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Abstract: Spin-lattice and transverse fluorine relaxation rates have been determined for the title enzyme derivative at pH 7. 
The data have been analyzed to provide an estimate of the rotatio_nal correlation time (TC) near the trifluoromethylbenzenesul-
fonyl group and the correlation time (T,) for internal rotation of trifluoromethyl. The major part of the fluorine relaxation is 
due to proton-fluorine dipole-dipole interactions. Specific deuteration experiments show that these interactions predominant
ly involve protons of the enzyme and solvent. 

The use of spectroscopic reporter groups is an important 
aspect of modern protein biophysical chemistry and the past 
decade has seen an increasing utilization of reporter groups 
which are amenable to study by magnetic resonance tech
niques. These latter experiments are especially attractive be
cause they often provide information about the dynamics of 
molecular motion near the reporter group and, by inference, 
of the protein itself. 

Fluorine-substituted moieties can be introduced readily into 
protein structures, thereby providing materials which can be 
examined by fluorine magnetic resonance (19F NMR) spec
troscopy.1 ' 9 F NMR in these systems offers the advantage of 
ease of signal detection as well as being characterized by 
chemical-shift effects and relaxation rates that are highly 
sensitive to the environment of the reporter (fluorine) nu
cleus. 

Although covalently bound fluorine is similar in steric bulk 
to covalent hydrogen, fluorine is highly electronegative and 
potentially a hydrogen-bond acceptor. Fluorine substitution 
within the confines of a tightly structured protein may exert 
an effect on the structure of the protein, rendering data ob
tained by ' 9 F NMR spectroscopy irrelevant to the properties 
of the unmodified system. It is, therefore, necessary to have 
information on the possible structural consequences of fluorine 
substitution in a variety of biomolecular systems so that these 
perturbations may be recognized and possibly avoided. 

The structure of the enzyme a-chymotrypsin has been in
vestigated by a large number of experiments, including X-ray 
crystallography, and this work has provided a foundation for 
a detailed understanding of the mechanism of action of the 
protein.2 An X-ray structure of tosylchymotrypsin, a derivative 
in which the serine-195 residue at the active site has been es-
terified, is also available.3 We have previously reported the 
preparation and purification of a-chymotrypsin which had 
been inactivated by treatment with p-trifluoromethylben-
zenesulfonyl fluoride.4'5 This protein can be regarded as an 
analogue of tosylchymotrypsin in which a methyl group has 
been replaced by trifluoromethyl. In this and subsequent pa
pers we report 1 9 FNMR studies of this protein in solution; the 
results bear on the question of the effects of fluorine substi
tution on protein structure and provide information about the 
dynamics of molecular motions at the protein active site. 

Experimental Section 

Materials. 4-Trifluoromethylbenzenesulfonyl fluoride was prepared 
as described previously.4 

3,5-Dideuterio-4-trifluoromethylbenzenesulfonyl fluoride was 
synthesized according to the reactions in Scheme I. Dideuterated 
4-nitrotoluene was obtained by heating 21 g (0.18 mol) of 4-nitro
toluene (Aldrich) in 70 g of deuterium sulfate (Stohler, 99% D) ac
cording to the procedure of Renaud et al.6 After three exchanges, the 
1H NMR spectrum of the product showed a single resonance in the 
aromatic region of the spectrum at the chemical shift of the 2,6 pro
tons. 3,5-Dideuterio-4-nitrobenzoic acid was obtained from this ma
terial by oxidation of 15 g (0.1 mol) with 40 g of potassium perman
ganate using the procedure of Bigelow.7 The acid (9 g, 0.05 mol) was 
treated with sulfur tetrafluoride (Matheson, 14 g, 0.13 mol) in a 
stainless steel vessel at 135 0C for 20 h.8 After this time, excess SF4 
was removed and the residual oil taken up in 100 mL of ether. The 
ether layer was dried over magnesium sulfate and the solvent removed 
in vacuo, leaving a crude product (mp 35-40 0C, lit. 41-43 0C9) which 
was used directly in the reduction step. 2,6-Dideuterio-4-aminoben-
zotrifluoride was obtained by reduction of crude 4-nitrobenzotriflu-

