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A kinetic EPR study of the dissociation of 1-carbamoyl-1-methylcyclohexa-2,5-dienyl radicals: release of aminoacyl radicals and their cyclisation
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EPR Spectroscopy of Radicals generated from 1-carbamoyl-1-methylcyclohexa-2,5-dienes
EPR spectra were obtained with a Bruker EMX 10/12 spectrometer operating at 9.5 GHz with 100 kHz modulation.  Samples of the substrate (0.3 to 40 mg) and di-tert-butyl peroxide (0.01 to 0.5 cm3), or tert-butylbenzene (up to 0.5 cm3 ), in 4 mm od quartz tubes, were de-aerated by bubbling nitrogen for 20 min, and photolysed in the resonant cavity by unfiltered light from a 500 W super pressure mercury arc lamp.  For reactions performed in cyclopropane, the solution was degassed on a vacuum line using the freeze-pump-thaw technique, and the tube was flame sealed.  In all cases where spectra were obtained, hfs were assigned with the aid of computer simulations using the Bruker Simfonia software package.  For kinetic measurements, amide (1) samples were used in 'single shot' experiments, i.e. new samples were prepared for each temperature and each acid concentration, to minimise sample depletion effects.  Signals were double integrated using the Bruker WinEPR software and radical concentrations were calculated by reference to a known concentration of DPPH (1.0 x 10-3 M).
Reaction of 1a with DTBP

9.5 GHz EPR spectrum obtained from photolysis of a solution of N-benzyl-1-methylcyclohexa-2,5-diene-carboxamide 1a (ca. 10 mg) in di-t-butyl peroxide (DTBP) (0.5 cm3) at 245 K.
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	Dial T
	Actual T

K
	[AAcyl]

4a
	[CHD]

2a
	kd/2kt
	logkd/2kt
	log2kt (nC7)
	103/T
	log2kt 

DTBP
	log kd
DTBP
	kd/s-1

	350
	359
	<7.7E-10
	1.9E-08
	<8.0E-10
	-9.1
	10.26
	2.79
	9.98
	< 0.89
	< 7.7


Assuming log[Ad/s-1] = 13 leads to E13d/kJ mol-1 > 72 

	Kinetics for N-n-butyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide (1b) 1 mg in 200 microlitres DTBP

	
	
	
	
	
	
	
	
	
	

	Actual T
	[AAcyl]
	[CHD]
	kd/2kt
	logkd/2kt
	log2kt (nC7)
	103/T
	log2kt 
	log kd
	kd/s-1

	K
	
	
	
	
	
	
	DTBP
	DTBP
	

	302
	1.234E-08
	5.948E-08
	1.490E-08
	-7.827
	10.002
	3.307
	9.696
	1.869
	7.39E+01

	302
	1.190E-08
	6.207E-08
	1.419E-08
	-7.848
	10.002
	3.307
	9.696
	1.847
	7.04E+01

	308
	2.820E-08
	9.796E-08
	3.632E-08
	-7.440
	10.032
	3.247
	9.729
	2.289
	1.94E+02

	314
	2.469E-08
	7.024E-08
	3.338E-08
	-7.477
	10.060
	3.188
	9.760
	2.284
	1.92E+02

	319
	4.516E-08
	7.051E-08
	7.408E-08
	-7.130
	10.088
	3.132
	9.791
	2.661
	4.58E+02

	325
	3.840E-08
	4.978E-08
	6.801E-08
	-7.167
	10.115
	3.077
	9.821
	2.654
	4.50E+02

	331
	3.056E-08
	1.517E-08
	9.213E-08
	-7.036
	10.141
	3.025
	9.850
	2.814
	6.52E+02

	331
	3.239E-08
	2.494E-08
	7.447E-08
	-7.128
	10.141
	3.025
	9.850
	2.722
	5.27E+02

	336
	5.187E-08
	2.693E-08
	1.518E-07
	-6.819
	10.166
	2.974
	9.877
	3.058
	1.14E+03

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	Kinetics for N-n-butyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide (1b) 4 mg in 200 microlitre DTBP

	
	
	
	
	
	
	
	
	
	


	Actual T
	[AAcyl]
	[CHD]
	kd/2kt
	logkd/2kt
	log2kt (nC7)
	103/T
	log2kt 
	log kd
	kd/s-1

	K
	
	
	
	
	
