
4043 

Table I. Magnetic Susceptibilities".6 

Compound 

Yb 
Er 
Gd 

Color 

Orange 
Pink 
Yellow 

106Xm, CgS 

7,800 
39,000 
26,880 

Metf (obsd) 

4.31 
9.64 
7.98 

Theor13 

4.5 
9.6 
7.94 

• Measured by the Faraday method at 30O0K. ' Estimated error 
is ± 3 %; values are corrected for diamagnetism. 

dienyl5 and cyclooctatetraenyl6 ligands. The only well-
characterized (T-bonded derivatives presently known are 
the Yb and Lu tetrakis(2,6-dimethylphenyl) deriva
tives, isolated as lithium salts.7 We wish to report the 
preparation of a new class of organolanthanide com
pounds, (rj6-C5H6)2LnC==CPh(Ph = phenyl; Ln = Gd, 
Er, and Yb). The Gd and Er derivatives represent the 
first examples of compounds containing a <r-bonded 
organic moiety bound to the respective metals. 

These complexes are formed in good yields by the 
reaction of the particular (775-C6Hs)2LnCl8 and lithium 
phenylacetylide9 in THF at -20°. The compounds 
are purified by continuous extraction into benzene.10 

The compounds are destroyed by oxygen (though the 
Gd compound is stable in air for a few minutes) and 
both the phenylacetylide and cyclopentadienyl ligands 
are hydrolyzed by H2O. 

In the infrared spectra, all three compounds exhibit 
strong sharp C=C stretches at ~2050 cm-1.11 In 
addition, strong bands at 692 and 760 cm-1 are char
acteristic of a monosubstituted phenyl group. The 
bands at 3100, 1450, 1010, and 775 cm-1 are indicative 
of a ?i5-bonded cyclopentadienyl moiety.n 

The magnetic susceptibilities of the compounds are 
reported in Table I, and are indicative of the metal in 
the tripositive state.13 One would not expect to see 
much deviation from these values as the 4f orbitals 
seem to be quite well shielded and should be perturbed 
only slightly by ligand fields.14 

Visible spectra were taken for all of the complexes. 
The spectra of the erbium compound is interesting as it 
differs somewhat from the "free" Er3+ ion. The bands 
are broadened slightly and the values for e are larger 
by over a factor of ten.15'16 Bukietynska and Choppin18 

(5) For a review, see (a) H. Gysling and M. Tsutsui, Advan. Organo-
metal. Chem., 9, 361 (1970); (b) R. G. Hayes and J. L. Thomas, Organo-
metal. Chem. ReD., Sect. A, 7, 1 (1971). 

(6) K. O. Hodgson, F. Mares, D. F. Starks, and A. Streitwieser, Jr., 
/ . Amer. Chem. Soc, 95, 8650 (1973). 

(7) S. A. Cotton, F. A. Hart, B. M. Hursthouse, and A. J. Welch, J. 
Chem. Soc., Chem. Commun., 1225 (1972). 

(8) R. E. Maginn, S. Manastyrskyj, and M. Dubeck, / . Amer. Chem. 
Soc, 85, 672 (1963). 

(9) Prepared from the reaction of n-butyllithium and ethynylbenzene 
in THF. 

(10) AU compounds gave satisfactory elemental analyses as performed 
by Schwarzkopf Microanalytical Laboratories. Anal. Calcd for G8-
Hi5Yb: C, 53.44; H, 3.73. Found: C, 53.10; H, 4.04. Calcd for 
Ci8Hi5Er: C, 54.24; H, 3.79; Er, 41.97. Found: C, 53.97; H, 
3.82; Er, 41.60. Calcd for Ci8Hi5Gd: Gd, 40.47. Found: Gd, 
40.56. 

(11) In contrast, the C = C stretch for ethynylbenzene comes at ~2085 
cm-1. 

(12) F. A. Cotton and T. J. Marks, J. Amer. Chem. Soc, 91, 7281 
(1969). 