Scheme I. Preparation of 3,5-Dideuterio-4-trifluoromethyl-
benzenesulfonyl Fluoride 
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Table I. 19F NMR Parameters forp-Trifluoromethylbenzenesulfonyl-a-chymotrypsin" 

enzyme 
derivative 

solvent 

Ki , s - 1 * 
Ri, S - ' c 

19F(1H)NOE 
chemical shift, ppme 

-^D-CF< 
H 2 0/D 2 0 (80/20) 

5.1 (5.8) 
4.4 (4.9) 

-30. (35.) 
-0.81 (-0.82) 

-13.55 

D2O 

3.3(3.8) 
3.6(3.5) 

~20. (29.) 
-0.78 (-0.81) 

-13.67 

H 

H20/D20 (96/4) 

4.2 (4.9) 
4.3(4.1) 

~30. (32.) 
-0.80 (-0.84) 

-13.58 

D2O 

2.7 (2.9) 
2.7(2.3) 

~30. (26.) 
-0.81 (-0.76) 

-13.70 

" At pH 7 in 0.05 M KCl, 25 0C. Protein concentration was approximately 1 mM unless otherwise noted. Values calculated by the methods 
described in the text are given in parentheses. * Obtained with noise-modulated (full) proton decoupling at 100 MHz. c Estimated from a 
logarithmic plot of data obtained without proton decoupling (initial slope). d Estimated value at infinite dilution. e Parts per million from 
internal trifluoroacetate (0.5 mM); average of at least two determinations. 

oride-2,6-d2 (3.9 g, 0.02 mol) with 20 g of stannous chloride in 15 mL 
of concentrated hydrochloric acid as described by Jones.10 4-Triflu-
oromethylbenzenesulfonyl chloride-J1J-^2 was prepared by diazoti-
zation of the amine in the presence of sulfur dioxide using the method 
described previously.4 Conversion of the sulfonyl chloride to the de
sired sulfonyl fluoride was carried out with fluoride-loaded Bio-Rad 
AG 1 -X10 ion exchange resin according to the procedure of Borders 
et al.11 3,5-Dideuterio-4-trifluoromethylbenzenesulfonyl fluoride 
prepared by this scheme showed a single resonance in the 1H NMR 
spectrum at 8.1 ppm (CDCI3 solvent) downfield from tetramethyl-
silane and, after sublimation at 0.1 Torr, exhibited mp 70-71 0C (lit. 
71 0C4). Absence of contaminating sulfonyl chloride was indicated 
by a negative silver nitrate test. 

a-Chymotrypsin was a three times recrystallized Worthington 
product. Crude inactivated enzyme was prepared as described else
where.4,5 Heterogeneity in the crude protein has been discussed.5 In 
brief, up to four 19F NMR signals can be observed with the crude 
modified enzyme preparation. Of these, one at about 13.6 ppm 
downfield from trifluoroacetate accounts for 70-80% of the total 
fluorine signal intensity. Chromatography of the protein on ion-ex
change or affinity columns only partially purifies the material. For 
much of the work reported herein, modified protein which had been 
purified by chromatography on carboxymethylcelluiose (Whatman 
CM-32) was used;5 no differences beyond experimental errors between 
the results obtained with crude and purified protein were noted. 19F 
NMR spectra of the inactivated enzymes showed no detectable 
changes over periods of 12 h at 25 0C and the inactive protein showed 
no activity toward the substrate TV-glutaryl-L-phenylalanine p-ni-
troanilide.12 

Procedures. Fluorine spectroscopy at 94.1 MHz employed a Varian 
Associates XL-100 spectrometer; deuterium in the solvent provided 
a field-frequency lock signal. A Nicolet Technology TT-100A Fourier 
transform accessory was used to accumulate and manipulate all 
spectra. Proton noise decoupling was carried out as described previ
ously.13 The sample temperature was controlled at 25 ± 1 °C using 
the Varian controller for all experiments. For most spectra a spectral 
width of 2000 Hz, represented by 4K data points, was used; typically 
1K transients were collected for a given spectrum. 

The protein concentration was 1 mM (25 mg/mL); samples were 
prepared gravimetrically and contained 0.05 or 0.1 M KCl and 0.5-0.7 
mM sodium trifluoroacetate (K&K Labs). Sample pH was adjusted 
to pH 6-7 using microliter amounts of potassium hydroxide or hy
drochloric acid solutions. All solvents were saturated with N2 before 
use, but, given the large values of R\ observed, no attempt to rigorously 
exclude oxygen was made. 