	
	DTBP
	DTBP
	

	308
	1.697E-08
	1.523E-07
	1.887E-08
	-7.724
	10.032
	3.247
	9.729
	2.004
	1.01E+02

	314
	2.790E-08
	1.512E-07
	3.304E-08
	-7.481
	10.060
	3.188
	9.760
	2.280
	1.90E+02

	319
	3.529E-08
	1.254E-07
	4.522E-08
	-7.345
	10.088
	3.132
	9.791
	2.447
	2.80E+02

	325
	3.705E-08
	9.122E-08
	5.210E-08
	-7.283
	10.115
	3.077
	9.821
	2.538
	3.45E+02

	331
	5.726E-08
	7.764E-08
	9.950E-08
	-7.002
	10.141
	3.025
	9.850
	2.847
	7.04E+02

	336
	8.128E-08
	7.373E-08
	1.709E-07
	-6.767
	10.166
	2.974
	9.877
	3.110
	1.29E+03

	342
	9.382E-08
	5.955E-08
	2.416E-07
	-6.617
	10.190
	2.925
	9.904
	3.287
	1.94E+03


Linear regression including both sets of data gave: Log[kd/s-1] = 13.33 – 3.46/( R2 = 0.952   

i.e. Ed = 66.2 kJ mol-1.  Assuming Log[Ad/s-1] = 13 gave E13d = 64.2 kJ mol-1. 

9.5 GHz EPR spectra obtained on photolysis of a solution of N-but-2-enyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide 1c in DTBP (0.5 cm3)
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Kinetics for N-but-2-enyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide (1c) 10 mg in 200 microlitre DTBP
	Actual T.
	[AAcyl]
	[CHD]
	kd/2kt
	logkd/2kt
	log2kt (nC7)
	103/T
	log2kt 
	log kd
	kd/s-1

	K
	
	
	
	
	
	
	DTBP
	DTBP
	

	308
	2.302E-08
	1.584E-07
	2.637E-08
	-7.579
	10.032
	3.247
	9.729
	2.150
	1.41E+02

	314
	3.468E-08
	2.472E-07
	3.954E-08
	-7.403
	10.060
	3.188
	9.760
	2.358
	2.28E+02

	319
	6.027E-08
	3.109E-07
	7.195E-08
	-7.143
	10.088
	3.132
	9.791
	2.648
	4.45E+02

	325
	5.630E-08
	2.340E-07
	6.984E-08
	-7.156
	10.115
	3.077
	9.821
	2.665
	4.62E+02

	331
	6.331E-08
	1.555E-07
	8.910E-08
	-7.050
	10.141
	3.025
	9.850
	2.799
	6.30E+02

	336
	7.829E-08
	9.265E-08
	1.445E-07
	-6.840
	10.166
	2.974
	9.877
	3.037
	1.09E+03

	342
	4.028E-08
	4.208E-08
	7.882E-08
	-7.103
	10.190
	2.925
	9.904
	2.801
	6.32E+02

	348
	3.424E-08
	6.001E-08
	5.377E-08
	-7.269
	10.214
	2.877
	9.930
	2.661
	4.58E+02

	359
	4.549E-08
	4.417E-08
	9.233E-08
	-7.035
	10.258
	2.786
	9.979
	2.945
	8.81E+02

	370
	2.422E-08
	3.910E-08
	3.923E-08
	-7.406
	10.300
	2.701
	10.026
	2.619
	4.16E+02


Kinetics for N-but-2-enyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide (1c) 1 mg in 200 microlitre DTBP
	Actual T
	[r.]
	[a.]
	kd/2kt
	logkd/2kt
	log2kt (nC7)
	103/T
	log2kt 
	log kd
	kd/s-1

	K
	
	
	
	
	
	
	DTBP
	DTBP
	

	314
	4.365E-08
	1.752E-07
	5.452E-08
	-7.263
	10.060
	3.188
	9.760
	2.497
	3.14E+02

	331
	7.607E-08
	1.445E-07
	1.161E-07
	-6.935
	10.141
	3.025
	9.850
	2.914
	8.21E+02


Linear regression including both sets of data gave: 

Log[kd/s-1] = 11.75 – 2.93/(    i.e. Ed = 56.1 kJ mol-1    R2 = 0.941

Assuming Log[Ad/s-1] = 13 yields E13d = 63.8 kJ mol-1    R2 = 0.923

9.5 GHz EPR spectrum obtained on photolysis of a solution of N-but-3-enyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide 1f (10 mg) in DTBP (0.2 cm3)
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2.83E+02

325

5.115E-08

3.289E-07

-7.228

3.077

9.821
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331

4.692E-08

3.031E-07

-7.266

3.025

9.850

3.83E+02

336

6.694E-08

2.798E-07

-7.081

2.974

9.877

6.25E+02

342

7.172E-08

2.399E-07

-7.031

2.925

9.904

7.47E+02

348

9.972E-08

2.024E-07

-6.827

2.877

9.930

1.27E+03

353

6.399E-08

1.706E-07

-7.056

2.831

9.955

7.94E+02

359

6.971E-08

1.371E-07

-6.978

2.786

9.979

1.00E+03


Kinetics for N-but-3-enyl-N-benzyl-1-methylcyclohexa-2,5-diene-1-carboxamide (1f) 10 mg in 200 microlitre DTBP
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[110] = Concentration of aminoacyl radical 4f. [109] = Concentration of the cyclohexadienyl radical 2f.