(13) J. H. Van Vleck and N. Frank, Phys. Rev., 34, 1494 (1929). 
(14) H. G. Friedman, Jr., G. P. Choppin, and D. G. Feuerbacher, 

/ . Chem. Educ, 41, 355 (1964). 
(15) W. T. Carnall and P. R. Fields, Advan. Chem. Ser., No. 71 (1967). 
(16) Values are also high compared with conventional coordination 

compounds; cf. refl7. 
(17) T. Moeller and W. Ulrich, / . Inorg. Nucl. Chem., 2, 164 (1956). 
(18) K. Bukietynska and G. R. Choppin, J. Chem. Phys., 52, 2875 

suggested that changes of the intensity and shape of 
the hypersensitive19 absorption band are due to the 
formation of inner-sphere complexes to a limited ex
tent. High values can be related to the predominant 
existence of species in solution with low symmetries20 

and/or some degree of covalency. Since the symmetries 
in the starting material and products should be essen
tially identical, the observed enhancement lends sup
port to these complexes being more covalent in nature. 
Also, a large charge transfer band is present which 
originates in the uv and extends into the visible region. 
This indicates that there is at least some interaction, 
other than strictly ionic, between the ligand and the 
metal. The origin of the charge transfer is probably 
ligand to metal.6,21 However, this interaction need 
not be a large one to be observed. Also, it is not clear 
whether the electron is transferred into a 4f or 5d or
bital. 

The visible spectra of the Yb complex is uninforma-
tive as it is dominated by a large charge transfer band 
which is present in the (77S-C5Hs)2YbCl compound.22 

The Gd complex (an f7 compound) is devoid of all tran
sitions except for the charge transfer band as seen in the 
Er complex. 

Though heretofore unknown for most lanthanides, 
the formation of metal-carbon a bonds by our reaction 
scheme appears to be a general one and should work 
for other ligands and metals as well.2324 Further 
studies are in progress to elucidate the nature of the 
lanthanide-carbon a bond. 
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(19) Hypersensitive transitions are spectral bonds which exhibit sub
stantial changes in intensity without a significant wavelength shift for 
very'similar chemical environments. 

(20) B. R. Judd, J. Chem. Phys., 44, 839 (1966). 
(21) J. C. Barnes, J. Chem. Soc, 3880 (1964). 
(22) This is the only lanthanide whose cyclopentadienide complexes 

do not correspond closely to the free ion. 
(23) Preliminary results in our laboratories indicates this to be so. 
(24) F. A. Hart, et al, postulate7 that lanthanide-carbon a bonds are 

most favored for the heavier elements of this series. Maginn, et al., also 
note8 that they were only able to prepare (j)s-C5H5)2LnCl for the heavier 
lanthanides and that this was due to some subtle effect of the lanthanide 
contraction. 
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Transverse Relaxation in Homonuclear 
Coupled Spin Systems 

Sir: 

It is often stated that for nonviscous liquids, nuclear 
spin-spin relaxation times (T2) are equal to spin-lattice 
relaxation times (7\) unless "slow" processes occur. 
This notion, which is based on an unwarranted exten
sion of the Bloch equations, is incorrect for the general 
case of molecules with scalar coupling. Data pre
sented here, together with a complete density matrix 
analysis,1 show that the presence of homonuclear 
scalar coupling gives rise to T2 values which are consid-

(1) R. L. Void and R. R. Void, to be submitted for publication. 
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erably shorter than corresponding 7Ys, even in the ab
sence of slow processes such as chemical exchange and 
relaxation by scalar coupling to rapidly relaxing quad-
rupolar nuclei. Similar effects of heteronuclear cou
pling to other spin l/2 nuclei have been described pre
viously.2-4 

Table I shows relaxation times measured for selected 

Table I. Proton Relaxation Times and (Rates)" 

T1 (R1) T2 (R2) T2 (R2? 

Isopropyl Iodide 

Isopropyl Acetate 
(CH3V 6.2(0.161) 6.2(0.161) 
CH" 13.2(0.076)« 7.1(0.141) 6.7(0.149) 
CH3CO 8.5(0.118) 7.8(0.128)/ 

a Ri = 1/Ti and R2 - 1/T2 sec-1. b Weighted average relaxation 
times calculated from eq 1. c Equal values were obtained for both 
lines of the doublet within experimental error. d All components of 
the septet relaxed at the same rate. Listed values were obtained 
from the center line. Limited resolution (nonspinning sample, 
Aci/2 ~ 2 Hz) prevented detection of small differences. " A small 
deviation from single exponential behavior was observed; the re
ported Ti was obtained from the initial slope. For a justification of 
this procedure, see ref 16. t At 2T = 1.2 msec, T2 increased to 8.4 
sec. Spin echo spectra (R. L. Void and R. R. Void, J. Magn. 
Resonance, 13, 38 (1974)) show that long range coupling to the 
acetyl protons is less than 0.05 Hz. The short value of T2 at IT = 
200 /jsec may be due to a nonzero value for this coupling. 

