 

(2) For integrals of the type (0 |£AJ0*)> t n e on 'y nonzero 
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component is centered on the carbon site33 and is of the form 
(Pz\iliLtx\Py) ̂  0> where the Levi-Civita angular momentum 
rules34 can be used to evaluate the integral. 

(3) All of the nonzero integrals have the same constant, positive 
value. With these quite gross, but common, approximations, the 
expression for the paramagnetic contribution is greatly simplified. 
A further simplification occurs for sites with C^13 symmetry; a 
coordinate system can be defined such that atomic px, py, and pz 
orbitals at a site do not mix. Chart I shows the coordinate system 
for a bridging methylene site. For the carbon site, the para
magnetic contribution to the chemical shielding along the y-axis 
is 

^™-JXPv + K ^ o) 
where £,, and E1« are the energies of high-lying bonding and 
low-lying antibonding orbitals with a contribution from the carbon 
P1 orbital. Similarly, £bl and £b). are related to the carbon px 
orbital. We note that expressions similar to eq 2 have been 
generated before.35,36 However, the present work is unique in 
that the experimental data for the bridging methylene unit contains 
one element that is so exceedingly large that we may reasonably 
expect the approximations listed above to be qualitatively valid. 
Finally, the convention used herein for the relative assignment 
of the principal components of the chemical shielding tensor is 
au — aii — "n and aiso = xh(°~u + ff22 •*" a3i)> again, tensor 
elements, <raa, are referenced to TMS.9,37 

Spectroscopy of I2S Spin Systems. Herein, we give a brief 
outline of the procedure used to simulate the proton-coupled 13C 
powder patterns. Briefly, we treat the methylene unit as an isolated 
three-spin system and calculate the transitions in the frequency 
domain by solving the time-independent total Hamiltonian for 
the spin-state energies.'5^34 Carbon transition frequencies are 
summed over a range of possible orientations of the methylene 
unit with the applied magnetic field. The total Hamiltonian, in 
frequency units (rad s"')» f°r the three-spin system is 

#«,<»! = #CSC + H7x^* + Jy-1POh,*-" + //dipol.r
h0m0 O ) 

where the chemical shielding interaction, #csc> ls given by 
#cs c = -hycB0-(i ~ *)-Sc (4) 

and where 7C is_the gyromagnetic ratio for 13C, B0 is the applied 
magnetic field, 1 is the identity matrix, and Sc is the carbon spin 
angular momentum operator.34 The chemical shielding tensor, 
a, is a second-rank tensor with nine elements. Only the symmetric 
components of the tensor contribute in first order to the normal 
NMR spectrum.37 With the TMS scale, there is a change in sign 
in eq 4, such that 

#cs c = -hycB°(l + aM")S2
c (5) 

where we also note that the only nonzero component of the 
magnetic field is along the laboratory z axis. The transformation 
between the laboratory coordinate system (lab) and the molecular 
coordinate system (PA) is done with direction cosine matrices38 

by using the ^-convention:39 

»ub = RN-'WRf'(x)*PARr(x)RNW (6) 
The proton Zeeman interaction, #zeemanH. is given by 

"z«ma„H = -ft7HBr°[/zl + (1 + €)/„] (7) 
where /zl and Iz2 are spin angular momentum operators for hy-
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drogen at sites 1 and 2, respectively. The slight difference in 
chemical shift between sites 1 and 2, < = 10"9 ppm, is made so 
as to render the two sets of proton spin-state energies nonde-
generate as the algorithm used to assign spin quantum numbers 
to each proton spin state is suitable only for nondegenerate energy 
levels. 

The dipolar interactions are separated into heteronuclear and 
homonuclear interactions. The heteronuclear dipolar coupling 
is given by 

C Hi* 

lrlab I 
C Hi. 

SyIy2 + S2I21]] - l}^TrT\[SfxX + SyTy, + S2r2[][Ixlrxl + 
lrlab I 

IySyI + I1S11] + 
[Sx

rx2 + SyTy2 + Szrz2] [/x2rx2 + Iylry2 + /^22]) (8) 
in a molecular axis framework in which the carbon site is the origin 
and the vectors rPA

HI and rPA
H2 define the positions of hydrogen 

sites H l and H2, respectively, in the principal axis system. We 
have assumed that both C - H bond lengths are the same; |rP A

H 1 | 
= |rPA

H2 |. Transformation of the vectors from the principal axis 
system into the laboratory axis system is again done with direction 
cosine matrices: 

riabH1 = r P A
H 1 R z ( X ) R N W (9) 

Similarly, the homonuclear dipolar coupling is given by 

lrlab ~ rlab I 

7 H 7 H ^ 
3 ; — S i HTs't 7* 1^* 1" r*^ + 7>i(r>" ~ r ^ + 7ri(rri" 

lrlab ~ rlab I 
riiWxii'xx ~ rx2) + Iyi(ryi - ry2) + / r 2 ( r r l - r l 2)] j (10) 