Ri values were obtained using the 180-T-90 sequence.14'15 At 94.1 
MHz, the observed line width, less the instrumental line width rep
resented by the width of the reference peak, was usually used to esti
mate R2. However, in several cases, a Carr-Purcell-Meiboom-Gill 
experiment14 was used to determine K2. The results from either 
method agreed within experimental error. The estimated experimental 
errors for R^ are 10%, based upon reproducibility of results for a 
number of enzyme preparations, while the estimated error in R2 is ± 
20%. 

In acquiring the 19FI1Hj NOE data, a waiting time of at least 2 s 
(~107"i) between each accumulation was used.16 The Overhauser 
effects are judged to be reliable to within ±10%. 

Results 

Crude preparations of p-trifluoromethylbenzenesulfonyl-
a-chymotrypsin consist of a complex mixture of fluorine-
containing and non-fluorine-containing proteins.5 The results 
described herein are those afforded by the major fraction 
(~65%) in this mixture and this fraction is assumed to repre
sent an enzyme form analogous to tosylchymotrypsin. Kinetic 
experiments have previously shown that regeneration of en
zyme activity is slow at pH 6-7 in 0.05 M KCl, being about 1% 
per 24-h period,5 and this is consistent with our observation that 
the 19F NMR spectra were stable for at least 12 h at 25 0 C. 
Small variations in pH from 6 to 7 appeared not to affect any 
of the observations reported herein. 

The major trifluoromethyl-labeled enzyme form exhibits 
a broad spectral line that was well fit by a single Lorentzian 
function. Fluorine spin-lattice (Ri) and spin-spin (R2) re
laxation rates were determined for this signal as a function of 
protein concentration from 0.1 to 3.5 mM modified protein. 
There was no variation in the spin-lattice relaxation rates 
beyond experimental error over this concentration range. 
However, R2 did change appreciably and, at the highest protein 
concentration, was at least triple the value observed at the 
lowest concentrations. Attempts to accurately extrapolate the 
Rj values to infinite dilution were thwarted by the large ex
perimental uncertainties in the data at very low enzyme con
centrations, but, in all cases, it could be estimated that ?̂ 2 at 
infinite dilution was in the range 20-35 s_1. The chemical shift 
of the fluorine resonance relative to trifluoroacetate (present 
in solution or in a separate capillary) was independent of 
concentration within the experimental error of ±0.02 ppm. 
Spectral parameters for the major fluorine resonance, obtained 
at a protein concentration of approximately 1 mM, are re
corded in Table I. Spin-lattice relaxation rates were deter
mined with and without irradiation of the protons of the en
zyme and both sets of data are given in Table I. 

The nuclear Overhauser effect on the fluorine signal in
tensity upon broad-band irradiation of the proton spectrum 
was obtained; the 19Fj1Hj Overhauser effect was found to be 
substantial and negative, implying that proton-fluorine di-
pole-dipole interactions play a significant role in relaxing the 
CF3 group of the macromolecule.'7 The aromatic protons ortho 
to the CF3 group on the inhibitor are reasonably close to the 
fluorine nuclei18 and to assess the contribution of these hy
drogens to fluorine relaxation the specifically deuterated in
hibitor I was prepared. Preparation and purification of the 
inactivated, dideuterated enzyme followed the same procedures 
as used for the fully protonated system. Relaxation and Ov
erhauser data for the deuterated system are also given in Table 
I. 

Indole is a competitive inhibitor of the enzyme and it is 
known that certain labels covalently attached to the serine-195 
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Figure 1. Model system used to analyze the fluorine relaxation data. For 
the dideuterated compound, the aromatic protons were omitted. The bond 
angles and bond length given in ref 18 were used to obtain the coordinates 
of the trifluoromethyl group. 

FSO2' 

residue of the protein can be displaced from the active site area 
with indole.19'20 Using solutions saturated with indole (~15 
mM), there was no detectable difference in the relaxation 
behavior of the 19F NMR signal from the modified enzyme 
compared to data obtained in the absence of indole. This result 
suggests that the trifluoromethylbenzenesulfonyl group is not 
as easily displaced from the active site as are the covalently 
linked spin labels of Berliner and Wong.19 

Data Analysis. KaIk and Berendsen have emphasized that 
complete relaxation expressions involving "cross relaxation" 
terms must be used to obtain reliable correlation times and 
internuclear distances from macromolecular relaxation data.21 