proton lines of neat isopropyl iodide and isopropyl 
acetate. All measurements were performed at 26° on a 
55-MHz spectrometer described elsewhere.66 The 
samples were degassed by distillation at ~10~5 Torr 
followed by several freeze-pump-thaw cycles. T1 

values were obtained by the usual 180°-T—90 -FT se
quence and T2 values by a similar Fourier transform 
version7 of the Carr-Purcell-Meiboom-Gill (CPMG) 
spin echo sequence with a spacing Ir = 200 /usee be
tween refocusing pulses. Semilogarithmic plots span
ning ~1.5 decades were linear except where noted, and 
the values of T1 and T2 are considered accurate8 within 
- 3 % . 

At first glance the short T2 observed for the methine 
proton in isopropyl iodide might be ascribed to scalar 
relaxation by coupling to the rapidly relaxing iodine. 
However, the difference, 1/T2 - 1/T1 = 0.053 sec -1 for 
this proton is ca. eight times larger than that found for 
methyl iodide,4 and a similar large difference, 0.075 
sec-1, is observed for the methine proton in isopropyl 
acetate. Relaxation in isopropyl acetate is certainly 
dominated by dipole-dipole interactions, and infrared, 

(2) H. S. Gutowsky, R. L. Void, and E. J. Wells, /. Chem. Phys., 43, 
4107(1965). 

(3) R. R. Shoup and D. L. VanderHart, J. Amer. Chem. Soc, 93, 2053 
(1971). 

(4) U. Haeberlen, H. W. Spiess, and D. Schweitzer, J. Magn. Reso
nance, 6, 39 (1972). 

(5) R. L. Void, R. R. Void, and H. E. Simon, J. Magn. Resonance, 11, 
283(1973). 

(6) R. L. Void, R. R. Void, and H. E. Simon, J. Magn. Resonance, 13, 
226 (1974). 

(7) R. L. Void, J. S. Waugh, M. P. Klein, and D. E. Phelps, J. Chem. 
Phys., 48, 3831 (1968). 

(8) Measurements on a test sample of degassed benzene under the 
same instrumental conditions except for necessary minor adjustments of 
pulse widths yielded Ti = T2 = 20.9 ± 0.3 sec. 

microwave, and ultrasonic measurements on esters9 

have demonstrated that internal rotation rates are 
much too high to affect 7Ys by chemical exchange. 

The differences between T1 and T2 values are due to 
the combined effects of scalar coupling and the rf 
pulses on the motion of the transverse magnetization 
vectors during the spin echo decay. Very small pulse 
intervals were used to avoid modulation of the spin 
echo decay with consequent phase and amplitude dis
tortion of the spectra,1011 as well as other errors due to 
field instability and inhomogeneity.512 In this "spin 
lock" limit, the magnetizations are refocused before any 
appreciable differential precession occurs, and the ob
served transverse decay times may also be designated 
Tip.1314 In a CPMG spin echo experiment spin 
locking occurs if the pulse rate l/2r is much larger than 
the frequency spread of the spectrum. 

The following heuristic argument explains the short 
T2 values observed under spin lock conditions. Chem
ical shifts are all effectively zero for the duration of the 
CPMG pulse train, while the scalar coupling is un
altered.15 Therefore the effective coupling strength is 
extremely large, and transverse relaxation of any line 
should be indistinguishable from that of any other line. 
Thus, if a set of spins, AnXn with /AX = 0, has trans
verse relaxation times T2A

0 = T1A and T2A
0 = Tix in the 

spin lock limit, then all lines in the scalar coupled system 
(/AX T̂  Q) will relax with the same transverse relaxation 
time T2 where 

l/f2 = (n/T2A° + m/T2X°)/(n + m) (1) 

If we apply eq 1 to the T1 values listed in Table I, we 
obtain calculated values of T2 listed in the third column. 
Agreement with observed T2 values is satisfactory con
sidering the simplicity of the argument and demon
strates that scalar relaxation by coupling to iodine is 
unimportant for isopropyl iodide. 

Complete density matrix calculations on AX and AX2 

spin systems1 confirm the essential features of the argu
ment leading to eq 1. Equation 1 neglects the fact that 
scalar coupling does not mix states of different sym
metry and that different relaxation mechanisms have 
different symmetry properties. Differences between 
observed and calculated TVs are due to effects of this 
nature. For sufficiently simple spin systems it is pos
sible to experimentally distinguish contributions of 
different relaxation mechanisms on this basis. 