The spin angular momentum operators are defined for the un
coupled product basis set of |H1 H2 13C) by direct product ex
pansion from the Pauli spin matrices. There are six allowed 13C 
transitions: | a , a , a ) —• |a,a,|8>, |a,/3,a> - » |a,/J,/3), | a ,£ , a ) -»• 
|/3,a,/3>, l/3,a,a> — |/3,a,0>, |0,a,a> - * |a,0,0>, and |/J,/3,a> — 
|/3,jS,>3).l5b The spin-state energy levels are assigned the spin 
quantum number of the carbon on the basis of a conditional test 
of the diagonal elements of IfI2U; greater than zero indicates 0 
and less than zero indicates a, and likewise, similar tests are 
performed for the two hydrogen nuclei. The unitary matrix, U, 
is obtained from a diagonalization of HuM. The carbon powder 
pattern, with proton dipolar coupling, is then obtained by summing 
the carbon transition frequencies over a range of x,0 orientations 
over the range of 0 -90° , inclusive, with sin 6 weighting.22 Typ
ically, we use a uniform step angle of 2°, and the calculation takes 
ca. 70 min on a VAXstation 3200. Figure 1 shows the six proton 
coupled 13C powder patterns for a methylene unit for which the 
axes of the dipolar and chemical shielding tensors are colinear. 

Experimental Methods 
The preparation of (M-13CH2)(M-CO)[FeCp(CO)I2 was based on lit

erature methods.41 The Wittig reagent was prepared by starting from 
triphenylphosphine and 13C-!abeled (99%) methyl iodide. 

(C6Hj)3P + 13CH3I + NaH — (C6Hj)3P=13CH2 + H2 + NaI 

(C6Hj)3P=13CH2 + (M-CO)2[FeCp(CO)I2 -* 
cis,trans- (M- ' 3CH2) (M-CO) [ FeCp(CO) ] 2 

Low-temperature column chromatography was used to isolate the cis 
isomer, cis-trans isomerization is facile in hexane solution at room 
temperature.42 Also, the cis isomer can crystallize in both monoclinic41* 
and triclinic space groups.43 On the basis of X-ray powder diffraction, 

(41) (a) Korswagen, R.; Alt, R.; Speth, D.; Ziegler, M. L. Angew. Chem., 
Int. Ed. Engl. 1981, 20, 1049-51. (b) Altbach, M. I. Ph.D. Thesis, Louisiana 
State University, 1988. 
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Figure 1. Calculated proton-coupled 13C powder patterns for the six 
possible relative orientations of the chemical shielding tensor with respect 
to the dipolar coupling tensor for a methylene site with local C21, sym
metry. Important parameters in these calculations are an = 378.9, (T22 

= 67.5, (733 = -29.4 ppm (TMS), rf(C-H) - 1.1 A, ZH-C-H = 109.5°, 
K13C) = 50.301 MHz, and Lorentzian line broadening 3 kHz. 

both forms are present in the sample used herein. Because the structure 
factors for the monoclinic form are not available, the relative abundance 
of each form can not be calculated. However, the diffractions corre
sponding to the triclinic form are more intense than those due to the 
monoclinic form; thus, we judge that the triclinic form is more abundant. 

Solid-state 13C NMR spectra were taken with a Bruker MSL 200 
solid-state NMR spectrometer operating at 50.301 MHz for 13C provided 
with a temperature control unit that uses a copper-constantan thermo
couple junction located near the MAS stator. While there are clear 
advantages to performing NMR experiments and the corresponding 
simulations at different magnetic field strengths, this was not done 
here.1823 A 15-kHz CP/MAS probe was used and the ~80-mg pow
dered sample was loosely packed into a 4-mm ZrO2 rotor with a KeI-F 
cap. The data acquisition was via a standard single contact Hartmann-
Hahn cross-polarization pulse sequence for the sample spinning experi
ments.44 Slight modifications of this pulse sequence were used for 
acquiring the powder patterns: The proton-decoupled 13C chemical shift 
powder pattern was acquired as a spin-echo following an 80-MS delay. 
The proton-coupled 13C powder pattern was also acquired as a spin-echo 
following an 80-MS delay; however, the proton decoupling rf irradiation 
was terminated at the maximum of the spin-echo. The slow spinning 
speed CP/MAS spectra were acquired in the same manner as the pro
ton-decoupled 13C chemical shift powder pattern; however, the delay in 
the spin-echo sequence was set to the inverse of the spinning rate. The 
proton 90° pulse was 3-5 MS, though the probe tended to arc at the higher 
power levels. The cross-polarization contact time ranged between 0.1 and 
5 ms, and the recycle delay was 3 s. Typically, 10000-20000 free 
induction decays were acquired, and an exponential line-broadening 
factor of 50 Hz was applied. The chemical shielding values are recorded 
on the S scale indirectly referenced through adamantane (external) to 
tetramethylsilane (TMS). Fourier-transformed and manually phased 
spectra were transferred as binary data files from the Bruker Aspect-3000 
computer to a Macintosh II computer via an RS-232 serial connection 
and the KERMIT file transfer protocol.45 Conversion from binary to 

(44) Pines, A.; Gibby, M. G.; Waugh, J. S. J. Chem. Phys. 1973, 59, 
569-90. 

