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Abstract 

Radical-mediated thiol desulfurization processes using tricoordinate phosphorous reagents are used in a 
range of applications from small molecule synthesis to peptide modification. A combined experimental and 
computational examination of the mechanism and kinetics of the radical desulfurization of alkyl thiyl radicals 
using trivalent phosphorus reagents was performed. Primary alkyl thiols undergo desulfurization between 
106 to 109 M-1s-1 depending on the phosphorus component with either an H-atom transfer step or β-
fragmentation of the thiophosphoranyl intermediate may be rate-controlling. While the desulfurization of 
primary aliphatic thiols showed a marked dependence on the identity of phosphorous reagent used with 
either a rate-controlling H-atom transfer or b-fragmentation, thiols yielding stabilized C-centered radicals 
showed much less sensitivity. Support for a stepwise S-atom transfer process progressing via a distorted 
trigonal bipyramidal thiophosphoranyl radical intermediate was obtained from DFT calculated energetics 
and hyperfine splitting values. 

 

Introduction 

Tricoordinate phosphorous compounds have 
received renewed attention for their ability to capture 
heteroatom-centered radicals and enable a variety of 
bond forming processes.1 Thiol desulfurization is 
especially pertinent to peptide chemical synthesis 
and modification where undesired thiol groups are 
byproducts of native chemical ligation.2 Preparative 
desulfurization typically uses stoichiometric metal 
reductants such as Raney nickel which can suffer 
from lower chemoselectivities and reproducibility,3 
whereas radical-mediated desulfurization is an 
alternative that takes advantage of trivalent 
phosphorus reagents to abstract S-atoms from thiyl 
radicals derived from organosulfur compounds.4 The 
C-centered radical fragment resulting from C-S bond 
homolysis can range in complexity from hydrocarbon 
small molecules and polymers5 to carbohydrates,6 
peptides, and proteins,7 wherein subsequent H-atom 
transfer (HAT) produces the desired desulfurized 
materials (Figure 1). The intermediate C-centered radical can also engage in C-C bond forming processes 
with alkenes and styrenes to achieve desulfurative alkylations without the need for thiol pre-functionalization 
or added HAT mediators.8 Despite growing applications, fundamental mechanistic questions concerning 
the S-atom transfer process and its dependence on the reaction components remain unresolved. 
Addressing these questions would inform future applications of the phosphorus-mediated radical 
desulfurization processes to meet ongoing synthetic challenges. 

Figure 1. Radical desulfurization
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We undertook a combined experimental and 
computational investigation, using competition 
experiments, kinetic studies, and unrestricted density 
functional theory (UDFT), into the radical desulfurization 
reaction with a 4-question approach (Figure 2). How does 
the rate of S-atom transfer depend on the identity of 1) the 
thiyl radical and 2) the phosphorus reagent used? 3) What 
is the nature of the S-atom transfer intermediate? 4) What 
is the overall rate law and rate-controlling step of the 
radical desulfurization process?  

Results and Discussion 

1. Investigating the thiol component 

 Unlike phosphorus-mediated radical deoxygenation, 
there have been few kinetic studies concerning the 
elementary process of S-atom transfer to trivalent 
phosphorus compounds. Methods of direct 
observation of alkyl thiyl radicals are limited owing to 
their weak electronic absorption spectral features9 
and broad, anisotropically shifted EPR signals.10 The 
rate constants of thiyl radical addition to many alkenes 
are known from the well-studied thio-ene (TE) 
reaction and thus can serve as a metric to assess the 
rates of radical desulfurization. Thiyl radical addition 
to styrene, unlike many other alkenes, is a fast (kPhH, 

298 K = 1.2 x 109 M-1s-1)11 and effectively irreversible 
process insensitive to the thiol substituent.  We chose 
to compare the formation of dialkyl sulfide versus 
triethylphosphorothioate as measures of TE and SAT 
reactivity, respectively, through a series of same-flask 
competition experiments using styrene and triethyl 
phosphite traps to examine how the S-atom transfer 
step depends on the thiyl radical identity. 