It is important to note that complexities inherent in 
the density matrix analysis cannot be avoided by using 
long pulse intervals, thereby allowing free precession to 
develop. Under ideal conditions J2 's observed as 
2r -*• co will equal those obtained from line widths in a 
perfectly homogeneous field. They will normally be less 
than T1 due to irreversible dephasing from spin-lattice 
relaxation combined with scalar coupling.6'16 
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Efficiency of Excited State Carbonyl Production 
from the Thermolysis of 3,3-Diphenyl-l,2-dioxetane 

Sir: 

The unique ability of 1,2-dioxetanes to generate elec
tronically excited carbonyl molecules during thermal 
decomposition has attracted considerable interest re
cently in these peroxides.1 Thermochemical calcula
tions suggest that sufficient energy is available from the 
thermal decomposition of 1,2-dioxetanes to obtain one 
of the carbonyl products in an excited statele (efficiency 
= a — 1.0). However, experimental a values range 
from 0.005 to about i.o.li.J.n'°.M.«.bb It is of consid
erable interest to determine what factors are responsible 
for the efficient conversion of the available thermal 
energy into electronic energy. 

With this longer range goal as our objective, we now 
report the efficiency of excited state carbonyl production 
from the thermolysis of 3,3-diphenyl-l,2-dioxetane 
(DPD). Isomerization of trans-stilbene was used to 
determine the total efficiency of excited state carbonyl 
formation12 from DPD, while excited state benzophe-
none molecules were specifically monitored by cyclo-
addition with 2-methyl-2-butene. 

In Scheme I, the pertinent processes are shown for the 
decomposition of DPD in the presence of /ra«5-stilbene 
(;-S) where cw-stilbene (c-S) is produced. The total 
excited state carbonyl molecules (benzophenone and 
formaldehyde) are represented by K* and the ground 
state species by K. The apparent quantum yield 
(<$App) for isomerization of t-S is given by eq 1, where 

*A P P = a $ E T d > t ^ 0 (1) 

<i>t—o is the quantum yield for isomerization of /-S and 

(1) (a) K. R. Kopecky and C. Mumford, Can. J. Chem., 47, 709 
(1969); (b) W. H. Richardson and V. F. Hodge, Tetrahedron Lett., 
2271 (1970); 749 (1971); (c) 7. Amer. Chem. Soc, 93, 3996 (1971); 
(d) W. H. Richardson, F. C. Montgomery, and M. B. Yelvington, ibid., 
94, 9277 (1972); (e) H. E. O'Neal and W. H. Richardson, ibid., 92, 6553 
(1970); 93, 1828 (1971); (f) W. H. Richardson, M. B. Yelvington, 
and H. E. O'Neal, ibid., 94, 1619 (1972); (g) W. H. Richardson and 
H. E. O'Neal, ibid., 94, 8665 (1972); (h) E. H. White, J. Wiecko, and 
D. F. Roswell, ibid., 91, 5194 (1969); (i) E. H. White, J. Wiecko, and 
C. C. Wei, ibid., 92, 2167 (1970); (j) P. D. Wildes and E. H. White, 
ibid., 93, 6286 (1971); (k) S. Mazur and C. S. Foote, ibid., 92, 3225 
(1970); O)P-D- Bartlett and A. P. Schaap, ibid., 92, 3223 (1970); (m) 
A. P. Schaap, Tetrahedron Lett., 1757 (1971); (n) T. Wilson and A. P. 
Schaap, J. Amer. Chem. Soc., 93, 4126 (1971); (o) N. J. Turro and P. 
Lechtken, ibid., 94, 2886 (1972); (p) Pure Appl. Chem., 33, 363 (1973); 
(q) J. H. Wieringa, J. Strating, H. Wynberg, and W. Adam, Tetra
hedron Lett., 169 (1972); (r) W. Adam and J.-C. Liu, J. Amer. Chem. 
Soc, 94, 2894 (1972); (s) H. Glisten and E. F. Ullman, / . Chem. Soc. D, 
28 (1970); (t) J. J. Basselier and J.-P. LeRoux, C. R. Acad. ScI., 270, 
1366 (1970); (u) N. J. Turro and P. Lechtken, / . Amer. Chem. Soc, 
95, 264 (1973); (v) N. J. Turro, P. Lechtken, A. Lyons, R. R. Hautala, 
E. Carnahan, and T. J. Katz, ibid., 95, 2035 (1973); (w) P. Lechtken 
and N. J. Turro, Angew. Chem., Int. Ed. Engl., 12, 314 (1973); (x) 
P. Lechtken, A. Yekta, and N. J. Turro, J. Amer. Chem. Soc, 95, 3027 
(1973); (y) T. Wilson, M. E. Landis, A. L. Baumstark, and P. D. 
Bartlett, ibid., 95, 4765 (1973); (z) E. H. White, P. D. Wilder, J. Wiecko, 
H. Doshan, and C. C. Wei, ibid., 95, 7050 (1973); (aa) T. R. Darling 
and C. S. Foote, ibid., 96, 1625 (1974); (bb) N. J. Turro, P. Lechtken, 
G. Schuster, J. Orell, H.-C. Steinmetzger, and W. Adam, ibid., 96, 1627 
(1974). 