Linear regression, omitting the two points at the two highest temperatures gave:

Log[kd/s-1] = 10.11 – 2.46/(,      i.e. Ed   = 47.0 kJ mol-1,    R2 = 0.962

Assuming Log[Ad/s-1] = 13 leads to E13d = 65.0 kJ mol-1,   R2 = 0.820

9.5 GHz EPR spectra obtained on photolysis of N-benzyl-N-1,2,2-trimethylbut-3-enyl-1-methyl-cyclohexa-2,5-diene-1-carboxamide 1g (5 mg) in DTBP (0.4 cm3) 
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Top: Spectrum of cyclohexadienyl radical 2gat 245 K.

Middle: Spectrum of ring closed trimethyl-2-oxopyrrolidinylmethyl radical 6g at 340 K.

Bottom: Simulation with a(2H) = 22.1 G, a(1H) = 29.0 G, (Hpp = 1.35 G.
Kinetics for N-benzyl-N-1,2,2-trimethylbut-3-enyl-1-methyl-cyclohexa-2,5-diene-1-carboxamide 1g (5 mg) in DTBP (0.2 cm3)

	Actual T
	[6g]
	[2g]
	kd/2kt
	logkd/2kt
	log2kt (nC7)
	103K/T
	log2kt 
	log kd
	kd/s-1

	K
	
	
	
	
	
	
	DTBP
	DTBP
	

	302
	6.058E-09
	3.234E-08
	7.193E-09
	-8.143
	10.002
	3.307
	9.696
	1.552
	3.57E+01

	308
	1.935E-08
	3.294E-08
	3.071E-08
	-7.513
	10.032
	3.247
	9.729
	2.216
	1.64E+02

	314
	1.936E-08
	1.427E-08
	4.564E-08
	-7.341
	10.060
	3.188
	9.760
	2.420
	2.63E+02

	319
	1.435E-08
	9.684E-09
	3.562E-08
	-7.448
	10.088
	3.132
	9.791
	2.343
	2.20E+02

	308
	1.179E-08
	4.069E-08
	1.521E-08
	-7.818
	10.032
	3.247
	9.729
	1.911
	8.14E+01

	314
	1.201E-08
	2.402E-08
	1.802E-08
	-7.744
	10.060
	3.188
	9.760
	2.016
	1.04E+02

	319
	1.663E-08
	2.103E-08
	2.978E-08
	-7.526
	10.088
	3.132
	9.791
	2.265
	1.84E+02

	325
	1.493E-08
	1.145E-08
	3.441E-08
	-7.463
	10.115
	3.077
	9.821
	2.358
	2.28E+02

	336
	2.833E-08
	1.185E-08
	9.607E-08
	-7.017
	10.166
	2.974
	9.877
	2.860
	7.24E+02


Linear regression gave:

Log(kd/s-1) = 12.39 – 3.214/2.3RT  i.e.  Ed   = 61.4 kJ mol-1,   R2 = 0.784

Assuming Log[Ad] = 13 leads to:          E13d = 65.1 kJ mol-1,   R2 = 0.781

AM1 Computations on cyclohexa-2,5-dienyl radicals and related species

The structures and energies of the cyclohexadienyl radicals, and their dissociation products, were computed using the AM1 semi-empirical SCF MO method,25 implemented with the HyperChem software package (version 5.1).28 All structures were fully optimised with respect to all geometric variables. The RHF and UHF options were used for closed shell molecules and open shell radicals respectively.  Energy and enthalpy values are given in kcal mol-1 (1 cal = 4.18 J)
	Species
	(Hf
	r(C1-CO)
	r(C1-Me)
	(R-C1-COX

	CHD(Me)CONMe2
	6.98
	1.545
	1.531
	111.0

	CHD(Me)CONHMe
	-3.27
	1.548
	1.531
	106.8

	CHD(Me)COOMe
	-52.01
	1.523
	1.534
	107.0

	CHD(Pr-n)COOH
	-66.53
	1.521
	1.556
	112.4

	CHD(Me)COOH
	-58.64
	1.520
	1.535
	113.0

	TS
	
	
	
	

	CHD(Me)-CONMe2
	25.92
	2.004
	
	

	CHD(CONMe2)-Me
	35.17
	2.11
	
	

	CHD(Me)-CONHMe
	14.53
	1.97
	
	

	CHD(CONHMe)-Me
	24.56
	2.14
	
	

	CHD(Me)-COOMe
	-26.80
	2.06
	
	

	CHD(COOMe)-Me
	-24.18
	2.12
	
	

	CHD(Pr-n)-COOH
	-44.88
	2.08
	
	