A sample of 6 commercially available thiols with differing alkyl substitution and electronic influencing groups 
at the sulfurized carbon center we surveyed (Figure 3). Product distribution was determined at timepoints 
prior to 20% conversion to maintain approximately equimolar concentrations of trapping reagents. Thiol 
was used in 10-fold excess to ensure rapid chain-transfer and disfavor polymerization. 
Triethylphosphorothioate and alkyl(phenethyl)sulfides were formed in near equal ratios for tert-butyl thiol, 
methyl thioglycolate, and benzyl thiol, suggesting that the rates of thiyl radical desulfurization were 
competitive with the rate of styrene addition (~109 M-1s-1). This estimate is greater than the previously 
reported determination of k298 K = 3.1 x 108 M-1s-1 made for tert-butyl thiol and triethyl phosphite in 
isooctane.12 A rapid desulfurization process rationalizes the absence of TE byproduct in several recently 
reported desulfurative alkylation procedures using a-mercapto carbonyl compounds.8  

Hydrothiolation (TE) pathways predominated in competition experiments (styrene versus triethyl phosphite) 
using cyclohexanethiol, 1-butanethiol, or methyl 3-mercaptopropionate, and only trace 
triethylphosphorothioate was detected. This prompted the use of 1-octene in place of styrene as a slower 
thiyl radical trap, with a rate constant of 106 M-1s-1.12 While thiyl radical addition to 1-octene is reversible, 
HAT leading to TE product (~107 M-1s-1) should outcompete β-thiyl elimination (~105 s-1) when thiol 
concentration is held in large excess. Triethyl phosphorothioate and alkyl(octyl)sulfide were nearly equally 
produced from analogous competition experiments (1-octene versus triethyl phosphite) for these primary 

Figure 2. Mechanism inquiry of desulfurization
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and secondary aliphatic thiols, suggesting that TE and SAT to triethyl phosphite are of the same order of 
magnitude. Prior studies reported a relatively high steady-state concentration of [P(SMe)(OEt)3]• observed 
by solution EPR and suggested that desulfurization of primary alkyl thiyl radicals was a slower process than 
HAT.13 Notably, our determined kSAT value for 1-butanethiol (106 M-1s-1) is considerably lower than 
previously reported (kSAT, neat, 333 K = 2.5 x 108 M-1s-1)14 obtained from analogous but stoichiometric styrene 
competition experiments where product ratios were measured at full conversion. We attribute this prior 
over-estimation to the use of end of reaction product distributions which are not reflective of relative rates 
due to significant changes in reagent concentrations.15 

These results indicate that the identity of the C-
centered radical formed following SAT affects kSAT. 
We considered three mechanistic possibilities for the 
SAT process to address the physical meaning of the 
determined kSAT values: case 1) a concerted process, 
case 2) a stepwise process, or case 3) a stepwise 
process with a reversible addition step (Figure 4). In 
the first two cases, kSAT is defined by a single rate 
constant, but in case 3 is represented as a composite 
of rates. While Bentrude and co-workers advocated that formation of the thiophosphoranyl radical 
intermediate was irreversible based on enthalpic arguments,16 case 2 is unlikely due to the observed 
dependence on the stability of R•, suggesting that C-S bond cleavage must be involved in the product-
determining step. Previous findings supported case 3 over a concerted pathway. Cross and Millington’s 
examination of the reactivity of alkyl thiyl radicals and diphenyl vinyl phosphine similarly suggested that 
addition to the phosphorus center is a reversible, stepwise process.17 For alkyl thiols which yield 
unstabilized C-centered radicals following C-S bond homolysis, a thiophosphoranyl intermediate was 
observed by EPR at low temperatures, supporting a stepwise mechanism. In similar desulfurization 
experiments using tert-butyl thiyl radical, only C-centered tert-butyl radical was detected.18 While this may 
suggest thiols yielding stabilized radicals undergo concerted desulfurization, our computational 
investigations suggest a discrete intermediate with an appreciable barrier to β-scission (vida infra).  