Scheme I 
O—O 

(CgHejaC—CH2 
DPD 

&D 

• aK* + (1 - a)K 

K*—»-K 

K* + t-S • • K + t-S* 

ifci 

/-S* — > • c-S 

t-S* t-S 

<S>ET is the quantum yield for energy transfer between 
K*andr-S(eq2). 

3>E 
kJLt-S] 

Jk,[/-S] + /Cd 
(2) 

DPD was allowed to decompose in degassed benzene 
solution with /-S at 45° through approximately ten 
half-lives.2 The amount of c-S was determined by glc 
(3% SE-30 on Varaport-30, 5 ft X 1A in., 115°, flow 
24 ml of N2/min, FID; rr(min), c-S (9.8), t-S (19)) and 
$APP was calculated as the ratio of millimoles of c-S 
produced/millimoles of DPD decomposed. With <J>t—0 
= 0.553 and assuming $ET is unity, a is calculated from 
eq 1. These data are given in Table I, where the con-

Table I. Isomerization of rranj-Stilbene (t-S) from the 
Thermolysis of 3,3-Diphenyl-l,2-dioxetane (DPD) in 
Degassed Benzene at 45° 

103[DPD]0, 
M 

1.98 
19.8 
5.10 
5.10 
1.98 

19.8 

102U-S], 
M 

2.00 
2.50 
2.50 
5.00 

10.0 
20.0 

10*t>Appo 

1.77 
1.85 
1.72 
2.16 
1.89 
2.01 

Av 1.90 ± 0.12 

10 V 

3.22 
3.36 
3.13 
3.93 
3.44 
3.65 

Av 3.46 ± 0.23 

" *APP = millimoles of c-S produced/millimoles of DPD decom
posed. b a = total efficiency of excited state carbonyl production 
from DPD, where a = #App/0.55and$t—0 = 0.55, * E T = 1.00. 

centrations of both /-S and DPD are varied. The cal
culation of a from eq 1, with the approximation that 
<S>ET is unity, requires that /cq[/-S] y> k& in eq 2. This 
approximation appears reasonable for the data in Table 
I, where /cq is estimated to be 6.9 X 109 M~l sec -1 at 
45 °4 and at the lowest t-S concentration (2.00 XlO- 2 M), 
fcq[/-S] = 1.4 X 108sec_1. This value is then sufficiently 
large, compared to kd == 106 sec -1 at 23 °8 for benzo

phenone in benzene, to satisfy the approximation. As 

(2) The preparation, characterization, products, and kinetics of DPD 
will be reported elsewhere. 

(3) (a) D. Valentine, Jr., and G. S. Hammond, / . Amer. Chem. Soc, 
94, 3449 (1972); (b) H. A. Hammond, D. E. DeMeyer, and J. L. R. 
Williams, ibid., 91, 5180 (1969). 

(4) This is obtained by correcting the reported value of k^ = 5.0 X 
109 Af"1 sec-1 at 25.5°5 to 45° with the Debye equation6 and with re
ported viscosities of benzene.' 

(5) P. J. Wagner and I. Kochevar, J. Amer. Chem. Soc, 90, 2232 
(1968). 

(6) N. J. Turro, "Molecular Photochemistry," W. A. Benjamin, New 
York, N. Y., 1967, p 95. 

(7) "International Critical Tables," Vol 5, E. W. Washburn, Ed., 
McGraw-Hill, New York, N. Y., 1929, p 12. 

(8) (a) J. Saltiel, H. C. Curtis, L. Metts, J. W. Miley, J. Winterle, and 
M. Wrighton, J. Amer. Chem. Soc, 92, 410 (1970); (b) D. I. Schuster 
and T. M. Weil, ibid., 95,4091 (1973). 
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