	CHD(COOH)-Pr-n
	-46.43
	2.07
	
	

	CHD(Me)-COOH
	-32.30
	2.08
	
	

	CHD(COOH)-Me
	-31.24
	2.08
	
	

	
	
	
	
	

	Species
	
	
	
	

	PhCONMe2
	-0.54
	
	
	

	CONMe2
	-7.04
	
	
	

	Me
	29.91
	
	
	

	PhMe
	14.22
	
	
	

	PhCONHMe
	-8.37
	
	
	

	CONHMe
	-12.34
	
	
	

	PhCOOMe
	-50.79
	
	
	

	COOMe
	-50.69
	
	
	

	PhCOOH
	-68.13
	
	
	

	PhPr-n
	2.07
	
	
	

	n-Pr
	9.53
	
	
	

	COOH
	-56.92
	
	
	


DFT Calculationsa
For the aminoacyl radicals (CONR2 quantum chemical calculations were carried out with the Gaussian 98W package.26 Density functional theory, UB3LYP variant, was employed. The equilibrium geometries were fully optimised with respect to all geometric variables, no symmetry being assumed, with the 6-31+G(d,p) basis set. Isotropic hfs were obtained from Fermi contact integrals as listed in the Gaussian 98 output. For the calculation of thermodynamic properties the computed vibrational frequencies were scaled by the recommended27 factor of 0.9614. Total energies were adjusted for zero point vibrational energies and for thermal corrections to 298 K.

	Species
	
	
	
	(Ho
	(Ho

	
	ZPVE
	E+ThermE
	E+ZPE+Th.E
	R2NCO to CO + NR2
	kJ/mol

	Me2NCO
	0.089886
	-247.779375
	-247.689489
	
	

	CO
	0.005017
	-113.309946
	-113.304929
	
	

	Me2N
	0.076957
	-134.442375
	-134.365418
	0.019142
	50.21

	
	
	
	
	
	

	MeNHCO
	0.061557
	-208.496603
	-208.435046
	
	

	CO
	0.005017
	-113.309946
	-113.304929
	
	

	MeNH
	0.048321
	-95.151951
	-95.10363
	0.026487
	69.47


a Energy terms in Hartrees except as noted otherwise.
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												Kinetic EPR of butenyl amide in Boob

		Dial Temp		T/K		Gain		Double Int		Double Int		[110]		[109]		kd/2kt		log kd/2kt		log2kt (nC7)		103/T		log hc7		log h		log 2kt		log kd		log kd		kd

								r.		a.																BooB		DTBP		BooB		c7

		305		308		3.17E+06		19.5		66.7		2.069E-08		3.774E-07		2.182E-08		-7.661		10.032		3.247		-0.46		-0.15		9.729		2.067		2.371		1.17E+02

		310		314		3.17E+06		33.1		73.9		3.576E-08		4.258E-07		3.876E-08		-7.412		10.060		3.188		-0.48		-0.18		9.760		2.349		2.649		2.23E+02

		315		319		3.17E+06		36.9		54		4.058E-08		3.167E-07		4.578E-08		-7.339		10.088		3.132		-0.50		-0.21		9.791		2.452		2.749		2.83E+02

		320		325		3.17E+06		45.7		55.1		5.115E-08		3.289E-07		5.910E-08		-7.228		10.115		3.077		-0.53		-0.23		9.821		2.593		2.887		3.91E+02

		325		331		3.17E+06		41.2		49.9		4.692E-08		3.031E-07		5.418E-08		-7.266		10.141		3.025		-0.55		-0.26		9.850		2.583		2.875		3.83E+02

		330		336		3.17E+06		57.8		45.3		6.694E-08		2.798E-07		8.296E-08		-7.081		10.166		2.974		-0.57		-0.28		9.877		2.796		3.085		6.25E+02

		335		342		3.17E+06		60.9		38.2		7.172E-08		2.399E-07		9.316E-08		-7.031		10.190		2.925		-0.59		-0.31		9.904		2.873		3.159		7.47E+02

		340		348		3.17E+06		83.3		31.7		9.972E-08		2.024E-07		1.489E-07		-6.827		10.214		2.877		-0.61		-0.33		9.930		3.103		3.386		1.27E+03

		345		353		3.17E+06		52.6		26.3		6.399E-08		1.706E-07		8.799E-08		-7.056		10.236		2.831		-0.63		-0.35		9.955		2.900		3.181		7.94E+02

		350		359		3.17E+06		56.4		20.8		6.971E-08		1.371E-07		1.052E-07		-6.978		10.258		2.786		-0.65		-0.37		9.979		3.001		3.280		1.00E+03

				[DPPH]		9.99E-04

				Gain DPPH		2.00E+03

				Doub. Int DPPH		128

				temp DPPH		290

				F[r]		3

				F[a]		16
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