However, under conditions of complete proton decoupling the 
fluorine spin-lattice relaxation rates in /7-trifluoromethyl-
benzenesulfonylchymotrypsin will not be affected by cross 
relaxation effects. Calculations show that the degree of mul-
tiexponential character introduced into the spin-lattice re
laxation functions by cross-correlation effects in fluorine-
fluorine dipole-dipole interactions should be small for this 
system.22-23 We therefore expect, under conditions of complete 
proton decoupling, essentially single exponential relaxation 
for the fluorine signal that is characterized by a time constant 
which indeed reflects the molecular correlation time(s) and 
internuclear distances involved in the relaxation process(es). 
A major disadvantage in using spin-lattice relaxation data 
obtained under conditions of full proton decoupling is the 
negative Overhauser effect which makes highly accurate data 
difficult to collect in a reasonable time owing to the greatly 
diminished signal intensity. 

The 19Fj1Hj Overhauser effect (t)) for the present system 
is given by the equation 

V = 
Fz - F0 _ 7 H 

2 > ' H F 

Fo TF p*FF + Pcsa + 2 p ' H F 
(1) 

where Fz is proportional to the observed fluorine signal in
tensity with irradiation while Fo is the signal strength without 
proton decoupling.24 The terms p*FF, Pcsa* and P'HF represent 

the contributions of fluorine-fluorine interactions, fluorine 
chemical shift anisotropy, and proton-fluorine interactions, 
respectively, to fluorine relaxation while 7H and yF are the 
gyromagnetic ratios for the nuclei involved. The terms <T'HF 
are the result of proton-fluorine cross-relaxation effects;21 the 
term P*FF includes the effects of fluorine-fluorine cross re
laxation. There is presumably a matrix of protons surrounding 
the CF3 group in the modified protein and the summations are 
taken over all possible interactions between these protons and 
the fluorine nuclei. 

The protein lattice which aids in relaxing the CF3 group can 
be divided into three parts: (1) protons covalently attached to 
the enzyme, (2) the two protons ortho to the CF3 function of 
the p-trifluoromethylbenzenesulfonyl group, and (3) protons 
of the solvent and protons on the enzyme which exchange 
rapidly with the solvent. To dissect these contributions to re
laxation from our data, a specific model of the protein matrix 
must be proposed so that computations of the various relaxa
tion parameters reported in Table I can be attempted. The 
model we chose is indicated in Figure 1; it includes two protons 
to represent the ortho hydrogens of the inactivator molecule, 
a pair of protons to represent the protons of the protein, and 
a proton normal to these four nuclei which represents a solvent 
or solvent-exchangeable proton. The distances r0, rp, and rs are 
adjusted to control the contributions of each group to relaxa
tion (P'HF)- The entire assembly was assumed to tumble iso-
tropically with a characteristic correlation time (TC) and the 
CF3 group allowed to rotate independently of the structure at 
a rate defined by the correlation time r,-. The choice of the 
number of spins used to represent the protons of the enzyme 
and the solvent is at this point arbitrary; we have shown that 
more elaborate models can be adjusted to give theoretical re
sults equivalent to those described here. 

In computing relaxation rates and Overhauser enhance
ments, each pairwise dipole-dipole interaction was treated 
according to the theory of Solomon.25 Spectral densities were 
calculated using the equations of Woessner for cases where 
H-H distances remain fixed or for the F-F interactions where 
internal rotation must be considered.26 For proton-fluorine 
interactions internal rotation makes the internuclear distances 
time dependent and, in these situations, the spectral densities 
of Rowan et al.27 were used. The contribution of the chemical 
shift anisotropy mechanism depends on TC and T\ and was es
timated using the parameters of Hull and Sykes.28 Fluorine-
fluorine internuclear distances in the CF3 group were fixed at 
2.158 A; the bond angles of this structure were those used by 
Scott etal.18 