(45) (a) Kermit Distribution, Columbia University Center for Computing 
Activities, 612 West 115th St., New York, NY 10025. (b) Casey, P. K.; 
Jarrett, W. L.; Mathias, L. J. Am. Lab. (Shetton, Conn.) 1989, 21, March, 
25-35. 
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(b) cis-di-CO) 2[FeCp(CO)] 

(C) cu-fti-CH2)0i-CO)[FeCp(CO)]2 

triclinic-tn-CHj) j , monoclinic-CH-CHj) 

Cp 

500 
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Figure 2. Solid-state NMR spectra: (a) proton-decoupled 13C chemical 
shielding powder pattern for CW-(M-13CH2)(M-CO)[FeCp(CO)J2,

 c ross-
polarization time of 5 ms was used at a field strength corresponding to 
a 1H 90° pulse of 5 MS; (b) 13C chemical shielding powder pattern for 
m-(M-CO)2[FeCp(CO)]2 showing the powder pattern for the cyclo-
pentadienyl carbons; (c) CP/MAS spectrum of a 60:40 mixture of tri-
clinic and monoclinic CM-(M-13CH2)(M-CO)[FeCp(CO)J2; xR = 4.98 kHz, 
solid-state isotropic chemical shifts for the bridging methylene carbon are 
145.6 and 139.0 ppm (TMS) for the triclinic and monoclinic forms, 
respectively, other resonances are at 87.8 ppm for the cyclopentadienyl 
carbons and 284.4 and 212.5 ppm for the bridging and terminal carbo-
nyls, respectively. 

ASCII data files was done with a program46 written in LabVIEW, a 
graphical programming language.47 Spectral simulation programs were 
written in Matlab v3.5f, a vector oriented programming language.48 The 
Levenberg-Marquardt nonlinear least-square algorithm49 was recorded 
in Matlab, and the data variance was assigned on the basis of a selected 
region of the base line. Recently developed techniques in critical fre
quency analysis were considered but not used.13'18'23 

Results 
The large chemical shielding anisotropy of the bridging 

methylene site in m-(M-uCH2)(M-CO)[FeCp(CO)]2 is readily 
apparent from the 13C chemical shielding powder pattern shown 
in Figure 2a. The unusually large anisotropy for the methylene 
site is much larger than for the aromatic carbons in the cyclo
pentadienyl ligands of the related complex c/s-(/i-CO)2[FeCp-
(CO)]2 shown in Figure 2b, with <r± = 122.6 (6) and a,, = 18.2 
(12) ppm (TMS).50 The presence of two magnetically in-
equivalent bridging methylene sites is revealed in the CP/MAS 
spectrum shown in Figure 2c. The CP/MAS spectrum at 10 kHz 
shows two bridging methylene sites in a 60:40 relative abundance 
based upon peak heights, <riso = 145.6 (60% abundant, triclinic) 
and <riso = 139 ppm (40%, monoclinic), and where the crystal 
morphology is tentatively assigned on the basis of the relative 
intensities of the X-ray powder diffraction lines. Because of the 
similarity in the spinning sideband pattern, the elements of the 

(46) Michaels, D. C; Kim, A. J.; Perilloux, B. C; Barksdale, D.; Butler, 
L. G. Comput. Chem., submitted for publication. 

(47) LabVIEW, National Instruments Corp., 6504 Bridge Point Parkway, 
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(48) Matlab, The Mathworks Inc., 24 Prime Parkway, Natick, MA 01760. 
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Physical Sciences; McGraw-Hill: New York, 1969. (b) Press, W. H.; 
Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. Numerical Recipes; 
Cambridge University Press: Cambridge, 1986. 

(50) Result of the best nonlinear least-squares fit of the spectrum shown 
in Figure 2b. 
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Figure 3. Results from a nonlinear least-squares analysis of the proton-
decoupled 13C chemical shielding powder pattern of a 60:40 mixture of 
triclinic and monoclinic Cw-(M-13CH2)(M-CO)[FeCp(CO)J2: (a) exper
imental 13C chemical shielding powder pattern; (b) best calculated fit, 
with 1 kHz of Lorentzian line broadening, to the experimental spectrum 
and the corresponding residuals (c). The fit is composed of three com
ponents as shown in (d). The three components of the fit are the 
methylene carbons of the monoclinic form (•••), the triclinic form (- - -), 
and the cyclopentadienyl carbons (—). The deviation at about 380 ppm 
may be due to finite pulse length effects. 

chemical shielding tensors for both the monoclinic and triclinic 
sites are similar. 

There are several steps in the determination of the elements 
of the chemical shielding tensor and its orientation with respect 
to the molecular axis system. First, the proton-decoupled 13C 
powder pattern was fitted to a model consisting of monoclinic and 
triclinic bridging methylene sites plus a contribution from the Cp 
carbons. Second, a Herzfeld-Berger analysis was done to verify 
an assumption made in the previous model. Third, the proton-
coupled 13C powder pattern was compared to the calculated 
patterns shown in Figure 1. Fourth, the fit to the proton-coupled 
13C powder pattern was optimized by varying d(C-H) and ZH-
C-H. Fifth, the assigned orientation was confirmed by the 
correspondence between experimental and calculated 2D separated 
local field spectra. 