2. Investigating the phosphorus component 

The scope of trivalent phosphorus compounds that cleanly undergo radical oxidative sulfurization is broad 
compared to oxygenation,19 where homolytic substitution at the phosphorus center may predominate owing 
to the stronger P-O bond.20 While the reported rates of radical oxidation of various trivalent phosphorus 
compounds allow comparisons,21 few studies have established trends in reactivity for the phosphorus 
component of radical sulfurization. We undertook a series of competition experiments to establish a 
reactivity series and correlate rates to experimental as well as calculated properties of trivalent phosphorus 
compounds. The importance of sterics, polarity, and the possibility of free energy relationships were 
assessed.  

We surveyed structurally diverse tricoordinate phosphorus compounds bearing alkoxy, amino, alkyl, and 
aryl substituents (Figure 5a). Same-flask competition experiments with pairs of phosphorus regents were 
conducted for 1-dodecanethiol and benzyl thiol. Relative rates were obtained from the ratio of sulfurized 
products determined by 31P NMR. In agreement with prior reports, control experiments determined that 
triethyl phosphorothioate does not serve as an S-atom donor under reaction conditions.22 Sulfurized 
phosphorus products were obtained in all cases save for tris(pentafluorophenyl)phosphine and tricyclic 
ethylidynetris-(methyleneoxy)phosphine. Ambient temperature, self-initiated sulfurization even in the 
absence of AIBN was observed in the case of P(NEt3)3 exclusively. 

Figure 4. SAT selectivity determination
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Using 1-dodecanethiol, the relative rate of 
desulfurization for the various trivalent phosphorus 
reagents surveyed spanned 100x faster and slower 
than triethyl phosphite. A faster rate of S-atom 
transfer was generally correlated with greater basicity 
and ionizability of the phosphorus reagent as 
assessed from pKa and redox potentials derived from 
DFT calculations.23 An experimentally derived metric 
of σ-donating ability, the Tolman parameter, was 
similarly predictive of reactivity within a given class 
among the phosphorus compounds investigated.24 
The rate of desulfurization also showed a positive 
correlation with the strength of the formed P=S bond, 
obtained from calculated bond dissociation energies. 
No relationships between relative reactivity and 31P-
NMR shift or steric descriptors such as percent buried 
volume or cone angle were apparent. In contrast to 1-
dodecanethiol, the desulfurization of benzyl thiol 
showed little dependence on the phosphorus reagent, 
except for P(OCH2CF3)3 which was 100x slower.25 
This agrees with a near diffusion limited SAT 
determined from styrene versus triethyl phosphite 
competition experiments such that minimal 
differences between phosphorus reagents of similar 
or greater basicity would be expected.  

A free energy relationship was found between the 
relative rate of S-atom transfer and the meta-
Hammett parameter, σm, a reflection of inductive 
effects (Figure 5b). Previous studies had successfully 
correlated Σσm, summed for each P-substituent, with 
the rates of S-atom transfer from disulfides and 
elemental sulfur, which occur via polar, two-electron mechanisms.26 That radical SAT should similarly show 
a relationship to σm suggests that the phosphorus-bound substituents polarize the transition state but do 
not delocalize spin density. This is supported by spin population analysis of transition state geometries 
determined by DFT calculations (vida infra). However, diethyl phenylphosphonite and ethyl 
diphenylphosphinite were distinct outliers, suggesting that oxidative sulfurization of these two compounds 
occurs through a non-analogous transition state, with potential spin delocalization. Correlations between 
rates of radical oxidation of tricoordinate phosphorous compounds and their Taft parameters,27 another 
descriptor of inductive effects, have been reported.21b  