Data for fluorine relaxation in the dideuterated compound, 
obtained with D2O as solvent under conditions of full proton 
decoupling, permit us to estimate the effects of fluorine-flu
orine interactions and the chemical shift anisotropy effect 
(P*FF + Pcsa) as well as the contribution of protons on the 
protein to trifluoromethyl relaxation. In the analysis, the 
correlation time TC was fixed at particular values between 10 
and 60 ns and the internal rotation rate (TJ) and the distance 
rp were varied until the experimental R\, R2, and Overhauser 
effect at 94.1 MHz were reproduced as closely as possible. The 
best fit to the data occurred with TC = 12-15 ns, T; = 0.019 ns, 
and rp =̂  2.72 A. The portion of fluorine spin-lattice relaxation 
due to fluorine-fluorine interactions and the csa effect was 
thereby estimated to be 0.6 s - 1 while protons on the enzyme 
contributed through hydrogen-fluorine interactions (P'HF) 
2.2 s - 1 to the observed relaxation rate. Consideration of the 
remaining data in Table I shows that the ortho protons of the 
inhibitor generate a spin-lattice relaxation effect of 0.9 s_1 at 
the CF3 group while the contribution of solvent and/or solvent 
exchangeable protons is substantial, about 1.9s-1. Values of 
r0 and rs consonant with these relaxation effects were found 
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to be 2.96 and 3.34 A, respectively. Although the uncertainties 
in these contributions to relaxation (about ±0.4 s_1) are high, 
it is seen in Table I that they lead to calculated values of R ] 
with proton decoupling and the NOE at 94.1 MHz which are 
within experimental error of the observed quantities. 

Without proton decoupling the fluorine spin-lattice relax
ation process should be polyexponential21'24-25 and the apparent 
R i observed can depend on the nature of the decay curve and 
the time at which the observation is made. Using the crude 
model described, the initial rates for fluorine spin-lattice re
laxation were computed at 0.05 s after the start of the recovery 
curve. The experimental data seemed to be well fit by a single 
exponential function and the slopes if these curves agreed with 
the initial slopes computed with the model (Table I). 

Spin-spin relaxation is expected to be a single exponential 
function in this fluorine-proton system if cross-correlation 
effects can be neglected.22,23'25 All experimental observations 
of spin-spin relaxation inp-trifluoromethylbenzenesulfonyl-
chymotrypsin were consistent with this expectation and /?2 
values calculated using the model system were consonant with 
the experimental values estimated by extrapolation of Rj data 
obtained as a function of concentration to zero protein con
centration. Given the quality of the experimental data, it is not 
possible to distinguish reliably the (small) differences in Ri 
anticipated for the various isotopically substituted systems. 

Chemical Shifts. The chemical shift of the fluorine signal 
of p-trifluoromethylbenzenesulfonylchymotrypsin relative to 
the resonance of a trace (0.5 mM) of trifluoroacetate for each 
system is given in Table I. The reference signal was subject to 
a small positive Overhauser enhancement (?? =* 0.03) under 
conditions of complete proton decoupling. If significant binding 
of the reference substance to the protein took place, a negative 
NOE would be expected17 and we conclude that this interac
tion is weak if present at all. Small but significant isotope ef
fects on the fluorine chemical shifts are apparent when the 
isotopic substitution is made either in the solvent or at the 
positions ortho to the CF3 group. 

Discussion 

Since p-trifluoromethylbenzenesulfonylchymotrypsin is a 
mixture of proteins, we were concerned that the resonance 
exhibited by the major enzyme form, in fact, corresponds to 
a single protein species. The fluorine magnetization recovery 
curves in the R] determinations and the decay curves in the 
Carr-Purcell-Meiboom-Gill determinations of R2 were ex
amined to ascertain if the partially relaxed signals gave any 
evidence of asymmetry that would correspond to species with 
similar chemical shifts but distinctive relaxation times. There 
was no evidence for these effects. Also, the line shape for the 
fluorine resonance of the major modified enzyme form could 
be fit nicely to a single Lorentzian curve. Thus, there is no 
evidence from 19F NMR data that the resonance observed 
represents more than a single protein form. 

Chymotrypsin is known to associate with ease into various 
oligomeric forms.29 There is evidence that tosylchymotrypsin 
associates less readily than does the native enzyme at low so
lution pH but near pH 6 the association behavior appears to 
be similar to the native enzyme.30 The ultracentrifugation data 
of Neet et al. suggest that an appreciable variation in the extent 
of protein association should take place over the range of 
protein concentrations examined in the present work if the 
trifluoromethyl analogue aggregates in the same manner as 
the native or tosylated enzyme.31 It is likely therefore that the 
variation in /?2 with protein concentration observed is the result 
of protein association. A detailed analysis of the relaxation 
rates in terms of the structure and dynamics of each of the ol
igomeric forms of the modified enzyme present will require 
much more data than we presently have available, but the 

fluorine /?2 relaxation rates extrapolated to zero protein con
centration should be those of the monomeric protein. 