Figure 3 shows the results of a nonlinear least-squares fit to 
the chemical shielding powder pattern. The fitted variables include 
o-u

mono and (T22
1"0"0; the value of o^™"10 is determined from o-u

mono 

and CT22"
10"0 and the isotropic chemical shift. We make the as

sumption that <raa
iri = aaa

mom + 6.6 ppm (a = 1, 2, 3); the reason 
for this constraint is the close correspondence between the two 
chemical shielding tensors that would otherwise lead to a singu
larity in the nonlinear least-squares fitting. Finally, a fixed 
contribution from the Cp carbons sites is also included. With this 
model, we find an

mono = 365.7 (6), (T22"
10"0 = 75.5 (1), and (T33"

1"10 

= 24.2 (6) ppm. The value of x,2 = 2.0 (step angle 2°, data 
variance 2%) indicates that this model is tenable. There are two 
sources of systematic errors that are of concern: anisotropic 
cross-polarization and finite pulse length effects. Briefly, aniso
tropic cross-polarization is evident as a decreased cross-polarization 
rate at orientations ("magic angle") for which the dipolar coupling 
between 1H and 13C is quenched.24,51 An interesting experiment 
to test for anisotropic cross-polarization in this system would be 
to acquire the 13C chemical shielding powder pattern without 
cross-polarization and compare the fit of this data to the model. 
Unfortunately, the long 13C 7",, on the order of 100 s, precluded 

(51) (a) Griffin, R. G. Methods Enzymol. 1981, 72, 108-74. (b) Levitt, 
M. H.; Suter, D.; Ernst, R. R. J. Chem. Phys. 1986, 84, 4243-55. 
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Figure 4. Traces show the calculated intensities of a central band and 
related spinning sidebands based on a Herzfeld-Berger analysis of the 
CP/MAS experiment. The solid traces are based on the monoclinic form 
with o-n = 365.7, (T22 = 75.5, and a3i = -24.2 ppm. The experimental 
central and sideband intensities of the monoclinic form are indicated as 
with an asterisk. The data for the triclinic form are shown as a circle 
by making the assumption that <r00

,ri = CT00"""10 + 6.6 ppm (a = 1, 2, 3). 
The dotted lines are to indicate the precision of this experiment and are 
shown for ±20 ppm variations in an - <r22 and aM - <rM. Spin rates range 
from 5 to 10 kHz; below 5 kHz, there was interference from the Cp ring 
spinning sideband pattern. 

acquisition of the spectrum without cross-polarization. Finite pulse 
length effects would be evident as a reduced intensity in the 
experimental spectrum at the extremes. We note that the fit is 
poorest at 20 kHz, as would be expected for a systematic error 
due to finite pulse length effects. 

In a Herzfeld-Berger analysis, the relative intensities of the 
spinning sidebands in series of CP/MAS spectra are used to 
determine the elements of the chemical shielding tensor.52 

However, here we have used the Herzfeld-Berger analysis for a 
more restricted application, verifying the difference between the 
chemical shielding tensor elements of the monoclinic and triclinic 
sites. Shown in Figure 4 are the results of the analysis, which 
show that <raa

tri = <raa
mono + 6.6 ppm (a = 1,2, 3). It is possible 

to show the results for both sites since the calculated spinning 
sideband intensities depend only on the values of an - <r22 and 
J1S0-(Tn. Because the experimental spinning sideband intensities 
for both crystallographic forms can be fitted to the same set of 
calculated traces, the constant 6.6 ppm difference between tensor 
elements of the two forms is confirmed. We note, however, that 
this technique is not particularly sensitive at the spin rates we can 
access. 

Figure 5a shows the proton-coupled 13C powder pattern for 
CIi-(M-13CH2)(M-CO)[FeCp(CO)I2. A simple comparison of the 
experimental results with the previously calculated spectra suggests 
a match with chemical shielding orientation shown in Figure la. 
The match with one of the spectra of Figure 1 indicates that the 
methylene unit can be treated as an isolated 13CH2 spin system. 
Also, the Cp rings are rapidly rotating about an axis from the 
iron atom through the centroid of the Cp ring. In the related 

(52) Herzfeld, J.; Berger, A. E. J. Chem. Phys, 1980, 73, 6021-30. 

J. Am. Chem. Soc, Vol. 113, No. 13, 1991 4835 

i 1 1 \ 1 1 1 i i J 

1200 600 0 .600 

o (TMS), ppm 

Figure 5. Results from a nonlinear least-squares analysis of the proton-
coupled 13C powder pattern of C«-(M-"CH2)(M-CO) [FeCp(CO)I2 with 
the orientation shown in Figure la: (a) experimental proton-coupled 13C 
powder pattern, cross-polarization time of 5 ms was used at a field 
strength corresponding to a 1H 90° pulse of 5 MS; (b) best calculated fit, 
with 3 kHz of Lorenztian line broadening, to the experimental spectrum, 
X,1 = 2.7 with a step angle of 2°, fit is composed of two components, the 
methylene carbons of the monoclinic and triclinic forms; (c) residual, 
negative deviation at about 800 ppm may be due to finite pulse length 
effects. 

complex cw-(M-CO)2[FeCp(CO)]2, the Cp rings are executing C5 

jumps at a rate of (2.4 (5)) X 10" s"1.53 With this rapid motion, 
the dipolar interaction between the 13CH2 unit and the protons 
of the Cp rings is much reduced. The jump rate is temperature 
dependent. Since spectra taken at -10 and +40 0 C showed no 
significant variations, aside from random noise, from the spectrum 
shown in Figure 5a, we conclude that dipolar coupling between 
the 13CH2 unit and the Cp protons is negligible. 