With this information in hand, we revisited 
previous styrene versus phosphorous reagent 
competition experiments to assess whether SAT 
versus TE product distribution could be 
predictably influenced by the choice of 
phosphorus reagent. While 1-butanethiyl radical is exclusively trapped by styrene in the presence of 
equimolar triethyl phosphite, the use of faster S-atom acceptor ethyl diphenylphosphinite instead, resulted 
in oxidative sulfurization as the major product (eq 1). Benzyl thiyl radical which similarly favored styrene 
trapping when in competition with triethyl phosphite, inverted this preference when ethyl diphenylphospinite 
was used. Conversely, benzyl thiyl radical was exclusively trapped by styrene when in competition with 
electron-deficient tri(trifluoroethyl) phosphite. 
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3. Kinetic investigations 

Having examined the S-atom transfer step in 
isolation, we expanded our focus to the overall rate 
expression of radical desulfurization and the rate-
controlling step. The proposed reaction mechanism 
consists of a chain process of sequential H- and S-
atom transfers. S-atom transfer was originally 
proposed as a two-step process comprised of thiyl 
radical addition to the phosphorous center to form a 
tetravalent thiophosphoranyl radical intermediate 
that undergoes β-fragmentation.14,28 From the 
steady-state approximation, several possible rate 
laws are obtainable. Correspondence between the 
experimentally determined order of thiol and 
phosphite and the expressions shown in Figure 6 
would indicate which rate-controlling step is likely 
operative. We examined how reaction kinetics 
might vary with the thiol identity and the relative 
concentrations of reagents. 

We opted to determine the order of the thiol and 
phosphorous components under pseudo-first order 
conditions by the graphical method. In separate flask experiments, reaction progress of triethyl phosphite 
and thiol (benzyl thiol, 1-butanethiol, or n-butyl thioglycolate) subjected to AIBN in acetonitrile at 60 °C was 
monitored via gas chromatography. Using excess triethyl phosphite, log of thiol concentration versus time 
plots indicated a first order dependence on each thiol examined (Figure 7a and 7b). This conclusion was in 
line with previous studies using 1-pentanethiol and triethyl phosphite which claimed that rate expression 1, 
with a rate-controlling HAT (HAT-1) step was operative.29 The rates of propagation calculated from non-
linear regression analysis of benzyl thiol and n-butyl thioglycolate (7 x 104 and 1 x 105 M-1s-1, respectively) 
were similar to reported rates of HAT (3.1 x 104 and 7 x 104 M-1s-1).30 

Figure 6. Mechanism and kinetic pathways for radical desulfurization
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Conversely, similar analysis of trials with 1-butanethiol and excess triethyl phosphite using rate 
expression 1 resulted in a puzzling value of 6 x 104 M-1s-1 for the rate of propagation – far from 
the accepted HAT rate value of 107 M-1s-1. A propagation rate of 3.0 x 104 M-1s-1 was previously 
reported for the desulfurization of 1-propanethiol with excess triethyl phosphite in 
benzene determined by the rotating sector method.31 Rather than reflecting the rate of HAT-1, we 
interpreted this value considering the alternate chain-mechanism depicted in Figure 6 described as 
Addition-2 and HAT-2. Because C-centered alkyl radicals can reversibly add to phosphites 
forming alkyl phosphoranyl radicals such as [MeP(OMe)3]•,32 we hypothesized that the analogous 
intermediate, [nBuP(OEt)3]•, may serve as an alternate chain-carrying species. Rather than undergoing β-
fragmentation, this intermediate may perform an H-atom abstraction from thiol to form thiyl radical (HAT-
2). Depending on whether phosphite is a comparable or faster R• trap versus 1-butanethiol, kinetics may 
be dictated by rate expression 2 or 3. Either case would rationalize the first order dependence of 1-
butanethiol obtained and suggest that the rate of propagation is reflective of HAT to [R-PR3]• rather than 
R•. This mechanistic pathway of desulfurization would be inoperative for stabilized R•, such as those from 
benzyl thiol or n-butyl thioglycolate, as radical addition to trivalent phosphorous would be enthalpically 
unfavored being the microscopic reverse of the highly exothermic radical Arbuzov process.33 
 