Because of experimental errors in each relaxation rate, the 
estimated contributions of possible relaxation mechanisms to 
the relaxation of the CF3 group in p-trifluoromethylben-
zenesulfonylchymotrypsin have rather high uncertainties. 
However, the assumed model for the environment of the flu
orine reporter group gives a reasonably good accounting of 
experimental ^pin-lattice and transverse relaxation rates and 
19I1Hj Overhauser effects under a variety of conditions. Esti
mates of TC for the monomeric form of the protein made by 
ESR spectroscopy of spin-labeled derivatives32 or fluorescence 
polarization33 give values in the range 11-16 ns and agree with 
rc calculated from the Stokes-Einstein relation.34 The pa
rameter rc of the model system basically reflects the tumbling 
time of the C3 axis of the CF3 reporter group and the agree
ment observed indicates that at low protein concentrations 
/7-trifluoromethylbenzenesulfonylchymotrypsin exists as a 
monomeric protein with the benzenesulfonyl moiety held 
tightly enough to the surface of the enzyme that the symmetry 
axis which extends through the benzene ring has little freedom 
of motion beyond overall tumbling of the enzyme. However, 
until a detailed analysis of fluorine relaxation in concentrated 
protein samples is available, we cannot rule out the possibility 
that the modified enzyme at low concentrations is more highly 
associated than the monomer but that molecular motions in 
the vicinity of the reporter group take place on a time scale that 
is fortuitously close to the correlation time of the monomer. 

In examining the'effect of solvent or solvent-derived protons 
on the relaxation of the CF3 group, no attempt was made to 
take into account the difference in TC expected because of the 
difference in the viscosity of water and deuterium oxide.35 The 
question of how deuterium oxide affects protein structure at 
a local level complicates any such correction. In any event, TC 
would not be expected to be more than 11% larger in D2O and 
a change of this magnitude would be difficult to detect reliably 
given our present experimental uncertainties. 

With the exception of the positioning of the ortho hydrogen 
atoms, our model for the proton matrix around the CF3 group 
in the enzyme derivative is arbitrary. The distances r0, rp, and 
rs which correspond to the contributions of the various groups 
of protons to fluorine relaxation are 2.98, 2.76, and 3.35 A. One 
notes that the sum of the van der Waals radii for hydrogen and 
fluorine is ~2.6 A so that these distances are not unreason
able.36 The estimated distances from the ortho protons to the 
atoms of the trifluoromethyl group are larger by about 0.7 A 
than those expected from previous studies of the trifluoro-
phenyl ring.18 The distances demanded by our model could be 
generated by bond angle deformations which "close up" the 
CF3 group or move the ortho hydrogen nuclei away from this 
function. At a greater cost in energy, C-H, C-C, or C-F bonds 
could be lengthened by some protein-CF3 interaction. How
ever, it should also be noted that the model system used to 
compute r0 may not be particularly appropriate for the present 
situation for it has been assumed that in the model the aromatic 
ring of the inhibitor is held rigidly enough to the enzyme that 
its motion, as described by rc, is essentially that of the protein. 
There is now ample evidence that aromatic rings in protein 
structures can rotate about their local symmetry axes at widely 
different rates37 and one might expect, given the near-surface 
location of thep-trifluoromethylbenzenesulfonyl group, that 
this kind of rotational process would be rapid in the present 
case. To our knowledge, spectral density functions appropriate 
to this situation have not yet been reported but it is possible that 
certain rates of flipping the aromatic ring through 180° would 
make fluorine relaxation by the ortho protons less efficient and, 
in the present treatment, this would be reflected by an increase 
in the distance r0. 



7486 Journal of the American Chemical Society / 101:25 / December 5, 1979 

The value for T, needed to fit the observed relaxation data 
corresponds to an internal rotation rate38

 (1/2TJ) of about 2.6 
X 1010 s_ l , representing an activation barrier of ~3.2 kcal/ 
mol. The rotational rate observed is certainly not unusual when 
compared to the rates of methyl (CH3) rotation in various 
amino acid crystals or solid alkanes.21 In solid benzotrifluoride 
the activation barrier to CF3 rotation is 3.5 kcal/mol (esti
mated by NMR methods).39 In the gas phase, thermochemical 
and vibrational spectroscopic data suggest that the rotational 
barrier is at most a few tenths of a kcal/mol.18 Fluorine re
laxation studies suggest that the rotational barrier is very low 
in solution.40-41 It is hard to know which of these values to 
compare to the result obtained with the enzyme derivative or 
to know if the observed barrier is intrinsic to the trifluo-
romethylphenyl ring or is the result of interactions with the 
protein. Additional values of the rotational barrier obtained 
in studies of related systems that are now underway may illu
minate this point. 