The result of the nonlinear least-squares fit to the proton-coupled 
13C powder pattern is shown in Figure 5b where the fitted variables 
are vertical scale and vertical offset. Fixed parameters include 
the isotropic chemical shifts for the triclinic and monoclinic forms, 
the 60:40 relative abundance, rf(C-H) = 1.1 A, and / H - C - H = 
109.5°. The contribution of the Cp ring sites to the proton-coupled 
13C powder pattern was ignored since the spectrum of cis-{n-
CO)2[FeCp(CO)J2 showed only a weak, broad resonance. The 
value of Xv1 is 2-7 (step angle 2°, data variance 2%), indicating 
that the model is tenable. Again, there is a possibility that sys
tematic error may have been caused by anisotropic cross-polar
ization. We note here the similarity in the pulse sequences used 
to acquire the spectra in Figures 4a and 5a. Since we have shown 
in Figure 4a that a 13C spin-echo has been prepared without 
detectable flaw caused by anisotropic cross-polarization, we can 
then expect the proton-coupled 13C powder pattern to be similarly 
unafflicted by artifacts. Thus, we are assured that apparent good 
fit of the proton-coupled 13C powder pattern to Figure la is not 
an accidental coincidence associated with a powder pattern 
modulated by anisotropic cross-polarization. 

A proton-coupled powder pattern contains geometric infor
mation. We recall that the fit shown in Figure 5b was obtained 
with a fixed methylene geometry. The proton-coupled 13C powder 
pattern was fitted while allowing the parameters ^(C-H) and 
/H-C-H to vary. The nonlinear least-squares routine successfully 
converged on the values rf(C-H) = 1.122 (3) A and / H - C - H = 
110.8 (4)°, and the value of x„2 is reduced to 2.1; thus, the fit 
is significantly better at the 95% confidence level than for the 
previous fit with fixed </(C-H) and /H-C-H. For the comparison 

(53) Altbach, M. I.; Hiyama, Y.; Wittebort, R. J.; Butler, L. G. lnorg. 
Chem. 1990, 29, 741-7. 
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Figure 6. Calculated (a) and experimental (b) 2D separated local field 
spectra of C(J-(M-13CH2)(M-CO)[FeCp(CO)J2. The pulse sequence of 
Linder et al. was used with a 5-MS 90° 1H pulse and evolution with 141 
kHz off resonance decoupling.16 Also shown are the calculated and 
experimental dipolar projections along the Fl dimension. The calculated 
results are obtained with the same chemical shielding tensor elements and 
orientation as used for the ID simulation in Figure S. 

of bond lengths determined from NMR dipolar couplings with 
those obtained from scattering experiments such as neutron 
diffraction, compensation must be made for the effect of molecular 
motions upon the measurements.54 For the NMR experiments, 
Henry and Szabo have shown that the averaging of <l/r3} for 
a 13C-H unit is affected by the C-H stretching vibration and the 
librational motions of the molecule.55 Generally, vibrational 
averaging of the NMR dipolar coupling acts to weaken the in
teraction such that the uncorrected bond length is too long, about 
2.3% (propane methylene)55 to 2.7% (benzene).56 If extensive 
librational motions are present, say for the methylene units in solid 
octane, even larger correction factors are required.55 On the basis 
of the C-H stretching frequency for the bridging methylene site,6 

and if we also assume that libration motions are similar to those 
for the propane methylene, then the corrected value of rf(C-H) 
is 1.096 (3) A. For comparison, the bridging methylene geometries 
in related rhodium and osmium complexes as determined from 
neutron diffraction are as follows: trans-(M-CH2)[RhCp(CO)J2, 
rf(C-H) = 1.095 (2), 1.094 (2) A and ZH-C-H = 110.4 (1)°;57 

(M-H)2(M-CH2)Os3(CO)10, rf(C-H) = 1.090 (11), 1.091 (10) A 
and ZH-C-H = 106.0 (8)0.58 In the X-ray crystallography work 
for m-(M-CH2)(M-CO)[FeCp(CO)]2, the methylene hydrogen 
atoms were located and refined isotropically to give rf(C-H) = 
0.95 (3) and 1.00 (4) A and M-C-H = 110 (3)0.43 The cor
respondence between the corrected NMR distance and those 
obtained from neutron diffraction is exceptionally good. But given 
the uncertainty associated with the librational motions, the cor
respondence may be coincidental. 

A 2D separated local field spectrum was acquired and is shown 
in Figure 6. The general features of the 2D spectrum correspond 
well with the calculated 2D spectrum obtained with the orientation 

(54) See, for example: Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; 
Herzfeld, J.; Griffin, R. G. J. Am. Chem. Soc. 1987, 109, 4163-9. 