A pseudo-zeroth order dependence on triethyl phosphite was observed when either benzyl thiol or n-butyl 
thioglycolate were used in excess (Figure 7c), consistent with initial assumptions of a rate-controlling HAT 
process. However, graphical tests with 1-butanethiol were inconclusive, suggesting a more complicated 
kinetic scenario. We turned to the method of initial rates and conducted trials 
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varying phosphite concentration over a range of 0.05 – 0.4 M. A semi-log plot of initial rates showed a 
fractional order of 0.65 below 0.15 M and a reaction rate independent of triethyl phosphite concentration 
above 0.15 M (Figure 7d). These data may coincide with rate expressions 4 and 5, signifying a shift in the 
rate-controlling step from solely b-fragmentation, to also include thiyl radical addition to triethyl phosphite. 
 

4. Intermediates and energetics 

Phosphoranyl radicals are tetracoordinate phosphorus 
species with nine valence-shell electrons.34 The nature of 
these intermediates, at times debated,35 has been 
extensively studied and reviewed.33,36 Radicals with 
alkoxy, halo, amino, protio, and alkyl substituents were 
initially interpreted to be phosphorus-centered owing to 
their large 31P hyperfine splitting observed by EPR.37 
Inequivalent ligand environments suggested a trigonal 
bipyramidal geometry with a phantom-ligand  comprised 
of the unpaired electron localized in an equatorial sp3d 
hybrid orbital.38 This description was revised when 
isotope studies located moderate spin density  on the 
apical ligand sites, which modern molecular orbital 
concepts explained by delocalization of the unpaired 
electron in a 3-centered nonbonding molecular orbital.39 
While less common, radicals such as [ClPPh3]• are 
tetrahedral with an unpaired electron thought to be 
localized in a 2-centered P-Cl σ* orbital.40 Substituent 
environments in thiophosphoranyl radicals were not 
sufficiently differentiated by EPR for structures to be 
assigned, suggesting either a tetrahedral geometry or 
trigonal bipyramidal with rapid apical-equatorial 
interconversion.41  

Questions remained concerning the structure of 
thiophosphoranyl radicals and their intermediacy in SAT 
processes. We turned to unrestricted density functional 
theory (UDFT) to address this. Minnesota functional, 
M06-2X, gives accurate thermochemistry for open-shell organophosphorus species,42 which we opted to 
validate by comparing predicted 31P hyperfine splitting to experimental values for known radicals. Spin 
contamination was negligible and good agreement between calculated and experimental a(P) values was 
found (Figure 8). Minimized structures with overlaid spin density volumes and labelled atomic spin 
populations for select intermediates are shown in Figure 8 (See SI for additional information). Structurally, 
[P(OEt)4]• and [P(SMe)(OEt)3]• are best described as distorted trigonal bipyramidal geometry with the thiyl 
ligand preferentially apical in the latter, in agreement with past ab initio43 and more recent DFT 
calculations.44 The conformer with an equatorial thiyl group was also a stationary point, but the calculated 
hyperfine splitting value overestimated the experimentally observed value by ~100 Gauss. Our model also 
supports previous conclusions that [(tBuO)PPh3]• is best described as a tetrahedral phosphobetaine radical 
aryl anion.41,45 This was untrue for [PPh3(SMe)]• where ~90% of spin density is distributed on the P- and S-
atoms, which was similarly observed for the 18 other intermediates examined (see SI for details). Natural 
resonance theory (NRT) analysis of the S-apical [(MeS)P(OMe)3]• found partial thiyl radical character in the 
α spin population and an overall P–S bond order of 0.75, and length of 2.48 Å. By comparison, the equatorial 
thiyl conformer exhibited a P–S bond order of 0.95 and length 2.13 Å. In the NRT assessment, a 3-centered 
bond was not necessary to describe the natural orbitals of either [(MeS)P(OMe)3]• or [P(OEt)4]•, which had 
been previously speculated.38,46 Surfaces of the [(MeS)P(OMe)3]• SOMO, determined from a restricted open 
calculation, was localized along the apical ligands and phosphorus atom, resembling the spin density 