Our dissection of the fluorine relaxation rates in p-trifluo-
romethylbenzenesulfonylchymotrypsin neglected any contri
bution that the spin-rotation mechanism might make to these 
rates. This mechanism is significant for fluorine relaxation in 
various benzotrifluorides40-42 and it has been suggested that 
spin rotation can be involved even when the CF3 group is part 
of a large molecule.22 Spin-rotation coupling generates a flu
orine spin-lattice relaxation effect of about 0.3 s - 1 in benzo
trifluoride and it is unlikely that this contribution will be any 
larger in macromolecular systems. Thus, relaxation by spin 
rotation cannot be more than 10% of the observed fluorine 
relaxation rate in any systems examined here and, given the 
apparently large barrier to internal rotation of the CF3 group, 
likely is substantially less than this. 

The contribution of the chemical shift anisotropy (csa) to 
R\ and /?2 was included in the fitting of the relaxation data 
according to the prescription of Hull and Sykes.28 Using their 
parameters for the CF3 group we estimate that the contribution 
(Pcsa) of csa relaxation to Ri at 94.1 MHz is 0.06, about 2% 
of the total relaxation of the dideuterated enzyme derivative 
in deuterium oxide. The chemical shift tensor given by Hull 
and Sykes is for CF3 next to a carbonyl group and this may not 
be appropriate for the present case.43 However, the errors in
volved are probably less than 20% and thus will have a minor 
influence on the calculated fluorine-fluorine dipolar contri
bution (P*FF

 = 0.54); it is this latter quantity which largely 
determines the estimate of T\ given above. 

A major approximation in making the analysis of the fluo
rine relaxation data is the neglect of cross-correlation effects. 
Although this is a common assumption,24 theoretical work 
shows that it can lead to errors when interpreting NOE data.44 

Because the various protons of the enzyme which relax the CF3 
group are likely in constant and uncorrelated motion relative 
to the trifluoromethyl, proton-fluorine cross-correlation terms 
can probably be neglected safely in our analysis. Werbelow45 

has shown that in the X|A| NOE experiment with an AX3 
system cross correlation of the motions of the X internuclear 
vectors always leads to an Overhauser effect which overesti
mates the importance of A-X dipolar contributions to the re
laxation of X. Calculations using his equations indicate that 
cross-correlation effects at correlation times of p-trifluoro-
methylbenzenesulfonylchymotrypsin will change the 19F]1Hj 
NOE by less than 10%. The experimental values for the various 
enhancements given above are uncertain by this amount at 
least and neglect of fluorine-fluorine cross correlation for this 
system seems justified until more accurate data are avail
able. 

Deuterium substitution for a proton three bonds away from 
a fluorine nucleus results in an appreciable upfield shift of the 
fluorine resonance signal.45'47 A smaller (~0.02 ppm) shift 
upfield has been noted in the 4-trifluoromethylbenzenesulfo-

nate ion when the protons ortho to the CF3 group are replaced 
by deuterium (K. F. S. Luk, unpublished observation); in this 
case the deuterium nucleus is separated by four covalent bonds 
from the fluorine atoms. The trend to upfield chemical shift 
effects when H is replaced by D is not apparent in the modified 
enzymes used in the present work where small (~0.02 ppm) 
downfield shifts are observed. The origin of these isotope ef
fects on fluorine chemical shifts is not apparent at present but 
may be related in some unappreciated way to the interactions 
between the trifluoromethylbenzenesulfonyl group and the 
enzyme surface. 

Replacement of solvent protons by deuterons also generates 
a shift (~0.11 ppm to low field) of the fluorine signal from the 
enzyme derivative. Chemical shifts of fluorine nuclei in 
aqueous solution are generally shifted 0.2-0.3 ppm upfield 
when the solvent is replaced by deuterium oxide48 and this 
effect has been used as a probe for the degree of exposure of 
fluorine-containing groups in proteins to the solvent.49 If 
transfer from H2O to D2O does not produce a structural 
change in chymotrypsin,50 our observations may indicate that 
the CF3 reporter group is not highly available to solvent. It is 
clear, however, that solvent-derived protons are important in 
the relaxation of the trifluoromethyl attached to the enzyme 
and readily exchangeable amide or hydroxyl protons near the 
active site of the enzyme may interact sufficiently with the 
fluorine nuclei to play this role. 