(55) Henry, E. R.; Szabo, A. /. Chem. Phys. 1985, 82, 4753-61. 
(56) Diehl, P. In Nuclear Magnetic Resonance of Liquid Crystals; Emsley, 

J. W., Ed.; D. Reidel: Boston, Chapter 7. 
(57) Takusagawa, F.; Fumagalli, A.; Koetzle, T. F.; Herrmann, W. A. 

lnorg. Chem. 1981, 20, 3060-4. 
(58) Schultz, A. J.; Williams, J. M.; Calvert, R. B.; Shapley, J. R.; Stucky, 

G. D. Inorg. Chem. 1979, 18, 319-23. 

of the chemical shielding as shown in Figure la. The dipolar 
projection along the Fl dimension is particularly sensitive to the 
orientation of the chemical shielding tensor, and the experimental 
and calculated projections agree quite well. The 2D results confirm 
the orientation previously assigned on the basis of the ID results. 

Discussion 
The chemical shielding elements for CI'5-(M-1 3CH2)(M-CO)-

[FeCp(CO)J2 cover a very large range relative to methylene units 
in organic compounds; for comparison, in n-eicosane, CH3CH2-
(13CH2)16CH2CH3, the chemical shielding elements (TMS scale) 
are a,, = 50.2 (20), <r22 = 38.2 (20), and <r33 = 17.2 (2O).24 The 
chemical shielding elements are comparable to those found for 
CO and for terminally bound metal carbonyls: 13CO (20 K, argon 
matrix), au = 305, <r22 = 305, and <r33 = -48;26 (M-13CO)2-
[FeCp(CO)J2, a,, = 354, <r22 = 354, and a33 = -85.25 

It is often difficult to correlate chemical shielding in organo-
metallic complexes with chemical bonding. One approach that 
appears particularly useful requires either Xa59 or Fenske-Hall 
calculations of model complexes; Fenske and co-workers suc
cessfully modeled the 13C chemical shift of metal carbenes and 
alkyls60 and 11B chemical shifts in metalloboranes.61 However, 
due to three factors, we have an extremely fortunate situation here 
in which to apply a simplified chemical shielding analysis: large 
chemical shielding anisotropy, local C20 symmetry for the di-
metallacyclopropane unit, and published results of molecular 
orbital calculations. These three factors facilitate a correlation 
between chemical shielding and chemical bonding. The correlation 
requires two main components. First, the paramagnetic contri
bution to the chemical shielding elements is related to the energies 
of the bonding and antibonding orbitals and the appropriate an
gular momentum operators as was done in eq 2 for the chemical 
shielding tensor element directed along the >>-axis. Second, a 
molecular orbital diagram for a dimetallacyclopropane unit is 
prepared on the basis of the best available information. 

In a parameter-free Fenske-Hall calculation of (M-CH2)(M-
CO)[FeCp(CO)J2, Bursten and Cayton determined the energies 
of molecular bonding and antibonding orbitals derived from the 
a, and b, frontier orbitals of the methylene unit; the relative 
energies of three out of the four orbitals are given in Figure 2 of 
their paper: Z1 ** b, = 3.2 eV and a, ** b,* = 9.2 eV.4a The 
other necessary orbital energies are a, = -14.47, a]* = -2.27, 
b2(C-H) = -26.15, b2*(C-H) = 53.25 eV; only the highest oc
cupied and lowest lying virtual orbital energies are given here.62 

We note here the reported tendency for Fenske-Hall calculations 
to spread the energy levels of ligand orbitals.63 That feature is 
not important here as only orbital energy ordering and approximate 
spacings are required for the qualitative analysis of the chemical 
shielding tensor. 

In Figure 7, the energies of molecular orbitals with significant 
methylene carbon atomic p orbital contribution are shown. The 
energies for cyclopropene are taken from the results of an SCF-HF 
calculation with a double- f basis set.64 The energies for the 
dimetallacyclopropane unit are taken from the work of Bursten 
and Cayton with the assumptions listed above. The dashed lines 
between the two systems illustrate the evolution of the methylene 
carbon atomic p orbitals between the two bonding environments. 
The vertical double-headed arrows indicate the nonzero angular 
momentum integrals that contribute to the chemical shielding, 
analogous to eq 2. The experimental chemical shielding elements 
in the indicated coordinate system for both cyclopropene65 and 

(59) Freier, D. G.; Fenske, R. F.; You, X.-Z. J. Chem. Phys. 1985, 83, 
3526-37. 

(60) Fenske, R. F. In Organometallic Compounds; Shapiro, B. L., Ed.; 
Texas A&M University Press: College Station, TX, 1983; pp 305-33. 

(61) Fehlner, T. P.; Czech, P. T.; Fenske, R. F. Inorg. Chem. 1990, 29, 
3103-9. 

(62) Bruce E. Bursten, private communication. 
(63) Bursten, B. E.; Cotton, F. A.; Stanley, G. G. Isr. J. Chem. 1980,19, 

132-42. 
(64) Snyder, L. C; Basch, H. Molecular Wave Functions and Properties; 

John Wiley & Sons: New York, 1972. 
(65) ZiIm, K. W.; Conlin, R. T.; Grant, D. M.; Michl, J. /. Am. Chem. 