surfaces (see the SI for details). These data suggest that the nature of the SAT tetravalent phosphorous 
intermediates should not be simplified in its description or depiction as a P-centered radical. 

We further examined the reaction potential energy surface and energetics for radical S- and O-atom 
transfer. The angle of attack of the thiyl radical at the 
phosphorus center was assessed by rigid scan 
calculations to generate Figure 9. The quasi-flat surface 
slopes to a depression with a minimum corresponding to 
the thiophosphoranyl radical, suggesting that addition is 
a reversible, barrierless process. No stationary point was 
found when the thiyl radical approach was collinear with 
the phosphorus lone pair. Reaction energies for selected 
S- and O-atom transfer processes are shown in Figure 
10. Formation of Int-2 is slightly exergonic when derived 
from alkoxy radicals and modestly endergonic in the case 
of thiyl radicals. β-Fragmentation from the 
thiophosphoranyl intermediate is 10-16 kcal mol-1 
downhill in energy with a late, anti-Hammond transition 
state verified by an intrinsic reaction coordinate scan. The 
transition state geometry is tetrahedral about phosphorus 
and the P–S or -O bond lengths (2.06 Å and 1.56 Å, respectively) are near the equilibrium distance of the 
oxidized product (1.93 Å and 1.48 Å in S=P(OEt3) and O=P(OEt)3, respectively). The C–S or -O bonds are 
lengthened (2.14 Å and 1.85 Å, respectively) and moderate spin density (0.53) is localized on the carbon 
atom of the nascent C-centered radical. Transition state barrier heights were greater in the case of O-atom 
transfer than for SAT, in agreement with the rate 
constants of β-scission kPhH,300 K = 105 and 103 
reported for [P(OEt)3(OtBu)]• and [P(OEt)4]•, 
respectively.16,47 The disparity in the observed 
rates of desulfurization in this work (kMeCN,333 K = 
109 and 106 M-1s-1) was supported by the 
transition state energies for benzyl and tert-butyl 
thiyl radical lying 6.5 kcal mol-1 lower than that of 
n-butyl thiyl radical.  

Conclusion 

Trivalent phosphorous-mediated radical 
desulfurization has found increasing use in 
strategies for chemical synthesis as well as 
applications to chemical biology. To better inform 
future application of the radical desulfurization 
process, a relative benchmarking of the SAT 
ability of a range of trivalent phosphorous 
reagents has been established, finding that more 
electron-rich phosphorous reagents underwent 
more rapid oxidative sulfurization. The rate of S-
atom transfer varied from 106 M-1s-1 for thiols 
generating unstabilized C-centered radicals to 
near the diffusion limit for tert-butyl and 
electronically stabilized radicals. The rate 
expression and the rate-controlling steps were 
determined to be dependent on the identity of the 
thiol used as well as relative concentrations of 



reagents. DFT calculations supported a stepwise SAT process that progressed through a thiophosphoranyl 
intermediate with a distorted trigonal bipyramidal-like geometry. In the case of simple, primary alkyl thiols, 
the mechanism may proceed through an alkyl phosphoranyl radical intermediate with a slower rate of HAT 
than is well documented for thiyl radicals. This may explain the inefficient kinetic chain length of peptide 
desulfurization which require a large excess of added H-atom donors. These insights may enable further 
synthetic strategies for thiols as C-centered radical surrogates and assist in the improvement of future 
radical desulfurization methods. 
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