Summary 

Thep-trifluoromethylbenzenesulfonyl group of the modified 
enzyme appears to be tightly held to the enzyme surface, al
though rotation of the CF3 group about its C3 axis remains 
rapid in this situation. Proton-fluorine dipole-dipole inter
actions account for most of the observed R\ and 7?2 relaxation 
rates. Some characteristics of the proton matrix around the 
CF3 group have been elucidated and it has been demonstrated 
that protons on the enzyme interact strongly with the reporter 
group. (Selective Overhauser experiments aimed at further 
describing these protons have been carried out and will be 
described in a subsequent paper.) Deuterium isotope effects 
on the chemical shift of the fluorine reporter are appreciable 
but have not, as yet, been rationalized. 
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This is particularly true for dinuclear complexes with metal 
to metal multiple bonds.2'3 However, insertion reactions of 
alkynes and alkenes into metal-metal single bonds in dinuclear 

Insertion of Tetrafluoroethylene into the Fe-Fe Bond of 
(ju(SCH3)Fe(CO)3)2, Its Thermal Rearrangement 
to a Bridging Carbene Ligand, and the Transformation 
of the Carbene to a Perfluoromethylcarbyne Ligand. 
Structures of/x(SCH3)2M(C2F4)Fe2(CO)6 and 
M(SCHs)2MFCCF3)Fe2(CO)6 at -162 0C 
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Abstract: The insertion of tetrafluoroethylene into the Fe-Fe bond of the dinuclear complex (^(SCH3)Fe(CO)3^ is photo-
chemically induced. When the temperature of the reaction is stabilized at 20 0C, the major product is the yellow dinuclear 
species ix(SCH3)2|i4(C2F4)Fe2(CO)6 (1), where C2F4 bridges the Fe atoms with two cr(C-Fe) bonds, the C-C bond being par
allel to the Fe-Fe axis. When the temperature is higher, i.e., 35 °C, the product is the red dinuclear species 
^(SCH3)2ju(FCCF3)Fe2(CO)6 (2), which contains a >CF-CF3 carbene bridge. It is possible by heating 1 to obtain 2 and 
a mechanism for this reaction is proposed, based in part on a study of the action of BF3 on 1. The action of BF3 on 2, followed 
by the addition of trimethylphosphine, affords [M(SCH3)2Fe2(CO)3(PCH3)3)2(CCF3)] [BF4] (7), which may be a perfluo
romethylcarbyne complex. A proof for the two different kinds of insertion of C2F4 is presented in the form of crystal structure 
determinations of 1 and 2. In 1 each iron atom is octahedrally coordinated to three carbonyl groups, two bridging S atoms, and 
one C atom of C2F4. The Fe-Fe separation is 3.311 (I)A, the dihedral angle around the S atoms is 135.0°, and the average Fe-
S-Fe angle is 91.6°. Compound 1 crystallizes in the orthorhombic space group D[\-Pbca in a cell of a = 15.029(8), fc = 13.561 
(5), c = 15.437 (8) A. Compound 2 crystallizes with eight formula units in space group C\h-Pl\jc of the monoclinic system 
in a cell of dimensions a = 11.545(3), b = 16.681 (5), c = 16.830 (6) A with/3 = 97.86 (2)°. Based on 2471 and 4416 unique 
reflections for 1 and 2, respectively, the structures were refined by full-matrix least-squares techniques to conventional agree
ment indices (on F) of R = 0.044 and Rw = 0.049 for 1 and R = 0.039 and RM = 0.048 for 2. In 2, each iron atom is also octa
hedrally coordinated, being bound as in 1 to three carbonyl groups, two bridging S atoms, but here to the same bridging C atom 
of the >CF-CF3 carbene group. The Fe-Fe separation averages 2.963 A, the dihedral angle around the sulfur atoms is 107.2°, 
and the average Fe-S-Fe angle is 79.39°. The Fe2S2 unit is more compact in 2 than in 1 but less compact than in the starting 
material (/X(SCFb) Fe(CO)3)2. The flexibility of such molecules around the S-S axis, together with the reactivity of the Fe-Fe 
bond, is discussed. 
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