Soc. 1980, 102, 6672-6. 
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Figure 7. Molecular orbital correlation diagram for cyclopropene and 
a dimetallocyclopropane unit. The orbital energies for cyclopropene are 
from an SCF-HF calculation with a double-f basis set; the axis system 
shown for cyclopropene is the same as used in the calculation.64 The 
chemical shielding tensor elements for cyclopropene are listed above the 
manifold.65 The orbital energies for the dimetallacyclopropane unit are 
taken, in part, from the results of a Fenske-Hall calculation of cis-(n-
CH2)(M-CO)[FeCp(CO)]J;4* the energy scale and reference for the 
Fenske-Hall calculation are different than those of the SCF-HF work. 
In particular, the energy of the C-H antibonding orbital is, as expected, 
anomalously high;63 however, that is not a problem for this qualitative 
analysis. The chemical shielding tensor elements listed above the ma
nifold are from this work rewritten in the coordinate system defined by 
cyclopropene. The dashed lines connecting orbitals of the two manifolds 
indicate the evolution of atomic p orbitals on the methylene carbon. The 
vertical double-headed arrows indicate nonzero contributions to the 
paramagnetic chemical shielding interaction. The length of each arrow 
represents the inverse of the magnitude of the contribution as detailed 
in eq 2. 

the dimetallacyclopropane unit (this work) are given above the 
respective manifolds. 

Cyclopropene represents the typical situation where there is 
no apparent qualitative correlation between the chemical shielding 
elements and the reciprocal of differences among the orbital 
energies. We conclude that there is no single element of the 
chemical shielding tensor that is large enough to make the gross 
approximations inherent in eq 2 valid. 

However, for the dimetallacyclopropane unit, there is a strong 
qualitative correlation between the largest element of the chemical 
shielding tensor and the close energy spacing among molecular 
orbitals composed of carbon atomic p* and pz orbitals. There is 
a very large paramagnetic contribution to the chemical shielding 
tensor element directed along the y-axis as shown in Figure 7 and 
detailed here: 

ay'°"" (TMS) = * <"» + o*n = 

<ryy
iil + k L(a,*-b,) (b ,» -a , )J 372.3 (6) ppm (11) 

Thus, we conclude that the frontier orbital analysis indicated in 
Chart I is consistent with the NMR results for the major orien
tation of the chemical shielding tensor. 

The simplified chemical shielding analysis is clearly of limited 
utility. For example, the orbital energy levels of the dimetalla
cyclopropane unit suggest that Ox, and On, should be nearly equal. 
Again, it is apparent that one element of the chemical shielding 
tensor must be very large so that the approximations leading to 
eq 2 are made valid. Alternatively, there may be a significant 
error in the orbital energy spacings in Figure 7, most likely in the 
placement of ai* (see above). 

We now turn to a brief discussion of the charge on the meth
ylene carbon and possible inferences from the chemical shielding 
data. Generally, it is the diamagnetic contribution to the chemical 
shielding tensor that is most relevant to questions of charge.66 In 
the case of axial symmetry, the paramagnetic contributions cancel 
for a J and a fiducial value of the diamagnetic contribution of -90 
ppm was found for sp-hybridized carbon sites.26,67 Since the 
methylene unit lacks axial symmetry, the most negative chemical 
shielding element, which is along the x-axis, is likely to have both 
paramagnetic and diamagnetic contributions. Therefore, <rxx

di" 
may range anywhere from -17.6 (6) to -90 ppm to even some 
much more negative value, if there should be a large negative 
charge on the methylene carbon. Very roughly, the Ox/'* term 
should change by about -65 ppm or greater for an additional unit 
of negative charge.68 A second unknown is whether there is a 
change in the radial distribution function of the carbon orbitals 
between the bridging methylene site and axial symmetric sites 
for which the fudical mark of o\\ = -90 ppm was determined. 
Thus, we can draw no conclusions from the chemical shielding 
data regarding the charge on carbon. 

Conclusions 
The complete orientation of the chemical shielding tensor has 

been obtained for a methylene unit in an organometallic complex. 
The determination was based upon the local symmetry of the 
methylene site (two orthogonal mirror planes) and the asymmetric 
dipolar coupling tensor due to the two methylene protons. The 
strength of the dipolar interaction was used to measure the 
methylene geometry: rf(C-H) = 1.096 (3) A (corrected for 
vibrational effects) and / H - C - H = 110.8 (4)°. The sample 
consisted of two crystallographic forms of CiS-Gt-13CH2)(M-
CO)[FeCp(CO)J2. For the triclinic form, the chemical shielding 
tensor elements are on = 372.3 (6) (perpendicular to the di
metallacyclopropane ring), (T22 = 82.1 (1) (bisects the two hy
drogens of the CH2 unit), and CT33 = -17.6 (6) ppm (TMS) 
(parallel to the Fe-Fe bond axis). The elements of the monoclinic 
form are very similar: ffoa

mono = oaJ" - 6.6 ppm (a = 1,2, 3). 

The principal elements of the chemical shielding tensor are 
correlated, by using a simplified chemical shielding analysis, with 
the published results of a Fenske-Hall molecular orbital calcu
lation. On the basis of the symmetry and relative energies of the 
bonding and antibonding orbitals, the largest paramagnetic 
chemical shielding tensor element is predicted to be perpendicular 
to the plane of the dimetallacyclopropane unit, in excellent 
agreement with the experimental observation. However, the 
limitations of the simplified chemical shielding analysis are quite 
obvious on two counts: First, an incorrect prediction is made for 
the two paramagnetic chemical shielding elements in the plane 
of the dimetallacyclopropane unit. Second, the diamagnetic 
chemical shielding elements are not determined from the simplified 
analysis; thus, no information is available regarding charge on 
the methylene carbon. 

For several reasons, this study of a '3CH2 unit provides a 
textbook example for a simple analysis of the paramagnetic 
contribution to the chemical shielding tensor. (1) Because of the 
C21, symmetry, the otherwise complex angular momentum integrals 
of the chemical shielding interaction can be dealt with by using 
the Levi-Civita rules. (2) Because two of the carbon p orbitals 
participate in C-Fe bonds and one in the much stronger C-H 
bonds,69 there is a conveniently large separation between sets of 

(66) (a) Wu, W.-X.; You, X.-Z.; Dai, A.-B.; Jing, S.-P. Polyhedron 1990, 
9, 1849-54. (b) Bodner, G. M.; Todd, L. J. Inorg. Chem. 1974, 13, 1335-8. 

(67) Pople, J. A. Proc. R. Soc. London, A 1957, 239, 541-9. 
(68) Malli, G.; Froese, C. Int. J. Quantum Chem. 1967, IS, 95-8. 
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bonding and antibonding carbon valence orbitals. Therefore, one 
element of the chemical shielding tensor has a much larger 
paramagnetic contribution than the other two. (3) The dipolar 
coupling interaction allows not only the assignment of the chemical 
shielding tensor orientation, but also the determination of local 
molecular geometry ("nanoscopic MRI"). 

An extension of this work, NMR sensitivity permitting,70 is the 
qualitative prediction and observation of surface-bound species. 
The detection of bridging methylene units on surfaces has been 
particularly difficult." Given that various aspects of the problem 
are already known in some detail, bonding72 and Knight shift,73 

(69) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles 
and Applications of Organotransition Metal Chemistry; University Science 
Books: Mill Valley, CA, 1987; Table 6.1. 

(70) See, for example: Pruski. M.; Kelzenberg, J. C; Gerstein, B. C; King, 
T. S. J. Am. Chem. Soc. 1990, 112, 4232-40. 

(71) Albert, M. R.; Yates, J. T., Jr. The Surface Scientist's Guide to 
Organometallic Chemistry; American Chemical Society: Washington, DC, 
1987. 

(72) (a) Zheng, C; Apeloig, Y.; Hoffmann, R. J. Am. Chem. Soc. 1988, 
110, 749-74. (b) Hoffmann, R. Rev. Mod. Phys. 1988, 60, 601-28. 

Introduction 
The biological significance of lateral diffusion of molecules 

embedded in membranes has led to a number of studies of lateral 
diffusion in natural membranes and phospholipid bilayers1"12 and 
in monolayers.13"18 The monolayer at the air-water interface 
is a particularly useful model system in which to study lateral 
diffusion because of the control that can be exerted over the 
composition and packing of the monolayer, as well as the nature 
of the subphase. There has however been some controversy as 
to how well diffusion in the monolayer models that in the mem
brane. Early studies of diffusion in monolayers at the air-water 
interface, using various techniques, yielded values of the diffusion 
coefficient at least an order of magnitude larger than those re
ported earlier for lipid bilayers and membranes.13"15 

There have been a number of approaches to the measurement 
of lateral diffusion coefficients in monolayers. In what might be 
termed the "direct" approach, the movement of a probe molecule 
from one region to another is monitored by some suitable tech
nique. The diffusion coefficient is unambiguously defined in terms 
of the average distance diffused per unit time. An example of 
this approach is the fluorescence recovery after photobleaching 
(FRAP) technique,'A13,18 which involves monitoring the regrowth 
of fluorescence due to fluorophores diffusing into a pulse photo-

* To whom correspondence should be addressed. 
' Melbourne University. 
'University of Uppsala. 

it should be possible to qualitatively predict some aspects of the 
chemical shielding tensor for a surface-bound species. 
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Note Added in Proof. A recent compilation by Duncan74 nicely 
clarifies the issue of chemical shift scales. To make our labels 
consistent with Duncan's, change a to 8 except for eq 4. 

(73) (a) Wang, P.-K.; Slichter, C. P.; Sinfelt, J. H. Phys. Rev. Lett. 1984, 
53, 82-5. (b) Ansermet, J.-P.; Wang, P.-K.; Slichter, C. P.; Sinfelt, J. H. 
Phys. Rev. B 1988, 37, 1417-28. 

(74) Duncan, T. M. A Compilation of Chemical Shift Anisotropics; 
Farragut Press: Chicago, 1990. 

bleached region. While being straightforward in interpretation, 
the FRAP method faces experimental difficulties related to surface 
flow, caused by mihute temperature gradients at the air-water 
interface. Such surface streaming can interfere with the diffusion 
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Determination of Lateral Diffusion Coefficients in Air-Water 
Monolayers by Fluorescence Quenching Measurements 
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Abstract: The fluorescence quenching of a lipoidal pyrene derivative, by two amphiphilic quenchers, at the air-water interface, 
has been studied by steady-state and time-resolved methods. The results have been analyzed in the theoretical framework 
of diffusion-controlled quenching in a two-dimensional environment to yield the mutual lateral diffusion coefficients. 
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